2018–2028
Enabling Discoveries in Multiscale Earth System Dynamics:
Geodetic and Related Capabilities for the
National Geophysical Observatory for Geoscience (NGEO)

Volume 1: Project Description

Science Case and Broader Impacts, Operational Plan, and Business Systems

2018–2028
Enabling Discoveries in Multiscale Earth System Dynamics:
Geodetic and Related Capabilities for the
National Geophysical Observatory for Geoscience (NGEO)
Table of Contents
0. EXECUTIVE SUMMARY AND PROPOSAL ROADMAP ...............................................................................................................01
1. INTRODUCTION .............................................................................................................................................................................02
1.1 Geodesy Innovation..................................................................................................................................................................03
1.2 Consortium, Community, and Services ........................................................................................................................................03
1.3 Strategic Investment in NSF Priorities ...................................................................................................................................04
1.4 Partnerships for Geodesy and NGEO ....................................................................................................................................04
1.5 UNAVCO Management and Governance .............................................................................................................................06
1.6 NGEO Management and Community Advisory Structure ...............................................................................................07

2. THE SCIENCE CASE AND BROADER IMPACTS FOR NGEO ......................................................................................................09
2.1 Science Drivers for NGEO Facilities ........................................................................................................................................09
2.2 Broader Impacts of NGEO facilities ........................................................................................................................................20

3. NGEO GEODESY FACILITY CAPABILITIES: FOUNDATIONAL AND FRONTIERS ...................................................................25
3.1 Enabling Discoveries in Multiscale Earth System Dynamics.............................................................................................25
3.2 Foundational Geodetic Capabilities......................................................................................................................................25
3.3 Frontier Capabilities for UNAVCO ..........................................................................................................................................26

4. NGEO FACILITY OPERATIONAL PLAN: THE NEXT FIVE YEARS ..............................................................................................27
4.1 Geodetic Infrastructure (GI) (WBS element U1) .................................................................................................................27
4.2 Geodetic Data Services (GDS) (WBS element U2) ...............................................................................................................42
4.3 Education and Community Engagement (WBS element U3) ...........................................................................................56
4.4 NASA-Funded NGEO Activities (WBS element U4) .............................................................................................................64

5. PERFORMANCE ASSESSMENT, RISK MANAGEMENT, AND PRIOR RESULTS .......................................................................67
5.1 Performance assessment .........................................................................................................................................................67
5.2 Risk Management .....................................................................................................................................................................67
5.3 Results of Prior NSF Support ...................................................................................................................................................67

6. BUSINESS SYSTEMS ......................................................................................................................................................................71
6.1 Business Systems Capacities ...................................................................................................................................................71
6.2 Human Resources and Staffing ............................................................................................................................................. 73
6.3 Corporate Risk Management ................................................................................................................................................. 74

2018–2028
Enabling Discoveries in Multiscale Earth System Dynamics:
Geodetic and Related Capabilities for the
National Geophysical Observatory for Geoscience (NGEO)
0. EXECUTIVE SUMMARY AND PROPOSAL
ROADMAP
UNAVCO provides services and support to NSF
investigators for geodesy research that defines Earth’s
geocenter, shape, structure, and change; and geodetic
imaging of landscapes, precipitable water vapor (PVW) in the
troposphere, and perturbations of the ionosphere induced by
tsunamis and solar storms. These services support an even
broader national and international community of scientists
through complementary activities funded by National
Aeronautics and Space Administration’s (NASA), including
the International GNSS Service (IGS) Central Bureau and
support for the Global Geodetic Network (GGN) that
underpins the terrestrial reference frame. UNAVCO Global
Positioning System (GPS), now Global Navaigation Satellite
System (GNSS) networks, portable instrumentation, technical
advances, and data services ensure that the Member and
Associate Member institutions of the UNAVCO consortium
advance understanding of Earth processes with significant
societal impacts. Since 2001, the UNAVCO consortium
member universities have governed UNAVCO, Inc., the
research non-profit that is home to the geodetic facilities
operated under Cooperative Agreement with the National
Science Foundation.
UNAVCO engineering and data services primarily
support the application of GPS/GNSS, Terrestrial Laser
Scanning (TLS), Synthetic Aperture Radar (SAR), and other
geodetic technologies to geosciences research. UNAVCO
provides network operations in support of community
GPS networks (including the EarthScope Plate Boundary
Observatory) and the GGN. The UNAVCO GAGE Facility is
primarily supported by NSF Division of Earth Sciences (EAR),
with additional core funding from NSF’s Division of Polar
Programs (PLR) to provide geodesy support services to EAR
Principal Investigators (PIs) on six continents and PLR PIs
in the Arctic and Antarctic. The NASA GGN is fundamental
to internationally coordinated reference frame products
that make high-precision global geodesy possible. Because
UNAVCO maintains dozens of stations within the GGN and
supports the activities of the IGS Central Bureau, every global
geodesy study in the world builds on UNAVCO services.

Section 0: Executive Summary

The science plan presented herein was jointly developed
with IRIS and stems from community planning efforts, with
a number of overarching reports at its core: Future Geophysical Facilities Required to Address Grand Challenges in the Earth
Sciences (Aster & Simons, eds., 2015), Challenges and Opportunities for Research in ESI (CORE): Report from the NASA
Earth Surface and Interior (ESI) Focus Area Workshop Precise
Geodetic Infrastructure (Davis et al., 2016), A Foundation for
Innovation: Grand Challenges in Geodesy (Davis et al., 2012),
Precise Geodetic Infrastructure: National Requirements for a
Shared Resource ((National Research Council (NRC), 2010)),
Unlocking the Secrets of the North American Continent: An
EarthScope Science Plan for 2010 - 2020 (Williams et al., 2010),
and New Research Opportunities in the Earth Sciences (NRC,
2012).
The UNAVCO component of the proposed NGEO Facility
will support the most essential Foundational capabilities,
including geodetic networks and imaging, geodetic data
discovery, access and application, and the advancement
of education and broadening participation, within the
constraints of 15 years of flat funding (2013-2028). Frontier
activities will include network federation and modernization
for the emerging GNSS era, new data systems to support multidomain geodetic observables, and new strategies in support of
broadening participation.
The proposal includes six sections. Section 1 describes
the recent geodetic innovations that have spurred science
discovery, and introduces the geodetic community, consortium,
and UNAVCO services, including the partnerships that enable
them. It also outlines the proposed collaboration with IRIS
for NGEO and the management and governance structures
to support the collaboration. Section 2 lays out the science
drivers and broader impacts that will be advanced by the
NGEO collaboration. Section 3 articulates the vision of
the UNAVCO Board of Directors for the future of geodetic
facilities under NGEO, and identifies the Foundational and
Frontier capabilities required to realize that vision. Section 4
details planned geodetic facility capabilities for NGEO, and
clearly identifies NGEO-related scope proposed to NASA’s
mission and Earth Surface and Interior Program, above
and beyond the NSF resource base identified in the NGEO
solicitation. Section 5 examines performance assessment
strategies, risk management, and reports prior results. Section
6 discusses the Business Systems required to meet financial
and compliance requirements.
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will build upon this scientific foundation to enable Frontier
discoveries with novel sensors, data streams, and improved
resolution.
New in this proposal is a suite of collaborations that advance a comprehensive plan for NGEO. Under two informally
collaborative and closely coordinated submissions, UNAVCO
and IRIS propose to develop and operate the National Geophysical Observatory for Geoscience. This plan aligns UNAVCO’s
geodetic resources and expertise and IRIS’s seismic assets. Together with related capabilities of both facilities and through
included subawards, we will collectively support the full spectrum of geophysical Foundational and Frontier facility capabilities required by NSF-supported geosciences research.
The most critical UNAVCO Foundational work will continue: (1) Network operations. Operations and maintenance
for GPS and borehole geophysics networks in the Americas
will continue on a resource-available basis. Flat funding will
require that only scheduled maintenance can be supported;
negative impact on latency and data return is expected over
the decade of NGEO but total data return may be more robust. (2) Principal Investigator (PI) Services. UNAVCO will
continue to provide project support and data services to NSFEAR and PLR funded PIs for GPS, TLS, and other sensors;
data management, hosting and archiving; and support in planning for broader impact. (3) Geodetic Data Services. Building
on the foundation of EarthCube collaborations, UNAVCO will

The UNAVCO scientific community proposes to develop and operate the geodetic and related components of the
NGEO (NSF 16-546). These capabilities encompass scientific
observations of processes of the solid Earth and its fluid envelopes spanning length scales from microns to thousands of
kilometers and time scales from microseconds to millions of
years. Such processes include those with great impact on human communities such as natural hazards that in some cases lead to disasters, and those at the limits of the theoretical
understanding of our planet such as the material properties
of the deep Earth and the dynamic interactions across Earth
systems. This section emphasizes the geodetic component of
the NGEO partnership, recognizing the UNAVCO legacy as
the U.S. geodetic facility within the proposed broader geophysical framework. UNAVCO will work closely with Incorporated
Research Institutions for Seismology (IRIS) to provide the full
spectrum of core Foundational capabilities while developing
Frontier capabilities in the broad domain of geophysics, to
serve global scale science (Figure 1.0-1).
Geodesy serves as a major driver, arguably the major
driver, of advances in Earth system dynamics, by illuminating
interactions among the geocenter, asthenosphere, lithosphere,
cryosphere, hydrosphere, biosphere, and atmosphere at local,
regional and global scales. The geodetic component of NGEO
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Figure 1.0-1. An “NGEO Roadmap” showing the Foundational and Frontier facility capabilities that IRIS (purple) and UNAVCO (red) propose to provide
separately or jointly (purple/red) for the NGEO. Together, the IRIS and UNAVCO proposals address all components of the NGEO solicitation while ensuring
that facilities are operated in a coordinated, responsive, and cost-effective manner. In addition, UNAVCO proposes both Foundational and Frontier
activities of interest to NASA, beyond the NSF-specified resource base. GSN: Global Seismographic Network. NOTA: Network of the Americas that will federate current UNAVCO-operated GPS/Borehole Geophysics networks. GGN: NASA Global GNSS Network. GLISN: Greenland Ice Sheet Monitoring Network.
POLENET: a community-led Polar Earth Observing Network. GNSS IR: Global Navigation Satellite System. IR: Interferometric Reflectometry. PASSCAL:
Portable Array for Seismic Studies of the Continental Lithosphere. MT: Magnetotelluric Array. GPS: Global Positioning System. TLS: Terrestrial Laser Scanning.
HPC: High Performance Computing. InSAR: Interferometric Synthetic Aperture Radar. REU: Research Experience for Undergraduates—an NSF program. RESESS:
Research Experiences in Solid Earth Science for Students—a UNAVCO diversity program. USIP: UNAVCO Student Internship Program.
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sustain data operations and national archives; advance standards for interoperability; support for better integration, visualization, and data analysis; and improve and democratize
data access. (4) Education and Community Engagement (ECE).
Integrate the high-impact Research Experiences in Solid Earth
Science for Students (RESESS) workforce diversity program
into the Foundational core and further the most essential
ECE core activities in education and outreach.
UNAVCO support for Frontier science falls under three
broad sets of activities: (1) Enhancement, integration and
federation of sensor networks. Geodetic networks will host new
and more powerful sensor systems, supporting colocation,
technique integration, progress towards real-time data flow
and data management strategies, and a broad spectrum of
emerging environmental observables. The GNSS era will
significantly mature over the decade of NGEO, with 110
operational GNSS satellites anticipated by 2020, requiring
aggressive modernization of existing networks and data management systems to acquire and disseminate all observables.
(2) Exploiting multi-domain data sets and cyberinfrastructure for high-resolution surface change. Emerging research
directions rely on multi-domain data sets to characterize the
Earth’s surface and its changes with time at high fidelity, and
low latency. NGEO activities will federate and provide seamless access to high-resolution topography and bathymetry and
their changes with time to facilitate access, interoperability
and discovery. (3) Human connections – education, workforce
development and engagement: UNAVCO work will include innovations in professional development to broaden the NGEO
user community and support workforce development via new
opportunities for diverse students and early career investigators. UNAVCO proposed activities will also include an optimized subset of its current Foundational activities, as permitted within the specified resource base.

1.1 Geodesy Innovation
Over three decades, technological innovation has transformed geodesy, the study of Earth’s shape, gravity field, rotation, and their change with time (see The Geodesy Toolbox, p.
5). Key innovations in geodetic infrastructure continue, and
include geodetic networks and deployments incorporating a
more than a fourfold increase in GNSS observables from a
suite of new non-encrypted signals and a doubling of GNSS
satellite constellations. Geodetic networks themselves create a
platform for a spectrum of colocated sensors for formal technique integration. New geodetic sensors coupled with a dramatic improvement in computing architecture and communications will empower new advances in Earth science and its
rapid application to societal needs. These significant improvements in spatial and temporal resolution of the Earth system
components will improve constraints on dynamic processes
and nonlinear interactions among the entire Earth system.
These advances will also require integrated multi-sensor networks, broad interdisciplinary collaborations, and innovative,
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flexible facilities. High performance computing and cyber
infrastructure further enable major advances in the preservation, discovery and interrogation of large, heterogeneous,
and complex data sets. Innovative workforce development
programs that support recruitment and retention for broad
participation in the geosciences are now tested and ready for
wider implementation.
These applications have far reaching impact on advancing fields of knowledge such as earthquake physics, volcanology, geodynamics, oceanography, atmospheric and climate
science, hydrology, glaciology, geomorphology, ecosystem
science, physics, and astronomy. In addition to these research
applications, geodesy is useful in the study of natural hazards
and is systematically building a foundation for hazards early
warning by the rapid detection of earthquakes, tsunamis, landslides, volcanic eruptions, and severe storms. The UNAVCO
Geodesy Toolbox highlights the technology used to advance
our understanding of Earth processes with benefits for research, education, and society.

1.2 Consortium, Community, and Services
As the geodetic partner in NGEO, UNAVCO, a non-profit,
university-governed consortium, facilitates geoscience research and education using geodesy. The consortium includes
111 U.S. Academic Members, primarily degree-granting institutions, which participate in its governance and science community (an increase of 9.1% over 5 years, Figure 1.2-1). Another 103 Associate Members include organizations that share
UNAVCO’s mission at home and abroad, giving UNAVCO
global reach in advancing geodesy (an increase of 22.3% over
5 years).
Since 1984, UNAVCO has operated various research
facilities with core sponsorship from NSF and NASA and
project support from the National Oceanic and Atmospheric
Administration (NOAA), U.S. Geological Survey (USGS),
Department of Energy (DOE), and others. Since 2003,
UNAVCO completed construction and led operation of the
Plate Boundary Observatory (PBO - the geodetic component
of EarthScope), COCONet (Caribbean), and TLALOCNet
(Mexico), referred to collectively here as the Network of the
Americas (NOTA). The UNAVCO Geodetic Infrastructure
Program (GI) also directly supports individual investigator
science when geodetic capabilities such as GPS or geodetic
imaging are required, including for rapid response to
geophysical events, as well as the construction, operations
and maintenance of GPS networks in Greenland (GNET),
Antarctica (ANET; together known as POLENET), and Africa
(AfricaArray). The UNAVCO Geodetic Data Services Program
(GDS) supports multisensor data download, operations,
and data product development. In addition, GDS software
engineering supports data management and the free and open
data archive and cyberinfrastructure. Collectively, the GI and
GDS programs provide technical expertise for cutting edge
scientific research in this transformational field. The UNAVCO
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Figure 1.2-1. UNAVCO Member and Associate Member profile. Universities
and affiliated research organizations make up UNAVCO’s governing membership, and include major research universities, comprehensive Master’s
granting universities, and a growing base of selective liberal arts colleges.
Associate Members share UNAVCO’s purpose and form a global community
that engages in international partnerships essential to the advancement of
geosciences and global geodesy.

ECE supports education, workforce development, and
outreach. Through these activities, UNAVCO has established
global standards for geodetic operations and research support,
and has led in developing a diverse workforce, curriculum
modernization, professional development for investigators
adopting new technologies, and community outreach.

1.3 Strategic Investment in NSF Priorities
The NSF Advisory Committee for Geosciences (2014)
identified high priority imperatives and Frontiers for future
work, including strong support for core research, state-of-theart facilities, innovations in cyberinfrastructure, and education & diversity. Prioritized research Frontiers include Earth
systems processes that cross the coastline; high latitude processes that govern interactions among the ocean, atmosphere,
cryosphere, and ecosystems; and applications of geosystem
science.
The geophysics community further refined Frontier facilities capabilities at a workshop in Leesburg, Virginia during the
fall of 2015 (Aster & Simons, eds., 2015), with a more specific focus on geophysics and the scientific grand challenges
that can only succeed with facilities modeled on “Centers of
Excellence.” As such centers, UNAVCO and IRIS develop and
provide instrumentation and resources to universities of all
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sizes, open data advocacy and archives, geophysical observations for science and hazard assessment, education best
practices, professional facilities staff, and model management
practices. The facility plans to support the research Frontiers
presented here are guided by the Leesburg Report and a
broader set of documents that also inform the priorities.
Geodesy brings a unique suite of observations to further
the research imperatives and frontiers developed in these reports, in particular multi-sensor ground observing networks
for the solid earth, cryosphere, hydrosphere and atmosphere;
recently launched and planned Synthetic Aperture Radar
(SAR) missions and opportunities for formal integration of
Interferometric Synthetic Aperture Radar (InSAR) products
with three-dimensional GPS and GNSS observations; new
capabilities in high-resolution topography and change detection; and groundwork for advances in marine geodesy. Developing innovations in data services include high performance
computing, cyberinfrastructure, and web services that support data discovery, seamless access, and interaction, relying
on collaborations detailed below. Finally, through its Education and Community Engagement Program, UNAVCO will
build on its Foundational capabilities in diversity and inclusivity, workforce and professional development, educational
resources, data tools, and communication. Collectively these
approaches support both Foundational and Frontier science
geodetic observations and reflect the community science.

1.4 Partnerships for Geodesy and NGEO
UNAVCO Strategic Plan: Advancing the Geosciences
through Community Support and Leadership
1 Scientific Support of Community
Support the geosciences research community through acquisition
and sharing of equipment and provision of engineering and data
services to meet new science opportunities
2 Technological Innovation and Scientific Diversity
Support and broaden innovative applications of current and
emerging geodetic technologies for science, education, and societal
benefit across geoscience disciplines
3 Engagement of Community
Build the base of science stakeholders, showcase emerging
capabilities and opportunities, and involve community members in
communicating scientific and broad impacts of geodesy
4 Building Human Resources and the Next Generation of Scientists
Support the education and outreach needs of the community and
broaden the participation of underrepresented groups in the
geosciences
5 Administrative and Organizational Excellence
Diligently improve UNAVCO leadership and administration in
support of effective and transparent management and governance,
diversify the geodesy resource base, and optimize operational
efficiency
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The Geodesy Toolbox
The UNAVCO consortium operates and oversees facilities under
the organizational structure of UNAVCO, Inc. in order to advance
its collective Strategic Vision:

Geodetic Imaging: Radar, Lidar, and Gravity

Transforming understanding of Earth systems and hazards
using geodesy.

Synthetic Aperture Radar – radar images can be
SAR
differenced to map deforming zones such as faults, volcanoes,
landslides, glaciers, and aquifers or oil fields with high spatial
resolution

This vision is realized through global leadership and facility best
practices that integrate innovative geodetic technologies and open
observations for geoscience research and education, and for the
improvement of the human condition.

GRACE Gravity Recovery and Climate Experiment – twin
satellites with precise ranging that map Earth’s gravity field each
month, tracking changes in mass distribution in the oceans and on
land; often requires ground GNSS to differentiate results

Positioning Geodesy Observing Systems

Ground-Based Interferometric Radar – differences pairs
GBIR
of radar images to map deformation of land or ice over seconds to
minutes, also know as terrestrial radar

Global Positioning System – precise positioning that
GPS
relies on the U.S. Navstar satellite constellation, and yields precise
measurement of Earth and ice deformation over time, as well as
imaging precipitable water vapor in the atmosphere; see also GNSS

Light Detection and Ranging – reflection of ultraviolet,
lidar
visible, or near infrared wavelength light pulses to image structures and surfaces, or, from a satellite, sea level

Global Navigation Satellite System – the general term
GNSS
for satellite navigation systems that provide geospatial positioning
with global coverage, such as GPS, the European Galileo, and the
Russian GLONASS system; GNSS interference (reflection, scintillation, path delay) for environmental sensing of soil moisture,
water level, precipitable water vapor in the troposphere, and space
weather or tsunami-driven gravity waves in the ionosphere

Terrestrial Laser Scanner – ground-based lidar, typically
TLS
mounted on a tripod, providing very high-resolution imaging of
small areas

Global GNSS Network – 67 GPS /GNSS stations mainGGN
tained by UNAVCO in collaboration with the IGS Central Bureau
at JPL with NASA support; data from the GGN support IGS data
products required for millimeter-precision global geodesy

Structure from Motion – photogrammetric technique
SfM
that generates high-resolution topography and co-registered
texture (color orthorectified imagery) from an unstructured set of
overlapping photographs taken from different viewpoints

GGOS Global Geodetic Observing System – the array of global
networks of ground based geodetic stations for various techniques
(including the GGN, IGS, and similar networks for Very Long
Baseline Interferometry (VLBI), Satellite Laser Ranging (SLR), Doppler and Orbitography and Radiopositioning Integrated by Satellite
(DORIS)) that provide key infrastructure for all high precision
studies by observing the Earth’s shape, gravity field, and rotation,
and their variation with time

Unmanned Aerial Systems – an unmanned aerial system
UAS
consists of an autonomous aircraft (unmanned aerial vehicle (UAV)
or drone), as well as supporting equipment such as sensor payload
on the UAV, ground control station, and communications link

Ancillary sensors – Colocated instruments that add value to GNSS
network observations such as meteorological sensors, Micro-Electro-Mechanical Systems (MEMS) accelerometers, corner-cubes to
reflect SAR pulses, cameras that monitor environmental conditions,
snow depth rods, and water level gauges
Seafloor Geodesy – an emerging set of geodetic capabilities
that link seafloor positioning and position change from acoustic
sources or pressure gages to GNSS
Borehole Geophysics
Borehole Strainmeter – measures the change in shape
BSM
of a borehole at approximately 250 m depth, sensitive at the scale
of one ten-millionth of a human hair
Seismometer – measures ground deformation at very high
frequencies with great sensitivity and is colocated with a borehole
strainmeter in the Plate Boundary Observatory

Airborne Laser Scanning – an airborne 3D imaging
ALS
technique that uses lidar to create high-resolution (submeter to
meter) topographic models of the Earth’s surface

Essential Data Services
International GNSS Service – a voluntary federation
IGS
of more than 200 worldwide agencies that pool resources and
permanent GPS & GLONASS station data to generate precise GPS
& GLONASS products that support an International Terrestrial
Reference Frame; IGS activities are coordinated through its Central
Bureau at the Jet Propulsion Laboratory, with technical support
from UNAVCO
Terrestrial Reference Frame – a consistent set of calcuTRF
lated three-dimensional time-dependent coordinates for a network
of globally distributed reference points that are used to define the
locations of all other points, the geocenter, and their motion with
time
Cyberinfrastucture – integrated hardware for computCI
ing, data and networks, digitally-enabled sensors, observatories
and experimental facilities; an interoperable suite of software and
middleware service and tools

Tiltmeter – measures the changing inclination of Earth’s surface
over time, at a scale of one ten-thousandth of a degree
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UNAVCO sustains the coordinated presence for the
geodesy community in its interactions both at home and
abroad with shared and overlapping geoscience research and
education goals (Figure 1.4-1).

versity of Hawaii at Manoa (UHM), Massachusetts Institute of
Technology (MIT), Nevada Geodetic Laboratory, and Crustal
Dynamics Data Information System (CDDIS). Other collaborations, on projects of all sizes, where geodesy is coupled with
other disciplines to advance a broad and integrative geoscience and education agenda, are also
important (e.g., EarthScope National
Office (ESNO), IRIS, University Core.g., IRIS, UCAR,
CUAHSI, OOI,
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tion of Geodesy (IAG). UNAVCO and
the NGEO facility working together
with
the UNAVCO community will
Figure 1.4-1. UNAVCO partnerships. Through its membership and facility activities, UNAVCO partners with
organizations around the world in support of community science.
continue U.S. leadership in these and
other international efforts that rely
on geodesy.
The UNAVCO community has also long been well repre1.5 UNAVCO Management and Governance
sented in the IGS, the international service governing critical
The UNAVCO Board of Directors and management prostandards for GPS and GNSS, including the reference framevide
the interface between the scientific community, funding
work that allows GPS/GNSS to be used for positioning and
agencies,
and UNAVCO programs. Under NGEO, the advisory
timing in trillions of dollars of commercial activities worldstructure
will transition to a joint activity with IRIS. A research
wide. Over the last decade, the role of UNAVCO in IGS has
community
actively engaged in governance ensures that regrown substantially, with major technical and governance
search
requirements
drive the development of UNAVCO and
contributions to both the Governing Board and InfrastrucNGEO
facilities.
Community
involvement also supports
ture Committee, each of which includes three UNAVCO staff
broad
participation
and
effective
oversight of UNAVCO promembers. UNAVCO also works with the 14 IGS working
grams.
Each
year,
more
than
50
scientists, primarily drawn
groups, which continue to drive geodesy to millimeter-level
from
the
111
Member
institutions,
participate in the goverglobal resolution. The Earth’s diameter is nearly 13 billion
nance
and
oversight
of
UNAVCO.
These
scientists work with a
millimeters; this international geodesy community seeks to
professional
staff
led
by
the
President
and
Senior Management
realize global observations with a sensitivity of 1 millimeter, or
Team:
the
Directors
of
Geodetic
Infrastructure,
Geodetic Data
one-tenth of a part per billion.
Services,
and
Education
&
Community
Engagement
(Figure
UNAVCO investigators, community members, and staff
1.5-1).
interact with dozens of organizations involved in global geodesy,
geoscience research, and education. Our closest collaborators are those who advance geodesy data access, research, and
education (e.g., National Center for Airborne Laser Mapping
(NCALM), OpenTopography (OT), IGS, Jet Propulsion Laboratory (JPL), Scripps Institution of Oceanography (SIO), Uni-

06 — UNAVCO NGEO

Section 1: Introduction

President
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Figure 1.5-1. UNAVCO organizational chart showing president, program
leadership, and technical project areas.

Vice Chairs of both UNAVCO and IRIS will oversee a single,
integrated NGEO management and governance structure. As
a sub-committee of both Boards, the decisions and recommendations of the Joint Executive Committee will require
endorsement by both the UNAVCO and IRIS Boards, which
retain organizational awardee and budget accountability. The
Joint Executive Committee will approve the Annual Plan and
Budget (AP&B) submission to the NSF within the parameters of UNAVCO and IRIS individual awards, oversee the
execution of the AP&B by UNAVCO and IRIS management,
make decisions, recommend policy and provide guidance on
resource allocation at the NGEO level, and task advisory committees (ACs) and working groups, as needed.
NGEO Management Structure

1.6 NGEO Management and Community
Advisory Structure
NGEO Management, Governance and Community
Engagement
UNAVCO and IRIS propose to partner in the operation and management of the NGEO as a facility “Center of
Excellence” that blends the expertise of professional staff with
community oversight to support and facilitate innovations in
research and education in the geosciences. This partnership
will enable closer integration and coordination between geodetic and seismological facilities and programs, at the same
time providing new facility capabilities for other geophysics
disciplines that will broaden the community of geoscientists
that the NGEO facilities support. The proposed partnership
maintains the respective community strengths and depth of
expertise that have driven innovation in instrumentation and
seismic and geodetic data over the past decades, while facilitating new cross-disciplinary discovery and uses of data and
data products.
UNAVCO and IRIS are submitting separate proposals
to manage and operate both Foundational and Frontier components outlined in the NGEO solicitation. If both proposals
are successful, UNAVCO and IRIS have agreed to jointly operate the NGEO within the framework of a common management and governance model. If necessary, this model could
be expanded to include other organizations that may operate
NGEO facilities.
NGEO Management Structure
UNAVCO and IRIS will utilize a corporate partnership
model to manage the NGEO. This model for multi-company
project management has been successfully used by major
corporations such as General Motors, Proctor & Gamble,
WalMart, and Boeing in a variety of situations (Baker 2010).
In this model, UNAVCO and IRIS will remain separate consortia and non-profit corporations, with separate Boards of
Directors, Presidents, and employees. The NGEO management structure is shown in Figure 1.6-1. A Joint Executive
Committee consisting of the Presidents, Board Chairs and
Section 1: Introduction
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Figure 1.6-1. NGEO management structure.

A Joint Management Team consisting of the UNAVCO
and IRIS Directors responsible for the major NGEO
Foundational activities – Geophysical Networks and Portable
Instrumentation, Data Services and Products, and Education,
Workforce and Outreach – will have day-to-day responsibility
for the execution of the NGEO AP&B and for coordinating
activities between UNAVCO and IRIS. The six members of the
Joint Management Team will meet monthly via telecon and
serve as ex-officio members of the Joint Executive Committee to ensure direct communication between the executive and
operational management of the NGEO. UNAVCO and IRIS
managers and staff, led by the senior executive leadership of
each corporation will be responsible for the execution of the
AP&B.
We also considered several alternative management models including a full corporate and organizational merger of
UNAVCO and IRIS and their consortia, or the creation of an
independent NGEO Office that would oversee an integrated
advisory and governance structure and execution of the AP&B
as was initially done for EarthScope. We rejected the former
model because the office would lack the personnel or authority to make or implement budget or operational decisions and
would add an additional layer of management that would increase NGEO administrative costs. The UNAVCO and IRIS
Boards also rejected a corporate merger, as the anticipated cost
UNAVCO NGEO — 07

savings were small relative to the potential loss of disciplinespecific expertise and organizational agility that are central to
our missions. The UNAVCO and IRIS boards strongly concur
that their respective and still relatively distinct user bases will
benefit from the existence of distinct organizations. In addition each organization manages and operates facilities outside
of the NGEO solicitation. The NGEO presents an opportunity
to foster enhanced collaboration between these communities
and by building on the unique strengths of UNAVCO and IRIS
and the communities they support, we believe a corporate
partnership model will be the best approach for management
of the NGEO facility.
Community Governance Structure
One of the greatest strengths of the facilities and programs
managed by UNAVCO and IRIS has been the strong engagement of the broader scientific community in the governance
and operation of these facilities. The feedback and advice from
a community of active scientists has been essential to the success and development of the programs and facilities operated
by UNAVCO and IRIS, and has ensured that they continue
to serve the highest priority needs of the scientific community. We are committed to operating the NGEO transparently,
responsively, and cost effectively to address scientific priorities
through community governance and oversight.
Community oversight of the NGEO facilities will be provided by three Advisory Committees (Figure 1.6-2). These
Advisory Committees (ACs) will be responsible for community input on the operation of the NGEO facilities, including
budgetary prioritization and planning, as well as providing
recommendations on future facility needs:
v Instrumentation and Network Services Advisory
Committee: responsible for providing community input
on the wide range of continuously operating global and
regional geophysical networks and portable instrumentation operated by the NGEO.
v Data Services and Products Advisory Committee:
responsible for providing community input on the collection, quality assurance, curation, management and distribution of the NGEO geophysical data and data products.
v Education, Workforce and Outreach Advisory
Committee: responsible for providing community input
on the range of the NGEO programs designed to disseminate Earth science results to wide range of audiences,
enhance geoscience education and support development
of the geoscience workforce, and enhance participation of
underrepresented groups in the geosciences.
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Figure 1.6-2. NGEO governance structure.

Members of the ACs will include representatives from the
geodesy and seismology communities and other geophysical
disciplines and will be appointed by the UNAVCO and IRIS
Boards. Members will be drawn from academic institutions,
government agencies, or industry in the U.S. or abroad and
will typically serve a term of three years. We expect the ACs
will hold two face-to-face meetings each year.
Due to the complexity and diversity of instrumentation
networks and their associated infrastructure and services
within the NGEO, we will establish three Standing Committees
(SC) under the Instrumentation and Network Services Advisory Committee: Global and Regional Networks, Portable
Geophysical Instrumentation, and Polar Networks and
Instrumentation. These standing committees will provide
community input on the planning and operation of specific
instrumentation facilities to the Instrumentation and Network
Services Advisory Committee. These standing committees will
plan for two face-to-face meetings per year, except the Polar
Networks and Instrumentation committee, which will have
one annual face-to-face meeting.
Additional Working Groups (WGs) will be appointed,
as needed, to provide community input on the planning and
operation of specific NGEO facilities, or to address issues
identified by the Advisory Committees. We expect these working groups to have specific, time-limited charges, appropriate
reporting lines, and to meet virtually.
Good communication between the governance committees and the UNAVCO and IRIS Boards is essential to the success of this governance model. Each AC and SC will include
a liaison from the UNAVCO and IRIS Boards that will attend
their meetings and ensure the Boards are aware of community
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2.1.1 Global Earth Structure and Dynamics
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tive flow couples to the lithospheric plates, and how it affects
surface processes (e.g., NRC, 2012a; Lay et al., 2009).
The tools that allow us to investigate the structure and
dynamics of Earth’s interior are rapidly improving in accuracy, resolution, and accessibility across geoscience subdisciplines. High-fidelity, well-calibrated geodetic, seismic, and
electromagnetic sensors are increasingly portable and rugged,
so that spatially extensive, dense arrays of instruments can be
deployed in even the harshest environments. Geodetic measurements now provide millimeter precision post-processed
daily positioning globally, and many sites provide data in realtime and at high-sample rates (one hertz or higher). Large volumes of diverse geophysical data are now routinely captured
at comparable or even higher sample rates, stored in qualitycontrolled, publicly-available archives, and delivered to the
desktops of interested researchers worldwide, commonly in
real-time. Advances in both computational resources and the
development of sophisticated, multi-parameter dynamical
models allows integration of these varied geophysical datasets
with each other and with other observations from geochemistry, rock physics, geomorphology, and geology. Over the next
decade this rapidly evolving geophysical infrastructure will
enable fundamentally new ways of studying Earth’s interior
and the wide range of interacting processes that controlled its
structure and evolution over 4.5 Ga of history, including the
processes that are now active.
The next decade of research will see increasing use of
multi-parameter 3D reference Earth models that will cross
former disciplinary boundaries between geodesy, seismology, and geodynamic modeling as researchers try to quantify
lateral variations in density, temperature and rheology within
the Earth and explore how dynamic forcing on the surface and
interior (e.g., mantle convection and descending slabs) are
reflected in geodetic, seismic, and related observations. The
proposed NGEO facilities will support the global observations needed for this work, as well as the community reference
models that evolve from individual scientific studies. Geodetic
observations, even when apparently local or regional, depend
critically on global infrastructure maintained cooperatively by
the global scientific community, and these data likewise contribute to that infrastructure. This includes the Global GNSS
Network (GGN), maintained by UNAVCO with NASA support, which underpins the International Terrestrial Reference
Frame (ITRF), the coordinate system realization that supports
global millimeter precision geodesy. Developed for scientific
applications, the ITRF combines data products based on millions of individual observations from four geodetic techniques
to provide globally consistent, time dependent coordinates
and velocities for hundreds of individual geodetic sites. The
most recent ITRF14 precisely considers seasonal and postseismic transient geodetic station displacements, improving
both the secular frame definition and station velocities for
observations collected through 2014 (Altamimi et al., 2016).
ITRF14 provides the context for comparing and combining
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geodetic observations around the globe (e.g., Minster et al.,
2010) enabling analysis of current plate motions (DeMets et
al., 2010), plate boundary dynamics (McCaffrey et al., 2016),
fault zones and the earthquake cycle (Melgar et al., 2015), and
related problems.
Structure of the deep mantle and core
In recent decades, improvements in (1) the quantity and
quality of data from globally distributed broadband seismic
stations and arrays, (2) techniques for modeling the seismic
wavefield in complex media, and (3) computing capabilities
have opened new horizons in global imaging of the Earth’s interior. This is illustrated, for example, by our improved ability
to image broad, low velocity, plume-like, quasi-vertical conduits in the deep mantle connecting the base of the mantle to
major hotspot volcanoes observed at the Earth’s surface. The
origin of hotspot volcanoes has been the subject of vigorous
debate for the last 30 years and these new observations indicate at least some hotspots originate in the deep mantle. New
observations pertinent to the fate of subducting slabs, another
long-standing scientific question, clearly show that some slabs
stagnate above the 660 km discontinuity and around 1000 km,
while others extend into the deep mantle. The long wavelength
isotropic structure of the deep mantle and anisotropy of the
inner core are largely the domain of global seismology, but geodesy constrains both length of day and the geocenter, which
are sensitive to dynamic changes in mass distribution across
the entire Earth system.
Earth rotation encompasses the motion of Earth’s rotation axis relative to the inertial or celestial frame and changes
in Earth’s angular rotation rate. Earth rotation and the specific location of the geocenter is also influenced by mass
distribution within the solid Earth and its fluid envelopes
(Figure 2.1-2). Geodetic nutation observations, for example,
can be used to constrain structure and interactions at the
core-mantle boundary (e.g., Dehant and Mathews, 2015).
The speed of Earth’s rotation, expressed as “length of day”
(LOD), changes on a large range of timescales. For example,
LOD at annual and sub-annual timescales is impacted by the
exchange of angular momentum between the solid Earth, the
atmosphere, and the oceans (e.g., Gross, 2015; Figure 2.1-3).
LOD variations at a 5.9-year period are strongly coherent
and simultaneous with geomagnetic jerks, thereby constraining electrical conductivity, composition, and structure of the
lower mantle (Holme and de Viron, 2013). The response of
the solid Earth to tidal forcing, as constrained by global highaccuracy geodetic observations, can also provide important
constraints on large-scale density variations within the mantle
(Latychev et al., 2009; Yuan et al. 2013).
Lithospheric structure and plate boundary dynamics
The physical and chemical properties that make the lithosphere “plate-like” and the coupling between the lithosphere
and the convecting, apparently weaker asthenosphere are an
ongoing focus of geoscience research. The roles of water, CO2,
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Figure 2.1-2. Nonlinear motion of Earth system’s center of mass (geocenter).
Geocenter motion occurs over a spectrum of timescales and is nonlinear.
The contribution of various surface mass loads vary annually and over longer
time scales, in response to mass exchange between the atmosphere (red),
oceans (blue), snow & soil moisture (green), ice sheets & glaciers (black).
Geocenter motion has accelerated since 1998, violating a required
assumption for establishing a terrestrial reference frame. The acceleration is
largely attributed to long-term changes in loading on the continents (green and
black; Figure and adapted caption from Dong et al., 2014).

Figure 2.1-3. Comparison of changes in Length of Day with geomagnetic jerk
times (long vertical dashes; short dashes indicate ±3 months) for one example
period. From Holme and de Viron (2013). The strong correlation between
LOD behavior and magnetic jerks can be used to constrain the lower mantle
conductivity.
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small degrees of partial melt, and grain-scale deformation in
creating a weak asthenosphere are vigorously debated, with essential constraints provided by high resolution models of seismic velocities, anisotropy, attenuation, electrical conductivity,
and geodetic determination of density variation and surface
deformation, at a spectrum of temporal scales from the subdaily to decadal. The structure and strength of the lithosphere
and underlying mantle control the response to internal and
external stresses that deform the Earth. The interaction of
structure with dynamic forcing defines plate boundary dynamics and the earthquake cycle, along with the mechanical
properties of fault zones. We are gaining new insight into the
accommodation of plate boundary motion on faults in the
shallow crust and on deeper shear zones that reach the base
of the mantle lithosphere. In continental rifts, marked variations in the style and degree of deformation in the crust and
mantle lithosphere point to interplay between mechanical
and magma-assisted deformation (e.g., Ebinger et al., 2010;
Hansen and Nyblade, 2013; Stamps et al., 2015).
EarthScope observations have transformed understanding of lithosphere-asthenosphere processes beneath the United
States. The Plate Boundary Observatory (PBO; Figure 2.1-4)
has provided a synoptic view of the surface velocity and strain
field, quantifying the kinematics of plate boundary deformation. Seismic data from the Transportable Array (TA) and improvements in analysis (Cafferky and Schmandt, 2015) now
illuminate Earth’s interior at high resolution (e.g., Schmandt
and Lin, 2014; Shen and Ritzwoller, 2016). Boundaries within
the Earth are now constrained with greater precision using
scattered and reflected seismic waveforms.
In ongoing continental collisions that form the great
mountain belts of the present day, such as the Himalayas and
Alps, seismic imaging involving broadband regional arrays,
active source experiments, and GPS-derived surface deformation constraints have revealed crustal detachments over
hundreds of kilometers (e.g., Reilinger and McClusky, 2011;
Caldwell et al., 2013; Elliott et al., 2016), yet major questions
remain about the processes of crustal deformation and the fate
of the colliding mantle lithosphere. The evolution of mountain
belts over time is key to understanding both lithospheric dynamics and how topography has interacted with past climate.
Signatures of subduction-like processes are revealed in billions
of years old cratonic lithosphere (e.g., Chen et al., 2009; Hopper
and Fischer, 2015), shedding new light on the formation and
evolution of cratons. Future progress on these and other pressing tectonic-scale questions requires easily deployed portable
geodetic, seismic, and magnetotelluric (MT) instruments that
can be flexibly configured into experiments at varying scales,
including dense seismometer arrays that allow for unaliased
sampling of seismic wavefields, and complemented by continuous, dense, GNSS.
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2.1.2 Fault Zones and the
Earthquake Cycle
Earthquake shaking and induced effects such as landslides,
tsunamis, and liquefaction, and
their effects on the built environment constitute some of Earth’s
most destructive natural hazards.
The recognition that long-term
plate motions reorganize and deform the Earth’s surface provided
a breakthrough in understanding
the nature of earthquakes and
earthquake cycles. Earthquakes
involve accommodation of tectonic motions by shallow brittle
and deeper ductile fault slip in
the Earth’s lithosphere; repeated events must keep pace with
long-term plate motions. The
earthquake cycle is characterized
by long periods of interseismic
elastic strain accumulation punctuated by transient deformation
and coseismic rupture, ground
vibration and deformation, redistribution of stress, and subsequent fault zone healing. At
greater depths and temperatures,
time-dependent earthquake cycle
deformation occurs by aseismic
ductile flow of rocks (e.g., Bürgmann and Dresen, 2008). Transient postseismic relaxation and
stress changes from great earthquakes can endure for decades
and affect areas hundreds of kilometers away from the main shock Figure 2.1-4. EarthScope Legacy: Understanding the structure, dynamics and evolution of the North American Continent.The secular GPS-derived surface velocity field for the EarthScope Plate Boundary Observatory is now well derupture (Wang et al., 2012). Geo- termined. The solution as pictured is decimated for clarity in areas with great station density; only approximately
detic and seismic measurements 15% of the stations in the solution are shown along the Pacific coastal region. Velocity uncertainties are shown at
confidence but are imperceptibly small at this scale. The wealth of time variant signals within the PBO GPS time
enable improved understanding 95%
series due to earthquake cycle variation, water loading and numerous other environmental sources remain a Frontier
of the physics of earthquakes and focus for NGEO-facilitated research.
the associated cycle of elastic and
inelastic deformation. High-resolution imagery of fault topog- seismic and postseismic deformation come from continuous
raphy in combination with detailed geophysical images of the GPS (Figure 2.1-5), satellite Interferometric Synthetic Aperture
subsurface allow us to characterize the integrated near-field Radar (InSAR), and satellite optical imagery, together with
remarkable deep-water observations from ocean-bottom presdamage from past earthquake ruptures.
The past decade has witnessed numerous great subduction sure sensors and seafloor geodesy. Study of these great earthzone earthquakes that have provided unprecedented geophysi- quakes is a prime example of the importance of the combined
cal observations. These events have produced the first digitally use of geophysical data sets to maximize spatial and temporal
recorded ground motions from Mw > 9 earthquakes at global resolution of fault slip behavior prior to, during, and following
observatories with high quality, permanent geodetic and seis- a great earthquake. Well recorded, but smaller continental
mic stations (Subarya et al., 2006; Simons et al., 2011; Lay et al., earthquakes also allow very detailed quantification of defor2012). For earthquakes worldwide, further constraints on pre- mation processes and improve our understanding of how
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Figure 2.1-5. Subduction zones, where large earthquakes, tsunamis, and explosive volcanism all occur, are an exciting nexus of geoscience research. Panel (a) The
continuous modeled velocity field (red) obtained from the inversion of PBO GPS (yellow and blue), seismic, and Quaternary fault slip data in a North American reference frame. Panel (b) The continuous model strain rate field associated with the model velocity field in Panel (a): blue-compression and red-extension. This study
demonstrates that mantle convection tractions drive extension in central Alaska, convergence across the Mackenzie Mountains, and the localization of relative
plate motions close to the plate boundary (Finzel et al. 2015).

stress evolves and of associated hazards.
Fault slip mechanisms are now recognized to be much
more complex than thought just a decade ago. High-quality
geodetic observations from permanent GPS networks enabled
the discovery of slow slip events (Hirose et al., 1999, Dragert
et al., 2001) and, in Cascadia, of their periodicity (Miller et al.,
2002). Seismic tremor is commonly associated with slow slip

(Figure 2.1-6). Slow slip events occur over a wide spectrum of
spatial and temporal scales and are found from near the surface
to well below the seismogenic portion of a fault (Beroza and
Ide, 2011); slip events lasting from minutes to ~1 decade have
now been identified. Slow slip can be triggered by teleseismic
waves, tides and surface loads and can occur just prior to large
earthquakes (e.g., Kato et al., 2012; Brodsky and Lay, 2014).
Figure 2.1-6. Cascadia slow slip.
Slow slip from PBO continuous
GPS records during the 2009 Mw
6.9 slow-slip event deep in the
Cascadia subduction zone. The slip
rate on the plate interface (color
scale) is averaged over two-day intervals. Black dots indicate tremor
epicenters during the same twoday intervals. (Bartlow et al., 2011).
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Characterizing the full spectrum of deformation processes
in subduction zones requires dense onshore and significantly
expanded offshore instrumentation using geodetic, seismic,
magnetotelluric, controlled-source electromagnetic, and
geological investigations. Long-term measurements made
over a wide range of spatial and temporal scales are essential
for quantifying the elastic, anelastic, and transient (e.g.,
creep events, afterslip, poroelastic rebound, or viscous
relaxation) processes acting in fault systems. Elucidating the
complex, time variable behavior of slip underlies much of the
collaborative efforts of the seismology, geodesy, geology, and
hazards focused communities, for example, the joint NSFUSGS Southern California Earthquake Center (SCEC) effort.
Advances in studies of the earthquake cycle will depend on
the existence and enhancement of permanent dense geophysical networks, including an expanding range of remote-sensing
observations that can capture deformation and seismic waves
over a wide range of spatial and temporal scales. The study of
earthquake nucleation relies on observations, theory, and lab
experiments, yet direct observation of the nucleation phase in
active fault systems remains elusive. Intriguing results from
earthquake sequences suggest that enhanced observations
using new sensor technology (high-sample-rate GPS, dense
seismometer arrays, offshore sensor networks) that increase
sensitivity over a broad range of environments, including the
seafloor, could fuel significant progress in understanding the
earthquake cycle (Obara and Kato, 2016).
Another major challenge in earthquake behavior studies is the
unpredictability of great earthquakes. One strategy might
take advantage of the space-time clustering of earthquakes and
focus effort in areas with recent changes in significant activity.
This strategy requires a large, flexible, and readily deployable
instrument pool, including rapid response elements. Upon
earthquake initiation, seismogeodesy can rapidly characterize rupture kinematics and dynamics (Melgar et al., 2015),
holding promise for early detection and robust characterization of coseismic moment release to inform early-warning
systems, rapid response, and situational awareness. Long term
geodetic and seismic observation of subduction zones has
yielded the relationship between slow slip events and seismic
tremor. The study of the longer term coupling within seismic
zones could enable better characterization of mega-thrust
earthquake hazards. For example, Miyazaki et al. (2011) and
Mavrommatis et al. (2014) reported decadal acceleration of
deformation temporally associated with repeating small
earthquakes prior to and in the region of the Tohoku-oki
earthquake. These changes were interpreted as a likely change
of the interplate plate coupling within the subduction zone.
2.1.3 Magmas and Volatiles in the Crust and Mantle
Geophysical instrumentation is crucial for studying melt
production in the mantle and its transport through the crust to
volcanoes at the surface, as well as the shallow plumbing systems
of magma and volatiles that control eruption dynamics and
duration. Better understanding of volcanic systems afforded by
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increasing instrument quality and density will be essential for
minimizing risks related to volcanic hazards and formulating
societal response to future volcanic unrest.
Unlike some other natural hazards, volcanic eruptions are
often preceded by hours to years of observable unrest, such
as increased seismicity, deformation, and/or gas emissions
(Sparks et al., 2012). A “restless” volcano offers opportunities to map shallow magmatic plumbing systems and observe
processes related to the ascent and accumulation of magma
and gases, and resulting deformation (Figure 2.1-7 ). For example, deep, long-period earthquakes (DLPs) are associated
with magma ascent from the mantle into the lower crust both
prior to and during eruptions (Power et al., 2004), shallow
volcano-tectonic seismicity reflects changes in crustal stress
due to magma storage and transport (Roman and Cashman,
2006), and surface deformation constrains the geometries
and volumes of crustal magma accumulation (e.g., Dzurisin,
2003). During the 2002-2009 unrest at Mauna Loa, Hawaii, for
example, DLPs at mantle depths preceded and accompanied
shallow seismicity and crustal inflation, highlighting the
plumbing system of the volcano nearly from the magma

Figure 2.1-7. InSAR time series for volcano deformation. A recent innovation for
InSAR is the ensemble interferogram time series, which enables imaging entire
volcanic arcs and identifying the most active volcanoes based on ground deformation. This example from the west Sunda arc, Indonesia, shows the average
2007–2009 line of sight InSAR velocity map from ALOS data, supplemented by
imagery through 2011 for Sinabung, Kerinci, Merapi, and Agung volcanoes. Red
colors show uplift, likely associated with increase in magmatic pressure, and blue
colors show subsidence following eruptions or associated with cooling. Figure
from Chaussard et al. (2013).

source to just beneath the surface (Okubo and Wolfe, 2008).
At the root of most investigations of volcanic activity is
the need to understand the source of episodic unrest, that
sometimes—but not always—culminates in an eruption (e.g.,
Long Valley, California, Yellowstone, Wyoming, and Campi
Flegrei, Italy). The mechanisms of episodic caldera unrest
are a matter of debate, as is the nature of the fluids that drive
intense seismicity and rapid caldera uplift. Time-variable
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microgravity has shed some light on the problem by providing
constraints on source density. Combined gravity and deformation measurements obtained during the 1980s and 1990s have
suggested that magma drove unrest at Long Valley (Battaglia
et al., 1999), while hydrothermal fluids played a role at Campi
Flegrei (Battaglia et al., 2006), and both magma and hydrothermal fluids drove changes in seismicity and deformation at
Yellowstone (Tizzani et al., 2015).
Among the geodetic techniques suitable for studying
volcanoes, InSAR has proved to be very valuable for global
inventory of volcano deformation and studying ongoing deformation with interferogram time series. Even at volcanic
systems that are not experiencing unrest, geophysical imaging techniques have proven useful for mapping reservoirs
of magma in the mid to shallow crust. GPS and InSAR both
provide detailed mapping of surface deformation in response
to changes in the magmatic system. At local scales, seismic
tomography can be used to estimate melt volume and provide
constraints on the crustal magma plumbing system (Heath et
al., 2015; Voight et al., 2010; Paulatto et al., 2012). Furthermore, analysis of ambient seismic noise has proven valuable
for detecting subtle changes in rock properties around a pressurizing magma reservoir, even in the absence of local seismic
activity (e.g., Brenguier et al., 2008). At much broader scales,
seismic velocity and magnetotelluric data can image the entire
process of melt generation in subduction environments—from
fluid release from the slab to melt transport into the crustal
storage reservoirs imaged by geodetic data.
Diverse geophysical methods provide additional unique
constraints on volcano dynamics. For example, infrasound,
has demonstrated exceptional ability to detect volcanic signals, and also characterize eruption style and dynamics (Fee
and Matoza, 2013). GPS data can detect surface deformation
through positioning measurements, but also detects volcanic
plumes using the signal strength, which does not require complex processing and is not limited by time of day or weather
conditions. Therefore, it may be possible to implement terrestrial real-time ash detection algorithms for improved volcano
monitoring and hazards assessment (Larson, 2013). InSAR
data can also be used to map lava flow activity day or night
and regardless of cloud cover based on coherence over time
(Dietterich et al., 2012), and SAR amplitude to measure volcanic dome growth over time (Surono et al., 2012).
Geophysical imaging also plays an important role in solving the multidisciplinary problem of the origin of melt in the
mantle. Close comparison between seismic images and geochemical indicators of melting temperature and depth show
that regions of melt production in the mantle are revealed by
exceptionally low seismic velocity (Syracuse et al., 2008; Long
et al., 2012; Wei et al., 2015; Plank and Forsyth, 2016). The
depth and spatial extent of melt production in the mantle can
therefore be inferred, and these observations also place constraints on the mechanisms by which mantle melt is collected
and focused into volcanic systems and spreading centers.
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The key to advancing our understanding of volcanic systems will be to combine in situ measurements (for example,
petrologic studies of erupted lavas) with high-quality, multiparameter data (geodetic, seismic, magnetotelluric and other
geophysical data) from campaign and continuous networks
and remote sensing systems to track pre-, co-, and post-eruption changes. Rapid deployments of instrument networks,
often in difficult and hazardous terrain, are also essential for
studies of active volcanic systems.
2.1.4 Hydrosphere and Cryosphere
The hydrosphere, cryosphere, and atmosphere cloak the
solid Earth with protective fluid envelopes that moderate
climate and sustain life. Water, both as liquid and vapor, moving between the solid Earth, its regolith, and the atmosphere,
in part modulates energy transfer. Some transfer boundaries
within these spheres are relatively sharp, such as at the sea surface and seafloor, but most are more diffuse, such as in the critical zone or the base of a glacier that mixes rock, ice and water.
Near-Surface and Surface Hydrology
Geophysical observations provide unique and critical
data to advance our understanding of near-surface hydrologic
processes. NASA’s Gravity Recovery and Climate Experiment
(GRACE) mission provides estimates of terrestrial water storage using time-variable observations of gravity from orbit, but
these data only represent coarse spatial (>400 km) and temporal scales (standard GRACE products are monthly) (Rodell
et al. 2009; Famiglietti et al., 2011). Recently, deformation of
the Earth’s surface measured by GPS has been used to estimate
water mass variations on much shorter temporal and spatial
scales (Amos et al., 2014; Argus et al., 2014; Borsa et al., 2014;
Chew and Small, 2014; Hammond et al., 2016), making it possible to study the water cycle at a scale more consistent with
challenges facing society. Integration of GPS-based loading
estimates with more traditional hydrologic observations and
with surface deformation measured by InSAR permits an understanding of the processes that bring about changes in water
storage as groundwater, snow, or in soil (Ouellette et al., 2013;
Chew and Small, 2014; Chaussard et al., 2014; Fu et al., 2015).
The vertical deformation field is now sufficiently well resolved
at continental scales with GPS to identify a number of important contributions (Figure 2.1-8 ).
Typical ground-based tools for measuring water content
in snow, soil, and vegetation have sampling footprints that are
limited in spatial extent (~1 m2), so local observations may
not always be representative of conditions across a watershed.
GNSS Interferometric Reflectometry (GNSS-IR) has been developed to estimate hydrologic variables using reflected GPS
signals with a sensing footprint of 1000 m2 (Larson et al.,
2008; Larson et al., 2009; Small et al., 2010). Near-surface geophysical methods, especially ground penetrating radar, can be
used to quantify snow water equivalent, snowmelt and snow
redistribution processes over large areas (Marchand and Killingtveit, 2005; Holbrook et al., 2016). In contrast to ground
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techniques, InSAR has become valuable in measuring megacity subsidence due to groundwater depletion, where human
impact is great (Chaussard et al., 2013). These new kinds of
observations of surface water storage bridge the gap between
in situ observations and remote sensing estimates, providing a
unique perspective to study processes such as snow accumulation and melting.
Critical Zone Processes
The surface and near-surface environment, dubbed the
“critical zone,” is Earth’s breathing skin, a porous “membrane”
spanning canopy to bedrock, across which life-sustaining
chemical and mass fluxes occur and where bedrock is transformed into soil (e.g., Anderson et al., 2007; Brantley et al.,
2007; Chorover et al., 2007; Figure 2.1-9 ). NSF has established ten Critical Zone Observatories (CZOs) at which biogeochemical, hydrological, and physical processes are studied
intensively in a variety of settings, relying on modern highresolution topography baseline datasets. The CZOs address
questions about landscape evolution, bedrock weathering,
soil formation, carbon budgets, moisture availability, nutrient
cycling, surface water-groundwater interactions, and feedbacks
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Figure 2.1-8. GPS-determined vertical deformation of the North American continent. The University of Nevada, Reno (UNR), as part of a UNAVCO/UNR NASA
Research Opportunities in Space and Earth Sciences (ROSES) ACCESS project
“Plug and Play GPS” used 5,000 GPS time series and MIDAS to produce vertical
rates. Results from data spanning 5–20 years show that the Sierra Nevada is the
most rapid and extensive uplift feature in the western United States, rising up
to 2 mm/yr along most of the range. The uplift is juxtaposed against domains of
subsidence attributable to groundwater withdrawal in California’s Central Valley.
The uplift boundary is consistently stationary, although uplift is faster over the
2011–2016 period of drought. Uplift patterns are consistent with groundwater
extraction and concomitant elastic bedrock uplift, plus slower background tectonic uplift. A discontinuity in the velocity field across the southeastern edge of
the Sierra Nevada reveals a contrast in lithospheric strength, suggesting a relationship between late Cenozoic uplift of the southern Sierra Nevada and evolution of the southern Walker Lane. Figure and explanation from Hammond et al.
(2016).

among those processes. The vertical and lateral distribution
of porosity and permeability in the subsurface varies within and between watersheds, strongly affecting for example,
the relationships between precipitation, recharge and runoff
(St. Clair et al., 2015).
Sensing methods that support imaging of high-resolution topography in four dimensions, including lidar, InSAR,
and GNSS are revolutionizing our ability to image the Earth’s
surface, mass fluxes, and short-term deformation, essential observables in understanding the critical zone. There is
growing recognition that a comprehensive characterization
of the critical zone requires the application of geophysical
techniques (Riebe and Chorover, 2014). Geophysical surveys
have begun to elucidate controls on the architecture of critical zones (e.g., Befus et al., 2011; Parsekian et al., 2015), its
relationship to high-resolution surface topography and
change (St. Clair et al., 2015), and the development of subsurface porosity that sustains vegetation (e.g., Holbrook et al.,
2014). Advancing our understanding of critical zone processes will require specialized geophysical observations (Aster &
Simons, eds., 2015), including geodetic technologies such as
high-resolution topography (terrestrial and airborne lidar),
gravity, and GNSS Interferometric Reflectometry (GNSS-IR).
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Figure 2.1-9. High resolution topography for surface change in the critical zone.
NCALM and OT have acquired high-resolution Airborne Laser Swath Mapping
topography for the NSF Critical Zone Observatories (CZOs), a transformative tool
for the advancement of Critical Zone science (Harpold et al., 2015). Changes in
landscape within the Boulder Critical Zone Observatory (above) resulted from of
the catastrophic 2013 Boulder flood. Light detection and ranging (lidar) records
the full three-dimensional surface change from debris flows and slope failure,
demonstrating the utility of this imagery in characterizing how topography
that is stable over centuries and millennia can dramatically change during such
short-lived events. White dots identify mean lowering of tributary debris flow
channels, orange dots mark the main channel head and terminus. From Anderson et al. (2015).

Sea Level Change
Thermal expansion of the world’s oceans and melting of
glaciers dominate global sea level rise (Church et al., 2013).
Earth’s great ice sheets contain enough water to raise global
mean sea level, on average, by 62 m in total, although the sea
level rise is not uniform around the world due to changes in
the gravity field and glacial isostatic adjustment (GIA) (Riva et
al., 2010). Since the early 1990s, the global average rate of sea
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level rise has notably increased from 1.7±0.2 mm/yr (19012010) to 3.2±0.4 mm/yr (1993-2010) (Church et al., 2013).
Ice loss in Greenland and western Antarctica is accelerating
(Velicogna, 2009; Khan et al., 2016) due to oceans warming.
Because human population is concentrated in coastal regions, the societal impact of sea level rise is significant. Should
current climate trends go unmitigated, sea level could rise
0.7-1.2 m by AD 2100 and 2.0-3.0 m by AD 2300 (Horton et
al., 2014), potentially displacing hundreds of millions of people. Relative sea level change, the level of the ocean relative to
the land surface, is what will determine most of the societal
impact of sea level rise, and the vertical motion of the land is a
key contributor to relative sea level change in many locations.
Regional variation in long-term sea level rise can be significantly larger over both short and long time scales, as demonstrated along the north Atlantic U.S. seaboard (Sallenger et
al., 2012). In the western Pacific, the effects of interdecadal,
decadal, and global 60-year oscillations (Chambers et al.,
2012) account for part of the increased rate observed there
over the altimetry period (1993-present), but there is also a
significant signal attributed to the El Niño Southern Oscillation (Palanisamy et al., 2015). Terrestrial water storage also
plays a role in the temporal variation of sea level rise (Church
et al., 2013). This was dramatically demonstrated during the
2010–2011 La Niña event, which resulted in massive rainfall
over the closed interior Australian basin. The water was retained on the continent, offsetting the global annual addition
of fresh water to the oceans. That same year global sea level
fell (Fasullo et al. 2013) and now interannual variability in sea
level is believed to be fully accounted for by known water storage changes on land and in the atmosphere (Cazenave et al.,
2014; Figure 2.1-10).
Geodesy provides the tools for measuring sea and land
level changes to further these studies: satellite altimetry maps
the sea surface, complemented by historical and modern tide
gauges; satellite gravimetry (such as the GRACE mission)
senses the movement of water among its various reservoirs;
and GPS/GNSS and InSAR are used to observe water surface
height and land level changes. To address the impact of sea
level rise on coastal communities it is critical to precisely
determine absolute vertical land motion of coastlines and
improve both observations and modeling of sea level due to
changes in gravitational and solid Earth loading forces under
conditions of rapid ice sheet surface melt (Figure 2.1-11).
Constraining sea-level change and its variation requires a
global suite of geodetic systems, including GPS/GNSS, to provide a reference frame for sub-mm/yr measurements; sea level
change has the strictest requirements for geodetic accuracy
because of the very small signal, but the advances needed to
address this problem will improve our ability to address all deformation problems.
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Figure 2.1-10. Detrended Global Mean Sea Level (GMSL), interannual mass and
‘mass plus thermosteric’ components. Mean detrended GMSL time series (black;
uncertainty in grey); interannual land water storage and atmospheric water vapour components (light blue); and the sum of that interannual mass component
and the thermosteric component (red). Vertical bars represent the uncertainty
of the monthly mass estimate and monthly total contribution. Land water storage, atmospheric water vapor, and thermosteric volume changes collectively
account for observed interannual sea height changes. The removed trend represents the longer-term sea level rise, which is steady over decades, but increasing
over longer time periods. Delivery of water to Australia’s interior during the 2010
- 2011 La Niña offset all other freshwater contributions to sea level rise during
the same period. Figure and adapted caption from Cazenave et al. (2014).

Cryosphere
The ice in Earth’s polar ice caps and mountain glaciers
exerts strong regional and global influence on climate and
weather, seasonal modulation of fresh water, sea level, glacial
and fluvial geomorphology, and ecological and critical zone
systems. Earth’s glacial systems, which are highly sensitive to
climate, are losing ice rapidly through ablation, calving, melting, and associated processes. Glacial Isostatic Adjustment
(GIA) due to glacial unloading depends on both the shortterm elastic response of the crust to removal of an ice load
and the longer-term viscous flow of the underlying mantle.
Accurate assessment of GIA is critical to establishing the history of glaciation in the polar regions, as well as for calibrating space-based (e.g., GRACE) and other measurements of
present day ice mass balance; it also impacts our estimates of
the geocenter, plate motions and plate boundary deformation.
The horizontal motion from GIA, although smaller than most
tectonic signals, is large enough to be significant in tectonic
studies (e.g., Elliott et al., 2010).
Glacial ice deforms under viscous flow but behaves as an
elastic solid at seismic periods, and can be understood using
geodetic and seismic observations to characterize its structure
and dynamics and its interactions with lithosphere. High-rate
continuous GPS observations demonstrate glacial processes
acting at short time scales (seconds to days) exert fundamental influence on the multi-year stability of glacial systems
(Anandakrishnan et al., 2003; Nettles et al., 2008; Wiens et
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Figure 2.1-11. Modern ice mass loss previously underpredicted. GPS observations and GRACE constraints taken together quantify the budget of the current melt
off in Greenland and Antarctica (Khan et al., 2016). The top map panels show (left) uplift at GNET GPS sites and inferred uplift in map pattern, (center) the newly
detected mantle anomaly that influences rebound rheology and calculated ice loss, and (right) quantified uncertainties of GIA vertical displacement rates. The time
series panels show the observations that support this image, including (B) Monthly mean values of the vertical position with uncertainty at KULU. The associated
uncertainties are shown as vertical lines. The red curve denotes the estimated elastic vertical displacement based on load changes inferred from radar/laser altimetry observations.

al., 2008). Combined GPS/seismic studies on the Whillans
Ice Stream in Antarctica have captured the relationships between long- and short-term dynamics of the ice stream,
from long-term (multi-decadal) slowing of the ice stream to
abrupt slip events (Pratt et al, 2014). GNSS-IR can track seasonal accumulation and firn densification on the Greenland
Ice Sheet, leading to improved understanding of seasonal
variation in surface mass balance (Larson et al., 2015; Kahn
et al., 2016). Near-surface geophysical techniques, especially
ground penetrating radar, can resolve the internal structure of
glacial ice, as well as the base of the ice sheet, which controls
flow dynamics. Geodetic, gravity, and seismic measurements
also provide key insights into the longer-term viscoelastic

18 — UNAVCO NGEO

behavior of the solid Earth, critical to understanding past ice
dynamics and predicting future ice dynamics in a changing
climate (e.g., Mordret et al., 2016).
2.1.5 Atmosphere Dynamics
Applications of geodetic and seismic data for studies of
the troposphere and ionosphere have expanded rapidly in the
past decade, building on previous efforts to interpret satellitestation path delays within the growing array of GPS/GNSS
constellations and terrestrial observing networks. GNSS satellite radio signals are vulnerable to both scintillation and
dispersive delay in the ionosphere, non-dispersive delay due
to water vapor, and reduction in carrier phase signal to noise
ratio (SNR) resulting from volcanic ash in the troposphere.
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Colocated surface meteorological observations provide additional constraints. Combinations of ground- and satellitebased instrumentation provide key observations for the
impact of space weather (scintillation), tsunami-triggered
gravity waves in the ionosphere, energy and mass fluxes into
and out of the troposphere, and the forcing of weather and
climate systems. Similarly, seismic deployments that include
appropriate acoustic sensors can detect infrasound events in
the atmosphere.
Troposphere
The troposphere plays a key role in linking the hydrosphere and cryosphere. By acting as a medium for the global
energy transport via transfer of heat, water vapor, and momentum, the atmosphere is integral to thermal and precipitative forcing of terrestrial and polar systems. On shorter timescales, atmospheric heat and water content are fundamental
drivers of the formation and evolution of weather systems and
tropical storms.
While precipitable water vapor products have been generated from GPS observations for decades (e.g., Bevis et al.,
1992; Treuhaft and Lanyi, 1987), densification of GNSS-Met
networks such as SuomiNet, TLALOCNet, and COCONet
have provided unprecedented detail in North America, Mexico, and the circum-Caribbean (e.g., Anthes et al., 2015; Braun
et al., 2012), enhancing the use of GNSS-Met observations to
study these complex hydrological systems and hurricanes. The
high (>28.5°C) sea surface temperature in the Caribbean influences regional circulation patterns and moisture flow over
Central and North America, as well as the El Niño Southern
Oscillation (ENSO) and other larger-scale circulation patterns. Densely spaced terrestrial estimates of tropospheric water vapor (TWV), which can be generated in near real time
(every 30 minutes), improve hurricane forecasts (Iwabuchi
et al., 2009), and illuminate the climate feedback between sea
surface temperatures and water vapor – a key greenhouse gas.
TWV estimates in northern Mexico and the western United
States are revealing the mechanisms of the North American
monsoon, a summer phenomenon that delivers ~40% of the
annual precipitation to these dry regions (Serra et al., 2016).
In addition to their inherent scientific value, atmospheric
models based on GPS/GNSS data and the associated surface
weather stations can be used to improve other observations
that are sensitive to tropospheric water vapor, such as InSAR
(e.g., Emardson et al., 2003; Goldstein, 1995; Li et al., 2003,
2005). GPS/GNSS-based corrections of TWV can help separate tectonic or anthropogenic signals in InSAR from signals
caused by radar delays within the atmosphere (e.g., Bekaert
et al., 2015; Fattahi and Amelung, 2015). The identification of
such atmospheric signal improves the detection limit for more
subtle tectonic signals associated with earthquake swarms,
aseismic transients, etc.
Atmospheric acoustics is a rapidly maturing field because of an influx of new data from broadband infrasonic
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sensors, which record low-frequency, large-scale atmospheric
signals, and microbarometric sensors, which measure pressure changes across the entire frequency band (DC to 20 Hz)
and can be used to study a broad suite of atmospheric events
from mesoscale to local scale. On a local scale, smaller surface
pressure features like gust fronts (e.g., Pryor et al., 2014) and
downbursts from severe weather events also can be observed.
At longer periods, these data can be used to investigate atmospheric gravity waves, a key mechanism by which the atmosphere distributes momentum and heat energy, but which
remain poorly understood because of the lack of high-quality
observational data. Infrasound sources also include other
naturally occurring events such as rock and debris avalanches, pyroclastic flows, earthquakes, and volcanic explosions,
bolides transiting the atmosphere and impacting the Earth’s
surface, calving of icebergs, and meteors. The sensors are also
important for detecting and locating nuclear explosions. The
installation of infrasound and microbarometric sensors at
global or regional geophysical network stations can, at very
low incremental cost, provide data useful in studies of a wide
range of solid Earth and atmospheric phenomena.
Ionosphere
The ionosphere, which extends from ~60 to 2000 km
above the Earth is a weakly ionized plasma that is strongly
affected by physical, chemical, and electrodynamic processes
that are modulated by atmospheric, terrestrial, and extraterrestrial forces. (e.g., Basu et al, 2001; Kelley, 2009, Kherani,
et al., 2012; Pi et al., 1997). As such, it affects the near Earth
space environment, which includes space-based and terrestrial systems such as telecommunications and power transmission. GNSS signals are refracted while traveling through the
ionospheric piercing region to terrestrial, airborne or spaceborne receivers (Coster and Komjathy, 2008, Hickey, 2011).
The ionosphere total electron content (TEC) is continuously
measured by multi-frequency GNSS receivers to either remove this ionospheric perturbation or better understand the
Earth environment (e.g., Basu et al., 2001; Jakowski et al.,
2002; Kherani et al., 2011; Rideout and Coster, 2006). GNSS
ionospheric measurements are multi-purposed and cover
more than one million km2 of ionosphere-land-equivalent per
GNSS receiver. They are thus cost effective for studying and
monitoring ionospheric dynamics.
In the coming decade, the density of ionospheric piercing
points and hence the spatial resolution of ionospheric observations will improve dramatically due to the combined impacts of newly launched constellations of global and regional
satellite navigation systems and increases in ground-based
GNSS receivers. The improved temporal and spatial resolution
will be beneficial in multiple respects such as:
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[1] Smaller and highly dynamic structures frequently
appear in high latitude and equatorial areas causing
diffraction and scattering of radio waves, leading to
scintillation of the signals. Scintillation effects will not
only degrade accuracy of GNSS position estimates,
but may also disrupt the system’s operation (Jiao and
Morton, 2015);
[2] Atmospheric gravity waves initiated by large earthquakes and surface waves such as tsunamis also
perturb the ionosphere (e.g., Artru et al., 2005; Komjathy et al., 2012; Occhipinti et al. 2010) (Figure 2.1-12).
GNSS measurements during the 2011 Tohoku-oki
earthquake provided the first ever ionospheric imaging of the generation and propagation of a tsunami
(Galvan, 2012; Kherani et al, 2012; Liu, et al., 2011).
[3] InSAR data quality can be negatively affected by the
presence of strong variations within the ionosphere,
especially for L-Band signals. Split spectrum and
other approaches are currently being compared with
GPS/GNSS methods (e.g., Meyer, 2011).
Terrestrial network modernization with high performance, multi-constellation GNSS receiver and antenna systems is required to realize the advantages of the multi-billion
dollar international investment in GNSS constellations.

2.2 Broader Impacts of NGEO facilities
The geophysical facilities provided through the NGEO
will contribute to issues of national/global strategic importance including geohazard assessment and disaster resilience,
environmental management and economic development,

national security, and Science, Technology, Engineering, and
Mathematics (STEM) education and workforce development.
Data and data products from the NGEO facilities will be used
by state and federal agencies including the USGS, NOAA,
NASA, DOE, and DoD to support mission-agency activities,
including earthquake location and characterization, tsunami
warning, weather forecasting with timeliness that supports decision making, water management, environmental monitoring, and nuclear test monitoring. Students trained in the use of
these facilities pursue careers in academia and far beyond, as
geoscience professionals in a wide range of fields. The NGEO
outreach activities promote public engagement and science literacy, creating an informed citizenry that can make decisions
regarding geoscience-related issues.
2.2.1 Natural and Induced Hazards
NGEO facilities will contribute to community and national disaster resilience by making instrumentation, data, and
data products available to researchers to assess risks associated
with geohazards and by serving as a test-bed for the research,
development, and implementation of new hazard assessment,
prediction, and event warning strategies and technologies.
Curriculum products for K-12 and undergraduate education
also further understanding of hazards and risk mitigation.
Earthquakes and Tsunamis
Seismological and geodetic investigations have long been
used to quantify stress/strain accumulation along earthquake
faults and identify potential seismic hazards (Fielding, et al.,
2005, Yun et al., 2015). Geodetic and seismic networks also
play critical roles in locating and characterizing earthquakes
when they occur. For example, the GSN and USGS Advanced

Figure 2.1-12. Following the Tohoku-Oki earthquake, 1200 local GPS stations measured TEC perturbations within several thousand kilometers of the epicenter.
Slant TEC residuals near the epicenter (left panel) are attributed to an acoustic wave from the earthquake propagating through the atmosphere. These early perturbations emanating from the epicenter are illustrated by a single station-satellite pair (right panel). Slower tsunami generated gravity waves occur later. (Galvan
et al., 2012
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National Seismic System (ANSS) form the core set of stations used by the USGS National Earthquake Information
Center to disseminate information on earthquake location, magnitude and source mechanism to national and
international agencies, scientists, and the general public
worldwide.
Characterization of hazard can reduce risk, but the
greater challenge is to develop better warning systems that
identify an earthquake, tsunami, or volcanic hazard close
to its source, and prior to impact, while developing more
resilient communities and infrastructure. Such systems
rely on geophysical observations for early detection, and
NGEO facilities play a critical role; seismogeodesy and
ionosphere perturbation are only two of many example
technologies.
Near-field GNSS characterization of earthquakes shows promise, relying on rapid determination Peak Ground Displacement (PGD) for more
accurate magnitude determination as geodetic networks expand (Melgar et al., 2015; Figure 2.2-1).
GPS/GNSS and satellite InSAR measurements are invaluable tools for determining the distribution and amplitude
of coseismic and postseismic fault slip. Real-time inversion of ultra-long-period seismic waves available from
GSN stations are used by NOAA’s National Tsunami
Warning Center to rapidly characterize potential tsunamigenic events. Recent advances use GPS/GNSS signals
for improved imaging of propagating tsunamis, both
through rapid characterization of surface displacements
(Blewitt et al., 2009; Song, 2007) and by using GNSS to
observe ionospheric disturbances coupled to propagating
Rayleigh waves or the tsunamis themselves (Galvan et al.,
2012; Figure 2.2-2).

(a)
(b)

Figure 2.2-1. Earthquake early warning requires reliable magnitude determination within the tens of seconds following rupture initiation so
that warning of impending shaking can be transmitted to communities
in the path of the earthquake. Reliability improves when Peak Ground
Displacement (PGD) can be accurately determined. Seismogeodesy,
a new technique that uses colocated real-time GPS/GNSS and MEMS
accelerometers uniquely provides this constraint. From Melgar et al.
(2015). Panel (a) Temporal evolution of magnitude determination from
PGD measurements. The red crosses indicate the number of stations
used in the regression. Panel (b) Data points (Crowell et al., 2013) used to
determine the original regression and the measurements for the Napa
event.

Figure 2.2-2. Band-pass filtered
VTEC maps (in units of TECU,
right color bar) at ionospheric
piercing points above Japan at
different times on March 11, 2011.
Each cluster represents locations
in the ionosphere where the
signal from one GPS satellite,
communicating with one groundbased GEONET receiver, passes
through the ionosphere at 300
km altitude. Ionospheric piercing
points are plotted over sea surface
heights from the Song tsunami
model (in units of meters, left
color bar) for comparison of wave
front positions in the ocean and
ionosphere. By 2020, more than
100 GNSS satellites will be available, significantly enhancing the
number of piercing points and
improving resolution. Figure
adapted from Galvan et al. (2012).
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Induced Seismicity
Recent increases in seismicity in some regions of the central U.S. have been widely attributed to disposal of saline water
produced using enhanced oil and gas recovery techniques in
injection wells drilled into deep subsurface geological formations (e.g., van der Elst et al., 2013). NGEO regional geodetic
and seismic networks, as well as campaign-style temporary
networks, will provide important data on space, time and
magnitude statistics of these earthquakes and their relationship to injection wells and stress-strain conditions along fault
systems. The improved understanding of the induced earthquake process derived from research using NGEO facilities
can help states and their regulatory agencies implement policies and procedures for successful mitigation of risk associated
with induced seismicity (Ellsworth, 2013).
Volcanic Eruptions
Our ability to monitor, forecast, and respond to volcanic
eruptions has been greatly advanced through geodetic, seismic, and other geophysical techniques (Tilling, 2008), with
more breakthroughs expected in the future with the geodetic, seismic and other geophysical facilities available through
NGEO. For example, near-surface geophysical surveys can be
used to map shallow volcanic stratigraphy over tens of kilometers and determine the eruption histories of volcanoes in
order to better assess their long-term hazards (Malehmir et
al., 2016). Geodetic (GPS/GNSS and InSAR) and seismic data
collected through NGEO can be used to investigate structures
and processes within volcanic systems, including determining
the size, shape, orientation, and depth of intrusions (dikes and
sills), rates of magma and gas ascent, the volume of erupted
magma and gases, and the distribution of seismic and aseismic
strain (e.g., Sigmundsson et al., 2010). Once the eruption begins, seismic tremor is a key indicator of the location, intensity
and type of activity while infrasound data can be used to determine the flux of ash and gases in the atmosphere. Ash clouds,
which can disrupt aviation traffic far from the site of the eruption, can also be monitored using satellite and ground-based
remote sensing, as well as GPS/GNSS. At present, ten volcanic
systems have extensive geodetic resources that were deployed
as part of the Plate Boundary Observatory, and these will continue to operate in NGEO .
Space weather
Solar flares excite geomagnetic storms that interact with
electrons in the ionosphere; GPS and magnetotellurics are both
useful in identifying and characterizing space weather events.
TEC measures the number of electrons along a path between
a radio transmitter and receiver, such as a GPS satellite and
ground station, a perturbation that is useful in characterizing
space weather events - especially in the polar and equatorial
regions. At present, models of the interactions of geomagnetic storms with power grid infrastructure use simple layered
conductivity-depth models of the Earth that do not accurately
predict current channeling and enhancement of impact due
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to areas of high conductivity in the subsurface, lacking a complete 3-D model of conductivity across the continental United
States. Detailed magnetotelluric surveys are needed in areas
with complex crustal conductivity distributions, where severe
current channeling may occur. The security implications of
space weather are developed in Section 2.2.2.
2.2.2 Environment, Economy and National Security
The NGEO facilities will also contribute to Earth observations, environmental management, economic development,
and national security. Geodetic reference frames are fundamental to Earth observation. A national geodetic reference
frame built using space geodesy data provides a uniform and
consistent reference platform for imaging and mapping the
natural and built environment, property boundaries, land-use
management, and comparing geospatial data over time on an
Earth that is constantly deforming. The NGEO geodetic facilities will include operational support for NASA GGN, which
is used internationally along with other data streams including PBO, to define and allow consistent access to national,
continental, and global reference frames, ensuring interoperability of geospatial data, land management, and other location-based applications. Surveyors now rely on PBO stations
as reference stations throughout the country. The low latency
availability of GNSS satellite clocks and orbits from the global
GNSS network observations is critical for Precise Point Positioning (PPP) (Geng, 2010; Zumberge et al., 1997), a method
used by many geodetic scientists for rapid assessment of environmental change. The Global GNSS network and UNAVCO’s
increasing participation in the International GNSS Service
will improve the interoperability, accuracy and utility of the
international GNSS constellations for scientific, commercial,
and security communities.
Global water resources
Water security is one of the central challenges of our age.
Tracking water storage in aquifers, soil, vegetation, snow/
ice, and streams and lakes with remote sensing, geodetic,
seismic, and other data can help forecast crop productivity,
flood vulnerability, drought severity, and wildfire hazard, and
can inform mitigation of these phenomena. Satellite gravity
(GRACE), GPS/GNSS, and InSAR observations of aquiferrelated and surface load-related uplift and subsidence are being used to better understand these process and inform water
management policies and planning efforts.
Changes in the vertical motions of PBO stations have
been used to quantify groundwater loss in the western U.S.
during a four year drought (Figure 2.2-3), and GNSS-IR can
measure daily snow depth and snow-water equivalent, soil
moisture, vegetation index, and water levels (Larson, 2016).
NOAA relies on geodetic research networks for GNSS-based
estimates of precipitable water vapor (PWV), a critical parameter in the regulation of energy transfer in the atmosphere and
for weather models and operational forecasters.
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Figure 2.2-3. Spatial distribution of PBO-derived vertical displacements in the western from U.S. from March 2011 through 2014. Uplift is indicated by yellow to red
colors and subsidence by shades of blue. Data are suppressed in the Central Valley of California, due to complex interfering signals from point source groundwater
withdrawal (subsidence) and regional unloading (uplift). Year-to-year increases in regional uplift is most pronounced in the Sierra Nevada, where drought has led to
diminished seasonal snowpack and reservoir storage resulting in elastic rebound. From Borsa, Agnew & Cayan (2014).

Nuclear testing
Multiple national and international agencies monitor the
signals from nuclear weapon test explosions using seismological methods as their principal monitoring tool. This achieves
two national security objectives: (1) the more-than-1000 nonU.S. nuclear explosions that have already occurred (and that
may continue) can be characterized as a means for tracking
nuclear weapon development by potential adversaries, and (2)
nuclear test ban treaties are supported via effective verification. NGEO facilities provide continued monitoring in regions of key interest and free and open data (e.g., GSN and
NOTA), which will continue to help achieve these objectives.
Volcanic ash plumes and air traffic viability
Volcanic ash clouds, which can be imaged using GPS signal-to-noise ratios, disrupt international air travel at regional,
hemispheric, and even global scales, as demonstrated during
the 2010 Eyjafjallajökull eruption in Iceland, which shut down
airports and Europe’s airspace for six days. This poses obvious
threats to national security and geodetic constraints can help
with planning and response.
Space weather threats against national infrastructure
Solar storms and their accompanying effects on Earth’s
magnetosphere and ionosphere have the capacity to damage the North American power grid and degrade radio wave
transmissions, with numerous negative down-stream effects
(Coster & Komjathy, 2008; PCAST, 2015). GPS, useful in
characterizing these storms, is also vulnerable to disruption,
a significant security threat. Having a complete 3-D model of
conductivity across the entire continental U.S. is thus critical.
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2.2.3 Education, Outreach and Workforce Development
Improving STEM education
There has never been a greater need for high-quality geoscience education. The demands of the U.S. and global growing
population expose society to environmental impacts and natural hazards, such as earthquakes and rising seas. The NGEO
facilities will provide exciting opportunities to engage students
and expose them to the geosciences and prepare them for geoscience-related careers in academia, government, or industry,
a critical national need (Holdren et al., 2010; NRC, 2007). At
the college level, we already employ cutting-edge learning
methods that are interactive, collaborative, student-centered,
and problem- and place-based, that incorporate research and
research-like experiences, and that are of relevance to society
(e.g., NRC, 2009, 2011). Through the development of products and tools such as Teachable Moments, the UNAVCO GPS
Velocity Viewer, the interactive IRIS Earthquake Browser, and
the Bringing Grand Challenges Into Classrooms program,
and curriculum development projects such as GETSI (Geodesy Tools for Societal Issues), NGEO will frame geodesy and
seismology in the context of societal challenges, and will use
ever-evolving media capabilities to advance participation opportunities.
At the K-12 level, the Next Generation Science Standards
(NGSS) (Wysession et al., 2012) have revolutionized science
education by building upon educational research to create
assessments that are based on students’ abilities to carry out
the practices of science (Achieve; 2014; NRC, 2007 and 2011).
NGSS-aligned curricula, in addition to being practice-centered, evidence-based, and data-driven, also require a year of
geoscience in high school. NGEO will be a leader in providing (1) hands-on inquiry-based educational assets that include
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the Geodetic Education Resources and Seismology in Schools
programs; (2) software such as jAmaSeis, Visible Earthquakes
(via InSAR), Jules Verne Voyager Jr., EarthScope Voyager, and
the Rapid Earthquake Viewer, and (3) online and in-person
mentoring opportunities and professional development for
teachers.
Workforce development and broadening participation
In addition to our K-12 and college-level educational efforts, we place importance on attracting and retaining underrepresented minorities, toward a more diverse body of geoscience students and scientists (NRC, 2013; PCAST, 2012).
NGEO will accomplish these goals by continuing and further
developing UNAVCO’s present summer internship programs,
community college partnerships, and professional development activities, many of which already successfully target
traditionally underrepresented minority undergraduate and
graduate students.
Public engagement and science literacy
The UNAVCO and IRIS public outreach programs have
long been exemplars of successful informal science education.
Engaging geophysical displays such as UNAVCO’s large GeoHazards exhibit to the compact IRIS Active Earth Monitors
and Earthquake Channel displays have been enjoyed by millions of visitors at leading science centers across the country.
The fastest growing venues for outreach are Internet and
social media channels, especially those using mobile apps. For
example, the IRIS real-time Seismic Monitor receives more
than 20 million views each year and Earthquake Browser averages about 40,000 users per month. YouTube animations,
videos, and webinars presenting UNAVCO and IRIS content
receive over 50,000 views per month with more than 2.5 million cumulative minutes watched. In NGEO, there will be
many opportunities for public and community engagement
through social media such as Facebook, Twitter, LinkedIn, Instagram, and Pinterest. Citizen-science activities in which the
public engages with scientific research could also be developed
by NGEO through partnerships with the Quake Catcher Network, the Southern California Earthquake Center, and the UC
Berkeley’s MyShake.
Section 4.3 describes more specifics about the community
activities outlined above.

2016 RESESS Internship Cohort
“ Being part of the RESESS program and UNAVCO
not only helped me in my undergraduate studies,
but it helped me from the start to the end of my
graduate studies.UNAVCO personnel, support
and equipment were vital from the end of my
undergraduate studies, throughout all of my Ph.D.
research”
— Emanuelle A. Feliciano
RESESS Intern 2007, 2008
Ph.D. 2015
NASA Postdoctoral fellow as of 2015

Now in its 12th year, RESESS (Research Experiences
in Solid Earth Science for Students) is a nationally
recognized UNAVCO internship and support program
dedicated to increasing the diversity of students
entering the geosciences. The program successfully
targets undergraduate students from groups that
are historically underrepresented in the geosciences
relative to their proportions in the general population.
RESESS students undertake an authentic research
experience, are provided support to build skills and
confidence, and participate in an intensive communications course as well as in a geology field trip. With
its strong mentorship component, RESESS prepares
students for graduate school and careers in the geosciences. RESESS is a multi-year program in which
students train together the first year (in Boulder, CO)
and then work as research interns with community
members. (See Section 4.3)
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3. NGEO GEODESY FACILITY CAPABILITIES:
FOUNDATIONAL AND FRONTIERS
3.1 Enabling Discoveries in Multiscale Earth
System Dynamics
NGEO presents great opportunity to exploit new synergies in sustaining critical Foundational strengths, while developing and adopting Frontier sensor technologies and cyberinfrastructure. NGEO will build upon more than three decades
of facility innovation by UNAVCO and IRIS, whose communities have collaboratively articulated the science vision to
guide and prioritize the facility capabilities for NGEO.
Geosciences increasingly involve broadly interdisciplinary
and multidisciplinary studies, with the most innovative and
transformative efforts considering both the dynamics of individual processes and the nonlinear interactions within and
among the larger Earth systems. The study of active processes
in Earth System Dynamics requires characterization of coupling and feedbacks across a range of length and time scales,
between the solid earth and its fluid envelopes, and within
both the physical and biological environments. In the early
years of UNAVCO, community research focused primarily on
processes that were steady in time; today’s research Frontiers
focus increasingly on dynamic and transient processes, and
the geodynamic interactions among all elements of this Earth
system. For 2018-2028, community-directed geodetic capabilities within NGEO are uniquely positioned to advance breakthroughs in understanding of the entire Earth system.
These broad and integrative studies require robust, multiscale instrument networks, supported by capable and dedicated technical staff. Colocation of multiple geophysical instruments enhances the scientific benefits of Earth observations.
The availability of real-time geodetic data and new data management strategies allow us to address pressing societal needs,
such as earthquake and tsunami warning, improved weather
forecasting, improved understanding of space weather, and
timely and up-to-date geospatial reference information, and
further allows scientists to effectively and efficiently focus
their research activities. Users expect datasets to be ubiquitous
in time and space (Figure 3.1-1), and easily discoverable. The
exploration of Earth continues to require new instrumentation

and new processing tools to measure increasingly subtle timedependent signals. Applications of these data to scientific and
civil Earth observation applications range from measuring sea
level rise to earthquake early warning, and to the commercial
activities built on scientific infrastructure for precise positioning and time transfer.
The Future Geophysical Facilities Required to Address
Grand Challenges in the Earth Sciences report (Aster & Simons,
eds., 2015, also known as the Leesburg report) identifies
Foundational facility capabilities that are fundamental and
essential to current and near-term science directions, sustaining a prioritized set of current NSF investments, programs,
and projects. Emergent Foundational capabilities make use
of existing technologies, not yet fully implemented, that can
drive significant progress on major science challenges and
were judged to be high priority for the 2018–2023 time frame.
Frontier activities are nascent capabilities of significant interest
to the research community for their potential to enable transformative science and ensure continued scientific progress (Aster &
Simons, eds., 2015). Such capabilities build on and extend the
reach of geodesy for the benefit of all geosciences.

3.2 Foundational Geodetic Capabilities
For more than 30 years, UNAVCO has advanced the Foundational capabilities to support research using geodetic tools
and related technology. Today’s Foundational capabilities
have been developed under UNAVCO’s current and past
awards, and a community-driven process has prioritized
capabilities for the next decade. The following Foundational
capabilities are critical to continued excellence, and identified as part of the “baseline scope” in the NGEO solicitation:
v

v
v

supporting a broad range of scientific research and applications by providing high quality data sets from geodetic
networks under the umbrella of the Network of the
Americas (NOTA operations);
improving data access and analysis with web services and
cyberinfrastructure;
meeting demand for burgeoning scientific applications
using TLS technology and advancing community
interests in lidar and InSAR data acquisition;
Figure 3.1-1 Global distribution of GPS networks and stations supported by UNAVCO. The
broad utility of GPS has led to a proliferation of
networks and campaign stations around the
world. At the same time, expansion of the international suite of global navigation constellations assures that the prospects for science
relying on multi-constellation GNSS are very
bright. The global suite of GPS stations with
data available at the UNAVCO Data Center appear here in red (continuous stations) and yellow (episodically occupied campaign stations).
Ocean bathymetry is proxied with gravity data
(Sandwell et al., 2014) to highlight mid-ocean
ridges and subduction zones. Land topography
is ETOPO1 (Amante and Eakins, 2009). Frontier
activities include federation of the continuous
stations of NOTA, and modernizing GPS stations with GNSS and multi-sensor capabilities.
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v
v
v
v
v

v

expanding the use of geodetic networks to new scientific
targets, new geographic settings, and application to new
disciplines;
establishing best practices in geodetic monument design
and construction as well as open data protocols as GPS and
now GNSS networks continue to proliferate worldwide;
broadening access to real-time GPS/GNSS and ancillary
data streams from core geodetic networks;
showcasing emerging data sets and technologies in research
areas such as atmospheric science and hydrology;
advancing education resources and community
engagement to support formal and informal learning, and
to engage groups that are historically underrepresented
in the Earth sciences; and,
broadening participation of the next generation of diverse
students and citizenry in geosciences.

Each of the above is an area in which UNAVCO best practices are well established and the technologies are sufficiently
evolved to deliver the data and services required by the academic geodesy community for the next decade. Given that the
10-year NGEO funding scenario is flat relative to present operations, UNAVCO’s ability to sustain the existing community
geophysical networks depends critically on modifications to
the Borehole Geophysics network operations and improved
efficiencies in the NOTA operations and maintenance. Sustaining state-of-the-art data systems builds on efficiencies and
collaborations developed with EarthCube funding. Integration of the high impact RESESS workforce diversity program
into the NGEO core also requires prioritization and coordination of complementary activities with IRIS.
Should the NOTA Frontier activity described in Section 4
not be funded, priorities for deep pruning of PBO GPS and the
Borehole Geophysics network have been established by community working groups.

3.3 Frontier Capabilities for UNAVCO
We propose Frontier initiatives that build upon and extend
existing geodetic infrastructure and data systems, and further
UNAVCO’s strategic investment in education, workforce development, and outreach. Most NGEO Frontier initiatives involve
more than one of the UNAVCO Program directorates, and
some involve formal collaboration between UNAVCO and IRIS
as part of this joint submission. Some Frontier initiatives will be
implemented via subawards. In the program detail that follows,
elements of crosscutting initiatives are described within the
appropriate program task or subaward where the work is performed and thus different elements of a single cohesive activity
may appear in more than one of the program Work Breakdown
Structure (WBS) element descriptions that follow.
The combined UNAVCO and IRIS plans for NSF-funded
Frontier capabilities meet the NGEO budget guidance set forth
by NSF. Additional high priority Frontier activities of interest
to NASA were identified in UNAVCO’s open call for community proposals. These are described below and will be managed
under the UNAVCO umbrella as integral geodetic contribu-
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tions to the NGEO. UNAVCO, NASA, and NSF have a long
and successful history of coordinating activities under a single
cooperative agreement, and the appropriate agency Memorandum of Understanding (MOU) to support such action is currently in place.
Frontier activities support three broad themes: network
modernization for enhanced environmental sensing and
change detection; multi-domain data sets for high-resolution
surface change; and the development of human connections to
ensure broad impact of NGEO.
[1] Enhancement, Integration and Federation of Sensor
Networks: Geodetic networks provide the infrastructure and permitting framework to host new and more
powerful sensor systems, supporting colocation, technique integration, progress towards real-time data
flow and attendant new methods of data management,
and a broad spectrum of emerging environmental observables. Specific Frontier activities that support this
goal include: (A) integration of PBO, TLALOCNet,
and COCONet under the umbrella of the Network of
the Americas (NOTA); (B) modernization of legacy
GPS-only networks to multi-constellation GNSS infrastructure to enable new and exciting research that
arises through increased and enhanced microwave
signals; (C) exploitation of real-time communications
to streamline data management using archival-quality
data streams; and (D) provision of on-demand positioning of any platform, anywhere; (E) installation of
corner cube reflectors in support of GNSS-InSAR integration; and (F) development of systems for extending surface change observations to the seafloor (seafloor geodesy).
[2] Exploiting multi-domain data sets and cyberinfrastructure for high-resolution surface change: Emerging research directions rely on multi-domain data sets
to characterize Earth’s surface and its changes with
time at high fidelity, and low latency. Specific Frontier
activities that support this research include: (A) provision of high-resolution topography and bathymetry
and their changes with time (through geodetic imaging, OT, Generic Mapping Tools (GMT), and sea surface mapping); and (B) new data products to facilitate
seamless access, interoperability and discovery (including processed InSAR products).
[3] Human connections—education, workforce
development and outreach: The long-term impact and
success of NGEO requires continued investment in
human resources. Specific Frontier activities include:
(A) innovations in professional development to support a broad scientific user community in exploiting
new NGEO data sets; and (B) ensuring workforce development by creating opportunity for nontraditional
students and early career investigators.
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4. NGEO FACILITY OPERATIONAL PLAN:
THE NEXT FIVE YEARS
The previous sections of this proposal outline the national
priorities, tools, techniques, emerging scientific opportunities,
and Frontier capabilities that invigorate geoscience research.
The NGEO Facility plan laid out here will sustain the most
essential foundations and develop the most pressing Frontier
activities to further this work. NGEO activities described
above will be managed by UNAVCO, through subawards, and
in collaboration with IRIS. The three UNAVCO programs,
Geodetic Infrastructure, Geodetic Data Services, and Education and Community Engagement, were reconfigured in
2012 and have provided a flexible, successful framework for
managing the GAGE Facility (2013 to 2018) and UNAVCO.
Many current and planned NGEO Facility activities cut across
directorates. This structure and the current team have been
very effective in eliminating historic barriers to collaboration,
while developing synergies and efficiencies across programs
and with community. The NGEO operational plan described
below is organized around this programmatic structure, and
the Work Breakdown Structure (WBS) that is the basis for
management of scope and resources.
When expansion of a particular program or resource
provides value, NSF, NASA, or other funding agencies such
as USGS and NOAA augment certain core-funded program
activities from time to time. Any such related awards are carefully coordinated with the cognizant NSF program officer.
Below we detail the Foundational and Frontier UNAVCO
services and capabilities that will be needed to support the
NGEO community science vision in the context of a close
collaboration with IRIS. Continuing capabilities are accompanied by a history of key performance metrics accumulated under previous awards. The discussion follows UNAVCO’s organizational structure, while tying scope to the WBS Dictionary.

4.1 Geodetic Infrastructure (GI) (WBS element U1)
4.1.1 GI Foundational Activities in NGEO (WBS U1.1
through U1.5)
GI Management (U1.1)
The UNAVCO Geodetic Infrastructure (GI) program
integrates all geodetic infrastructure and data acquisition capabilities for continuously operating observational networks
and shorter-term deployments. Supported activities include
high-level technical support, long-term hardware and software development and testing, advanced systems engineering, construction, operation, and maintenance of permanent
geodetic instrument networks around the globe, and engineering services tailored to Principal Investigator (PI) project requirements. The GI program coordinates closely with
Geodetic Data Services (GDS) to assure the highest standards
of data quality control, integrity of station metadata, ease and
transparency of data access for the UNAVCO user community, and to provide appropriate and timely metrics on sensor uptime and data usage for sponsors. Major Foundational
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activities currently supported by the GI program include operation and maintenance of the continuous GPS/GNSS stations of the EarthScope Plate Boundary Observatory (PBO),
TLALOCNet in Mexico, COCONet spanning the Caribbean,
polar GPS networks in Greenland and Antarctica (GNET and
ANET, together known as POLENET), the multi-disciplinary
AfricaArray, and several other smaller continuously observing
geodetic networks distributed across the globe. In addition,
the GI program provides engineering services to individual
PIs for shorter-term GPS/GNSS and TLS projects, and other investigator-led data acquisition projects. UNAVCO also
acts as a source of high-precision geodesy best practices and
a clearinghouse of critical testing results on a wide array of
geodetic tools (hardware and software). As proposed here for
the NSF-funded component the NGEO Facility, the GI group
is comprised of 39.34 Full Time Equivalent (FTE), supporting
the Foundational and Frontier tasks outlined below.
As part of the GAGE Facility, primary duties for the GI
Director include: completing reports to the UNAVCO board
on all GI activities three times a year; convening the GI Advisory Committee (GI AC) for its annual face-to-face meeting; reviewing all budgets and letters of support for PI projects; developing and reviewing the overall GI budget and for
all other GI-led projects; reviewing and editing all reports to
the NSF and other sponsors; setting the strategic direction
for the GI group in accordance with UNAVCO Board, senior
management, advisory committees, and other working group
plans and guidance; writing, reviewing, and executing the annual budget plan; and communicating in writing and through
presentations at national and international meetings the goals,
objectives, and project status of all GI-led initiatives. Finally,
the GI Director is responsible for annual and ongoing review
of all GI personnel performance evaluations and individual
employee goal setting. All programmatic support and personnel management activities are included as part of the U1.1.2 GI
Program & Personnel Management task.
As part of the NGEO Facility, the GI program will be
guided by a formal joint Instrumentation and Network Services
Advisory Committee (INS AC) appointed by the UNAVCO
and IRIS Boards (see Figure 1.6-2). In addition to this advisory committee, three standing committees (Global and Regional Networks; Portable Geophysical Instrumentation; and
Polar Networks and Instrumentation) will also continue to
provide guidance for the GI group. Modest funds are proposed to allow the NGEO INS AC and the SCs to meet face
-to-face annually (included in the U1.1.1 GI Program Advisory
Committee task). TLALOCNet and COCONet had independent Working Groups (WG) with liaisons to the GI AC under the GAGE Facility. These WGs will be eliminated under
NGEO because TLALOCNet and COCONet will be merged
with PBO to develop an integrated, interoperable, and federated GNSS network that spans the Americas, called the
Network of the Americas (NOTA). In addition, under GAGE,
the GI program had one subaward to the University of Cali-
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fornia, San Diego (UCSD) to operate six long-baseline laser
strainmeters (LSM) as part of the EarthScope PBO. Support
of the LSM component of PBO will not be continued under
NGEO, based on community input through several workshops, ad hoc committee review in 2016, and prioritization by
the UNAVCO Board. As part of NGEO, we anticipate future
subawards in the Frontier task U1.5.2 Long-term cross-coastal geodetic and seismic observations for fabrication of one or
more prototype submarine geodetic sensors. This work would
be completed by subawardee institutions yet to be determined
during years 2-4 of NGEO.
Under U1.1.4 Geodetic Station Permitting, the GI Permit
Coordinator and staff are responsible to ensure that regulatory
and statutory obligations for station permits are met. These
employees ensure that permits are renewed as required by
law, regulation, or contract. In addition, permitting staff must

meet all reporting requirements for federal, state, municipal
and other landowners, as well as managing ongoing relationships with landowners. By the close of the GAGE Facility in
September 2018, 734 land-use permits for PBO stations will
have been perfected and renewed. As part of the NGEO Facility, permits for all UNAVCO-operated stations will continue
to require renewal, management of ongoing communications
with landowners, and submission of all required reports. Costs
for personnel as well as for the permits themselves are included as part of the U1.1.4 Geodetic Station Permitting task.
GI program Foundational activities are discussed in detail
for each WBS element in NGEO below. Several GI Foundational and Frontier activities are closely linked by sharing staff
and other resources to support independent but overlapping
scope.
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Figure 4.1-1 Distribution of proposed Network of the Americas (NOTA) cGPS/GNSS stations. Federation of PBO, TLALOCNet (Mexico) and COCONet (Caribbean) will
comprise NOTA under NGEO. The 1,257 station network spans Shemya Island in the western Aleutians to Puerto Rico in the northeastern Caribbean and to northern
South America. Upper plate - Lambert projection of CONUS PBO stations; Lower-left plate - PBO Alaska region; Lower-right plate - Combined TLALOCNet (Mexico)
and COCONet (Caribbean) stations. Symbols are the same for each map and show GPS-only Trimble NetRS, Trimble NetR9 GNSS (GPS+GLONASS), and Septentrio
PolaRx5 GNSS (full) stations. Also shown are real-time (streaming 1 Hz) stations as well as those with surface met instruments.
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Global and Regional Geodetic Networks—Enhancement,
Management, and Operations (U1.2)
NSF GNSS Network Operations (U1.2.1)
Continuous GPS, and now GNSS, (cGPS/cGNSS) are
well suited to capture surface deformation occurring at time
scales from seconds to weeks and months, such as that associated with viscoelastic deformation during and following
earthquakes, decadal-scale estimates of strain accumulation
along plate boundaries, and plate motion and their spatial
variations. As part of NGEO, UNAVCO proposes to integrate
and federate existing NSF-funded cGNSS-Met networks into a
single pan-American network that will encompass the EarthScope PBO (spanning Alaska, the continental U.S., and Puerto
Rico), TLALOCNet (40 stations in Mexico), and COCONet
(85 stations spanning the Caribbean). We have designated
this hemispherical-scale, distributed cGNSS-Met resource
as the Network of the Americas (NOTA). The integration of
PBO, TLALOCNet, and COCONet as the newly envisioned
pan-American NOTA will support a wide range of scientific
applications and stakeholders.
The GAGE Facility currently operates and maintains
1,132 EarthScope PBO cGPS stations across an area of over
10,000,000 km2 (Figure 4.1-1), spanning Shemya Island at
the western end of the Aleutian Islands, the Brooks Range in
northern Alaska, central Baja California, New Hampshire,
and Puerto Rico. The PBO network includes 209 stations that
were upgraded and assimilated from PBO Nucleus networks,
19 stations in the eastern United States, 8 stations built in response to the 2010 El Mayor-Cucapah earthquake in northern
Baja California, and 16 existing telemetered stations in Colorado and New Mexico built for the EarthScope Rio Grande
Rift PI project.
NOTA initially will be composed of 1,257 cGNSS and 270
surface met stations. UNAVCO intends to maintain as many
of these stations as feasible within the budget constraints over
the 10 year period of NGEO. UNAVCO, through its GI AC,
ad hoc external committees convened during 2016, and the
recommendations from the PBO Futures workshop report
(Mattioli et al. 2014), has developed a prioritized list of cGPS/
cGNSS-Met stations for continued operation and maintenance
under NGEO. Only NSF-funded and UNAVCO-operated stations are included in NOTA and budgeted for support under
NGEO. We acknowledge that funding to support NOTA is essentially flat from federal FY2012 through the close of NGEO
in 2028, and that the final decisions related to station retention will be based on available resources provided by NSF. Up
to 30% of the 1,257-station NOTA network could be at risk
for decommissioning. Retention of existing PBO stations and
extension and inclusion of TLALOCNet and COCONet stations will be achieved through efficiencies gained through our
planned changes to our current operations and maintenance
(O&M) model, as discussed below.
NOTA will provide leveraging, synoptic, hemisphericalscale multi-constellation GNSS-Met and other geophysical
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observations in support of the Scientific Drivers outlined
in Sections 2.1.1 through 2.1.5 and the Broader Impacts of
NGEO Facilities outlined in Sections 2.2.1 and 2.2.2.
To meet NSF performance metrics for PBO under the
GAGE Facility, the GI program devoted 1 overall project manager, 3 regional managers, 9 field engineers, and 1 technician
for a total of 14 full-time staff in regional offices in the Western U.S. and Alaska. Two on-call engineers and one summer
intern also supported this task on a part-time basis. Given that
NOTA will include PBO, TLALOCNet, and COCONet, this
number will increase modestly to 16 total GI staff (headcount),
but the FTE will be slightly lower, since nearly every person
supporting NOTA O&M also will have other responsibilities
under Foundational as well Frontier tasks, in particular U1.6.1
Upgrading continuous networks from GPS to GNSS—Next generation instrumentation.
A primary metric during GAGE was to ensure that GNSS
station uptime (standard rate, daily, raw data files arriving in
the UNAVCO archive within 72 hrs) remained at or above
85%, as required by NSF for PBO during EarthScope. Monthly
averages for sensor data return also were tracked and required
to exceed 85%. These metrics will remain a target for NOTA,
although they will apply only to the highest priority stations,
given NOTA’s expanded geographical scope and multinational
character. We will prioritize stations in three categories based
on the science goals and the number and diversity of stakeholder interests, informed by existing reports and ongoing
community input: 1) highest—problems will receive attention
and be remediated as rapidly as possible; 2) intermediate—
problems will be diagnosed and will receive attention as resources permit; and 3) lowest—problems will be diagnosed,
but any required service will only occur if periodic maintenance is scheduled during the upcoming annual field season.
In general, stations with relatively immature time-series (i.e.,
those in TLALOCNet and COCONet), with the potential to
serve multiple stakeholders and missions (i.e., earthquake,
tsunami, and volcano early warning systems and the ability
to detect transient signals), and/or in areas with lower station density but clear scientific interest (e.g., Alaska and Cascadia) will receive the highest priority and access to NGEO
resources. Under GAGE, UNAVCO engineers visited each station approximately every five years for scheduled battery and
hardware maintenance and unscheduled maintenance was
performed on a best-effort basis. Our new O&M model will
allow more efficient use of available resources and focus them
on the highest priority stations.
Regional offices in San Clemente, CA; Ellensburg, WA;
Anchorage, AK; and the Boulder, CO headquarters will continue to provide a base of operations for field engineering staff to
optimize maintenance and upgrade activities (see page 36, GI
Frontier activities) for NOTA and to minimize travel costs and
time. The remote offices also provide secure shipping/receiving
and storage capabilities for regional operations. Today, the
GAGE PBO GPS Operations Manager provides high-level
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management for the GPS network, and three Regional Managers coordinate day-to-day field operations in each region.
The NGEO GNSS Operations Manager will continue to provide high-level management for NOTA, but with the addition
of TLALOCNet and COCONet, an additional field engineer
is needed to help oversee the >120 NSF-funded stations in
Mexico and the Caribbean region. Requested staffing levels to
support NOTA are consistent with known requirements based
on our experience with remote cGNSS-Met station operations
since 2009 and actual costs established over the past five years
under the GAGE Facility.
One of the most exciting benefits accrued under this
Foundational task is the use of NOTA as an expandable platform on which ancillary scientific instrumentation can be
added to further scientific goals of the NGEO community
(Figure 4.1-2). Currently, 145 meteorological instruments are
colocated with PBO GPS stations. All TLALOCNet (n=40)
and COCONet Core (n=85) stations have or soon will have
surface meteorological instruments, bringing the total to 270
in NOTA. Together, GNSS observations and surface metpacks
constrain column-integrated precipitable water vapor, a critical parameter discussed in Scientific Drivers Section 2.1.5
and Broader Impacts Sections 2.2.1 and 2.2.2. Under NGEO,
UNAVCO will seek additional funding to support continued
enhancement of sensor systems at NOTA stations.
PBO also includes 26 stations with electronic tiltmeters,
which are used to study selected volcanic systems that include
Yellowstone, those on Unimak Island, Mount St. Helens, and
Akutan. Along with PBO geodetic assets at 10 volcanic targets
in the Western U.S. and Alaska, NOTA will include volcanoes
in the Eastern Caribbean (e.g., Soufriere Hills, Montserrat)
and Central America (e.g., Telica and Momotombo, Nicaragua). Two PBO stations in the intermontane west now include
web cameras with height rods to calibrate snow depth calculations from GNSS multipath, observations that support the
emerging hydrogeodesy community. Webcams also have been
added to eight Alaskan stations to enhance helicopter operations. Future NOTA enhancements will include the integration
of cGNSS and seismic systems to support research and development in hazard monitoring and earthquake early warning.
In particular, when coupled with Real-Time-GNSS-capable
sites, low-cost micro-electro-mechanical systems (MEMS)
accelerometers (Saunders et al., 2016) will greatly enhance
real-time risk mitigation during large earthquakes (>M7) and
eruptions (>VEI6). Under the GAGE Facility and in cooperation with community PIs, 22 PBO stations proximal to major
fault systems in Southern California and the San Francisco
Bay Area now have MEMS accelerometers (Sections 2.1.1,
2.1.2, 2.2.1, and 2.2.2). Other geophysical sensors will be added to selected NOTA stations in response to PI projects and
as resources allow under a new Frontier task 1.6.3.2 entitled
Development of Next-Generation Sensor Networks.
Under GAGE, UNAVCO engineers provided network
installation support for some PBO- and EarthScope-related
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Figure 4.1-2 Schematic of a NOTA GPS/GNSS station depicting the primary
components of an expandable sensor platform: monument (in this case a deepdrilled-braced type) with a GPS/GNSS antenna inside a hemispherical radome;
an enclosure that contains the GPS/GNSS instrument, telecommunications device (cellular modem), and batteries; external solar array; surface met sensor;
and RF telemetry or cellular antenna for data transmission. Direct GPS/GNSS
signals may be used to estimate the absolute position of the phase center of
the antenna/radome combination in the ITRF as well as the path effects (delays)
in the ionosphere and troposphere. Reflected GPS/GNSS signals can be used to
estimate soil moisture, snow depth, and sea level (if a station is located close to
the shore).

PI projects. This support included budget preparation, project planning and execution, reconnaissance, permitting, and
installation, as well as operations and maintenance. Expertise
in all facets of geodetic network installation and operation
has made UNAVCO a primary resource for the construction
of permanent geodetic networks. We intend to maintain our
global leadership in this critical area as part of the NGEO Facility. PBO engineers routinely support community PIs by coordinating and assisting with site access for vegetation surveys
and snow depth experiments. Similar support will be extended
to all NOTA stations.
The Foundational GI task described above only includes
costs for labor and O&M to support NOTA over the 10-year
span of NGEO. The need, justification, and requested funding for new multi-constellation GNSS instrument acquisition,
upgrades to existing GNSS-capable instruments (Trimble
NetR9), and integration and deployment (both labor and travel) of these new instruments into NOTA are detailed below in
the Frontier task U1.6.1 Upgrading continuous networks from
GPS to GNSS—Next generation geophysical instrumentation.
Borehole Geophysics Operations (U1.2.2)
Borehole strainmeters (Figure 4.1-3) measure transient
deformation with periods from seconds to weeks, which may
precede and accompany earthquakes, volcanic eruptions, and
slow slip events. As part of PBO, UNAVCO operated and
maintained 80 borehole geophysical stations that consist of
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some combination of tensor strainmeters (75); three-component borehole seismometers (79); environmental sensors
that record information such as down-hole temperature, pore
pressure, and barometric pressure; and above ground GPS
receivers and power/telemetry systems. The boreholes are
grouped into arrays that target scientific topics, determined by
the original PBO NSF Major Research Equipment and Facilities Construction program (MREFC) planning committees.
These include subduction zones (Cascadia), volcanic centers
(Yellowstone, Mount St. Helens), triple junctions (Mendocino), and major strike-slip fault zones (San Andreas fault system). UNAVCO maintains data return from these stations at
or above 85%, with critical unscheduled station maintenance
activities prioritized by a community oversight committee. As
part of the GAGE Facility, UNAVCO maintains 4.1 full-timeequivalent (FTE) field and network engineers located in Boulder, CO and Portland, OR to support borehole operations.
Reduced staffing for this Foundational task is required to fit
within the overall flat funding projections for NGEO.
We will retain 2.8 FTE for Borehole Geophysics operations and maintenance; the reduced staff will complete O&M
on a fixed schedule rather than responding to station outages.
Our revised plan is informed by community input through
an ad hoc NGEO planning group, input from the GI AC during GAGE, and the recommendations from the PBO Futures
workshop report (Mattioli et al,. 2014). Our plan under NGEO
will support long-term data recovery at the likely expense of
increased data latency and possibly lower data completeness.
Interruptions to data flow are commonly due to communications problems, even while the instruments continue to record
useful data, which often may be recovered later.

Under NGEO, semiannual visits for maintenance and
calibration of borehole stations are coordinated with two- and
three-year scheduled maintenance trips during which expendable materials such as batteries (3-5 years) and Very Small
Aperture Terminal (VSAT) feed-horn elements (every 2 years)
will be replaced; power-supply systems, such as propanepowered thermoelectric generators, are maintained every six
months; software and firmware upgrades are performed as
needed (certain components of the strainmeter require on-site
firmware upgrades); and on-site calibrations are conducted
(cable calibrations are recommended every six months). Repairs to borehole stations that fail will only be accommodated
on a resource available basis.
UNAVCO’s ability to install and operate borehole strainmeters and associated instrumentation, and process, synthesize, and distribute these data will continue, albeit at a reduced
level, under NGEO. UNAVCO has nine EarthScope borehole
instrument packages available for immediate deployment in
support of future PI projects. Two projects were recently completed: 1) installation of a 6 station BSM network proximal to
the Sea of Marmara section of the North Anatolian Fault near
Istanbul, Turkey; and 2) installation of a single BSM instrument package near Avant, OK in support of a Department of
Energy project to examine the full in-situ tensor strain field
associated with CO2 injection and sequestration methods.
UNAVCO staff will continue to develop data products, conduct short courses, and support community workshops that
focus on the use of strainmeter data to study volcano deformation, aseismic creep, slow-slip, and the generation and rupture
of small (<M5) earthquakes.

Figure 4.1-3 Installation of a PBO-standard Gladwin Tensor Strainmeter (GTSM) borehole instrument package near Avant, OK (36.532, -96.081) on September 10,
2016 as part of a collaborative Department of Energy project with Clemson University (L. Murdoch, PI) to examine the full tensor strain field associated with enhanced hydrocarbon recovery processes. Left panel - grout baler being inserted into cased hole; middle panel - release of grout; right panel - UNAVCO engineers
holding GTSM and preparing to insert into the borehole.
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Portable Geodetic Systems Management & Operations
(U1.3)
EAR PI Project Support—GNSS (U1.3.1) Campaign and
Longer-Term GNSS Deployments
EAR PI project support is one of UNAVCO’s longest
standing capabilities. Four components make up the PI Project
support group: 1) Project planning; 2) cGPS network O&M; 3)
Management of UNAVCO campaign pool instruments for PI
projects; and 4) Repair of UNAVCO and community instruments purchased under special agreement with various equipment manufacturers.
Ongoing demand for acquiring, distributing, and archiving high-precision geodetic data will be met under NGEO,
including support for investigators using GPS/GNSS, TLS, airborne/mobile lidar and other geodetic imaging methods. The
support services will include equipment loans, testing, configuration, integration, new equipment design for field deployments, and technical training for campaign and permanent
station deployments (Figure 4.1-4).
UNAVCO staff provide specific services to funded NSF
EAR and NASA PIs, and to other investigators on a resourceavailable basis. UNAVCO maintains modest resources for
rapid response to geophysical events, such as earthquakes and
eruptions, to support investigators who secure Rapid Response
Research, NSF grant designation (RAPID) awards. Provided
services include: project management; field engineering and
technical support services to plan and execute surveys and
permanent station installations; network engineering services
for permanent network operations; network maintenance;
data flow monitoring and troubleshooting; equipment testing
services to evaluate and improve performance; systems integration and software development services for developing advanced systems; technical support; consultation and training
for researchers in applying geodetic technologies; and logistics services for worldwide deployments, including property
tracking and management, import/export, and shipping; and
data management and archiving services.
UNAVCO manages a community equipment pool of 695
GPS and GNSS receivers and ancillary equipment. UNAVCO
outfits, maintains, repairs, and supports these systems for PI
projects. The pool consists of a variety of receiver models configured for use in campaigns and permanent stations. Only
50% of the entire pool of receivers are modern (e.g., NetR9
and PolarRx5)—specifically these are relatively new GPS-only
models that were purchased just prior to the start of or during
the GAGE Facility; the rest of the instruments in the EAR pool
are obsolete, out of warranty and thus not repairable. These
systems are often assigned for long-term continuous-station
use, and are tracked by UNAVCO as pool equipment because
they remain government property and may be recalled for future community use with sponsor guidance. Many geodetic
campaigns are now deployed independently of UNAVCO using both PI and UNAVCO equipment, with training and technical support provided by UNAVCO. Resources to replenish
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Figure 4.1-4 NSF-EAR and community GNSS and TLS field projects supported
by UNAVCO since 2004. Actual values are shown from January 1, 2004 through
September 30, 2016, through the close of GAGE Y3 and divided into EAR and
Community for GNSS and TLS projects. TLS was not supported prior to 2008.
GNSS makes up the vast majority of the projects supported for EAR PIs.

and upgrade the EAR PI instrument pool with new multiconstellation GNSS instruments are limited under GAGE.
This will remain a challenge with flat funding under NGEO
Foundational activities. Only 28 new GNSS instruments were
purchased to support the EAR PI pool (n=20) and a PI project
(n=8) under GAGE. Design, component procurement, fullsystem integration, and management of new multi-constellation and multi-sensor RAPID response, portable GNSS-Met
systems is proposed as a NGEO Frontiers activity. See discussion below for U1.5.3 New systems and sensor development
(NSS) and U1.5.3.1 RAPID response to geohazards —Development of portable GNSS-Met systems.
The UNAVCO Facility currently provides O&M support
for over 900 cGPS stations in addition to the 1,132 PBO stations. The O&M support includes data downloading, state of
health monitoring and reporting, resolving communications
and equipment issues, shipping replacement equipment, and
working with PIs and local contacts to resolve problems. Most
funding for PI cGPS networks comes from independent NSF
and NASA projects. NGEO will continue to support these
efforts with 2.7 FTE field engineers. No funds are requested
herein to upgrade or replace GPS-only instruments currently
deployed or owned by community PIs.
As community demand for long-term cGPS, and now
cGNSS deployments, for PI projects has increased, so has the
need for centralized network engineering, installation, operation and maintenance services. Sustaining the engineering functions to improve power and telemetry systems will
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continue to grow in importance as we meet requirements for
networked GPS/GNSS stations in ever more remote locations.
A continuing priority under NGEO will be to negotiate
favorable pricing for the best available GNSS equipment, which
relies in part on UNAVCO’s investment in the equipment depot, where warranty repair work is performed. The UNAVCO
community has purchased an estimated 3,500 receivers via
community purchase programs from different instrument
manufacturers (primarily from Trimble Navigation, Inc. prior
to the start of the GAGE Facility and now Septentrio, Inc. during GAGE). These agreements include a multi-year warranty
with the stipulation that the repairs are handled by UNAVCO.
This arrangement has lowered costs for equipment purchases
and extended the equipment lifetime. Many of these receivers
are obsolete and thus no longer repairable; thus when they fail
they must be retired from service.
EAR PI Project Support - Terrestrial Imaging (U1.3.2)
Terrestrial Laser Scanning (TLS) Projects
Earth science investigations increasingly require accurate three-dimensional representation of Earth’s surface at
the centimeter scale to quantitatively characterize and model
complex processes (e.g., Carter et al., 2007, Meigs 2013, Passalacqua et al., 2015, Harpold et al., 2015). Since 2007, UNAVCO
has supported PIs with state-of-the-art TLS equipment, field
engineering, and data processing services in order to generate
these high-resolution 3D maps. TLS instruments are portable,
relatively easy to operate, and support a wide range of studies
including detailed mapping of fault scarps, geologic outcrops,
lava lakes, dikes, fissures, glaciers, hill slopes, and fluvial systems. Repeated TLS measurements support surface change
detection through time, making TLS even more valuable for
transformative science investigations and rapid response to
geophysical events. During GAGE, the GI and GDS programs
made considerable progress in using TLS to quantify geodetic
change.
The UNAVCO TLS instrument pool was established via
collaboration with several universities on the NSF-funded Interdisciplinary Alliance for Digital Field Data Acquisition and
Exploration (INTERFACE) project. UNAVCO acquired six TLS
systems between 2007 and 2010 through a combination of two
NSF Major Research Instrumentation (MRI) awards and supplemental funding. Two additional TLS instruments (Riegl VZ1000 and VZ-2000) were purchased during GAGE with funding from the NSF Instrumentation and Facilities (IF) program
and an older, obsolete TLS instrument was retired. Also during
GAGE, several of the existing scanners were updated to support new TLS data acquisition workflows. UNAVCO now has
seven TLS instruments that are shared across the GI program to
support EAR, PLR, and community projects. Instruments in the
pool have a spectrum of capabilities for range, sample rate, laser wavelength, laser spot size, physical size, weight, and power
consumption to support a range of applications.
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TLS instrumentation is used to support one of the most
scientifically diverse parts of the UNAVCO portfolio: the
scientific community that requests UNAVCO support has
been diversified and expanded with the availability of stateof-the-art TLS instruments, world-class engineering support,
enhanced workflows, and high-quality geodetic imaging data
products. TLS and emerging complementary technologies will
play a key role in the future growth and impact of the NGEO
Facility as part of both Foundational and Frontier activities.
We propose to sustain TLS support for EAR and PLR PIs as
Foundational activities, and will consider new geodetic imaging Frontier activities in NGEO U1.6.3.2 Development of Next
Generation Sensor Networks below, and NGEO U1.5.4 Nearsurface geophysics facility support (GI) as outlined in the Future Geophysical Facilities report (Aster & Simons, eds., 2015)
section entitled “Geophysical Instrumentation Capabilities for
Geomorphological, Glaciological, Surface, Near-Surface, and
Critical Zone Geophysics.”
The TLS program supported 309 PI projects between October 2007 (counted in 2008) and September 2016 (Figures
4.1-4 and 4.1-6). We anticipate that the number of field deployments per year will increase through 2018, but at a decreased
rate due to limiting factors including: 1) number of available
scanners; 2) number of trained TLS staff; 3) PI research funding; and 4) emergence of complementary 3D imaging techniques such as structure from motion (SfM) photogrammetry.
UNAVCO engineers provide PIs with TLS survey planning
support, equipment preparation, field engineering, and data
post-processing to produce a standard merged, aligned, and
georeferenced point cloud deliverable. The PI training provided by UNAVCO staff in formal workshops and informal
project settings continues to help expand the geodetic imaging
TLS community.
No funds are requested to purchase new TLS instruments
as part of NGEO. Modest funds are requested under NGEO
to maintain the existing Foundational TLS instruments and
required software. Geodetic imaging technologies are rapidly evolving, and our user community will likely demand
new and complementary technologies such as Unmanned
Aerial System (UAS) and mobile-based laser scanning, and
structure from motion photogrammetry support. TLS, however, will remain a relevant tool for many applications, but
future research likely will demand a broader geodetic imaging toolkit. The GI group will seek additional resources
outside of NGEO to acquire new instruments to refresh the UNAVCO pool, driven by evolving community input (i.e. through the NGEO INS AC) and PI project
requirements. Proposed Frontier research and development
in new geodetic imaging technologies is discussed in
U1.6.3.2 Development of Next Generation Sensor Networks
below. Anticipated community demand for Frontier geodetic
imaging data support are outlined in Sections U2.9.1 and
U2.9.4.
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Polar Support Services (U1.4 - Arctic U1.4.1 and Antarctic
U1.4.2)
Polar Services cGNSS Network Support
The telemetered cGPS networks in Greenland (GNET)
and Antarctica (ANET), collectively known as POLENET,
demand a continuous cycle of monitoring, planning, preparation and fieldwork by the Polar Support Services group.
Under GAGE, POLENET GPS network activities focused on
the preparation and execution of ANET field campaigns and
modest support of the GNET network, including data flow
and network monitoring. GPS network engineering efforts
in Boulder were directed towards preparation of field O&M
kits to enable rapid repair and upgrade of Antarctic sites to
be visited in any given field season. During the second half
of the GAGE Facility period (2013-2018), GNET has operated with minimal support from UNAVCO, providing only
raw data telemetry and monitoring. Under NGEO, UNAVCO
will upgrade to new low-power, multi-constellation GNSS
instruments and maintain a critical backbone of telemetered
POLENET sites. Funding under NGEO for GNET routine station O&M and selected station upgrades will be coordinated
with NSF Division of Polar Programs, Arctic Research Program (PLR ARC) staff. As of the close of Y3 in GAGE, GNET
is 100% operational and data recovery for the existing 42 sites,
measured by data that reaches the UNAVCO archive, is currently 89.4%. Although future funding for GNET is uncertain,
modest funds under NGEO are requested to upgrade a core
set of GNET stations from GPS-only to multi-constellation
GNSS (n=30 over 10 yrs) as part of Frontiers task U1.6.1.
UNAVCO efforts related to ANET in Antarctica have
been better sustained and a significant subset of stations have
been visited each field season under GAGE. The ANET stations were often in good condition and maintenance requirements were moderate. Analyses of battery state of health during GNET and ANET site visits indicate that battery capacity
deteriorates an average of 1-2% per year. Wholesale battery
replacements can thus be deferred for a number of years if the
networks remain in place. ANET support has also included
ongoing monitoring and data flow management. There are 45
core ANET stations, of which 89% were telemetering data in
September 2016. The average data recovery is currently 88.9%.
Similar to GNET, UNAVCO requests funds to maintain and
upgrade a subset of telemetered ANET stations to new lowpower, multi-constellation GNSS instruments (n=30 over 10
yrs). Modest funding for this and for integration of POLENET
into NGEO is part of the Frontiers task U1.6.1.
LARISSA (LARson Ice Shelf System, Antarctica), a sister
network operating on the Antarctic Peninsula, consists of 10
full time, telemetered stations. The award period has expired
and the future of the network is under review. UNAVCO is
ready to assist in the transition of the LARISSA network to a
new funding and O&M model.
The Polar Support team also provides networked GPS
sites for other PI projects, as well as maintaining reference sta-
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tions at multiple remote research facilities in the Arctic and
the Antarctic. The development of power and communication
platforms capable of reliably providing 5 watts continuously
through dark polar winters has found broad use in applications involving other scientific instrumentation at high latitudes. This adaptable power platform was developed jointly at
UNAVCO and IRIS (Figure 4.1-5).
Polar Services Campaign GNSS
Campaign GNSS support similar to that described in Section U1.3.1 remains a large part of the geodetic support offered
to the polar science community (Figure 4.1-6). Polar Support
Services maintains a satellite facility at McMurdo Station, Antarctica during the austral summer research season. Although
the number of polar campaign GPS projects has remained
fairly constant at between 25 to 30 per year, the average number of receivers deployed per PI project has grown to ~150
pool receivers per campaign season. Instruments currently
in use include Trimble R7/5700 series, NetRS and NetR9,
and Septentrio PolaRx5 receivers. Only the NetR9s and the
recently acquired PolaRx5s are state-of-the-art. Other models, while still useful, are now obsolete and can no longer be
repaired. Only 6 new multi-constellation GNSS instruments
were procured for the Polar Support Services group under
GAGE. UNAVCO responded to a recent shift in the complexity of polar campaign projects toward larger, temporary GPS
networks that collect uninterrupted data for an entire summer
season by designing turnkey GPS systems with solar power.
This increased reliability and decreased the engineering effort
on a per station basis, creating additional efficiency through
expanded capacity and supporting a growing number of projects. We anticipate a PI shift toward multi-constellation GNSS
systems for campaign and continuous deployments. Funding
to acquire the new instruments is part of Frontiers tasks U1.6.1
and U1.6.3.1.
UNAVCO also maintains continuously operating remote
GPS stations with autonomous power systems in excess of 5
watts, which make use of the POLENET design, for use in

Figure 4.1-5 ANET Station at Mt Howe, Antarctica. A typical polar cGPS station
includes two battery enclosures, an instrument and telemetry enclosure, solar
panels, and wind generator to charge batteries, surface met sensor, and dual
Iridium satellite telemetry antennas. Photo by N. Bayou.

Section 4:: Operational Plan

long-term data collection (Figure 4.1-5) on PI projects. Use of
these systems often requires modest amounts of custom project-specific engineering or integration. Under GAGE, approximately 8 projects per year were supported, with an average
of 4 systems per project. About 50 GPS-only receivers from
the PLR pool (n=320) are currently required to support these
intermediate-temporal scale projects (normally, 1-3 years
long). UNAVCO will continue this support under NGEO on a
resource available basis.
Polar Services Campaign TLS
The Polar Support Services group supports 7 to 10 TLS
projects per year, with only modest growth expected under NGEO (Figure 4.1-6). All TLS instrument resources are
shared across EAR and PLR projects, which can result in some
scheduling bottlenecks, in particular during the shoulder seasons in the Arctic and Antarctic, when instruments are in transit to and from the poles. In addition, some polar PI projects
demand TLS instruments with new capabilities beyond what
are currently available in the GI instrument pool (see discussion above) and funds to acquire these specialized instruments
(e.g., long-range, green-laser Riegl VZ-6000) are not currently
requested as part of NGEO Foundational or Frontier tasks.
We note that the PLR ARC program has expressed interest in
providing UNAVCO a new Riegl VZ-6000 TLS instrument to
manage under GAGE and this instrument would be available
to support PLR PIs under NGEO.
Geodetic Instrumentation Testing and Support (GITS)
Services (U1.5)
Critical technologies used by many GI-supported projects, such as GNSS receivers and antennas, data communications, and power systems are rapidly evolving. Meeting project
requirements for optimal system design, performance, and
financial constraints required dedicated expertise and coordination within the GAGE Facility, and with sponsors, community members, and hardware manufacturers. UNAVCO’s
GAGE Facility Development and Testing (D&T) effort has
been instrumental in the ongoing success of community projects of all kinds. Under NGEO, we propose a significant change
to the GAGE Facility D&T structure and now divide its current scope into a new “Geodetic Instrumentation Testing and
Support Services (GITS)” WBS element under Foundational
activities and “New systems and sensors (NSS) Development”
WBS element under Frontier activities. This division will better reflect the support provided to other NGEO components
and community PIs. Foundational tasks are outlined here under GITS and Frontier tasks are outlined below.
Under the GAGE Facility, D&T has analyzed power systems, data communications devices, and next-generation
GNSS systems from different manufacturers to evaluate features and examine system behavior during earthquakes. Analysis of GNSS monument stability will continue during NGEO
using both dedicated staff and contributions from others
within the GI and GDS programs at UNAVCO. Close collabo-
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Figure 4.1-6 NSF-PLR GNSS and TLS field projects supported by UNAVCO.
Actual values are shown from January 1, 2004 through October 1, 2016, the
close of GAGE Y3 and and divided into Arctic and Antarctic for GNSS and TLS
projects. TLS was not supported prior to 2008. GNSS makes up the vast majority
of the projects supported for both Arctic and Antarctic PIs.

ration with GDS on the ongoing development of Translation,
Editing, Quality Checking software (teqc) and Receiver Independent Exchange Format (RINEX3)-specific Quality Control
(QC) software to integrate new GNSS constellation capabilities will be an important focus for GITS staff under NGEO.
GITS role will be critical during NGEO as new GNSS
constellations come online and require a new generation of
antenna – receiver systems. Increased reliance on real-time
and high-rate data will require increased bandwidth and robust, reliable, low-latency data communications systems.
Our Polar Support Services plan calls for the development of
lower-power systems better able to withstand harsh environmental conditions to deliver uninterrupted GNSS data yearround. Recent large earthquakes in Japan and Chile highlight
the need for GPS/GNSS systems that function properly during
strong shaking and maintain uninterrupted data communications. Lastly, cost effective data communications and data flow
management systems are needed to support projects anywhere
across the globe, with an eye to seafloor geodesy and other
remote applications.
GITS staff members provide the specifications for community user requirements and the results of testing to GPS/
GNSS manufacturers. The GI Frontier activities include an
upgrade of the current instrument pool to state-of-the-art
GNSS-capable geodetic systems to allow existing networks
to simultaneously renew and upgrade GPS-only systems to
multi-constellation GNSS. The GITS group will be primarily responsible for providing oversight and support to guide
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other UNAVCO staff, the NGEO INS AC, and community PIs
through their continuing evaluation of firmware releases and
features for upgraded instruments in the EAR and PLR PI instrument pools, NOTA, POLENET, and PI networks.
Under the GAGE Facility, the D&T group developed and
supported the widely accessed Online Knowledge Base (available on the UNAVCO website). Under NGEO, this will remain
a primary task of GITS as part of their Foundational activities.
The Knowledge Base, which includes results, up-to-date firmware and software distribution, and UNAVCO engineering
processes and best practices with community input and technical expertise, is routinely used by our community members.
4.1.2 GI Frontier Activities (U1.6.1 through U1.6.4)
Upgrading continuous networks from GPS to GNSS—Next
generation instrumentation (U1.6.1)
GPS is broadly familiar to the public given that most
smartphones and modern cars have built-in GPS for positioning and navigation. GNSS, which is less familiar, stands for
Global Navigation Satellite System, which includes not only
GPS (USA) but other satellite positioning systems such as
Galileo (EU), GLONASS (Russia), Beidou/Compass (China),
and regional augmentation systems like QZSS (Japan) and
IRNSS (India). Industries that provide or require precision positioning have already migrated to multi-GNSS systems, primarily because all new equipment purchased since 2010 has
hardware that can track multiple GNSS systems. UNAVCO
has generally not paid the extra cost to enable that capability
for its systems because GLONASS was the only other operational constellation and our community was not yet convinced
that GLONASS data would significantly improve daily station
position estimates. The multi-constellation GNSS era, however, will fully arrive in the next few years, and by the close of
NGEO in 2028, GPS-only observations will be deemed substandard and obsolete for a large range of scientific applications. Upgrading key NGEO geodetic assets such as NOTA
and selected core stations in POLENET to full multi-GNSS
capability is a critical Frontier task in NGEO.
Once it is complete, our ongoing, gradual transition to
multi-constellation GNSS will substantially improve the precision and accuracy of positions and all other data derived
from GNSS signals (in particular for high-rate positioning
applications). An upgrade and renovation of PBO to multiconstellation GNSS (at the very least GPS+GLONASS) was
proposed as part the GAGE Facility. Unfortunately, GAGE resources to purchase and deploy new multi-constellation GNSS
instruments were limited. Of the ~1,250 NOTA stations, only
140 Trimble NetR9s added GLONASS and 100 Septentrio PolaRx5s added full GNSS. Much remains to be done to refine
GNSS data processing models, incorporate processing software that is ready for wide release, and provide access to highquality orbit and clock parameters for all GNSS observations.
Once these hurdles are cleared, the full benefits of multi-GNSS
data will be available through reprocessing of the raw data. As
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part of its NGEO Foundational activities, UNAVCO will manage (via subawards) two multi-constellation GNSS analysis
centers (ACs) and one analysis center coordinator (ACC) in
which legacy GPS-only and new GNSS data products will be
produced for NOTA and the other community networks.
Multiple GNSS constellations mean more satellites in
view at all times, with potentially as much as 4 times more observations than available today. Based on simple propagation
of errors, this increase in raw data should result in an approximately 2 times improvement in position measurement precision, but there are good reasons to believe that the improvement will be larger than this. More satellites in different parts
of the sky will mean more accurate separation of atmospheric
path delays from the position estimates for long-term (hourly,
daily) estimates, and especially for kinematic, high-rate solutions (e.g., at 1 Hz or higher for applications in seismogeodesy). Furthermore, it is known that systematic errors remain
in GPS position and orbit estimates, and the last two decades
have seen a steady reduction in these errors, as specific effects
are identified and are modeled with increasing rigor. With
multiple GNSS systems of comparable raw data quality but
different inherent systematic errors, it will be easier to identify
and remove remaining errors for all GNSS observations. Thus
it is reasonable to expect that by 2028 the precision and accuracy of multi-GNSS data products (even for data collected
now) will improve by more than a factor of 2 relative to today’s
GPS-only position, time-series, and velocity products, and
that these products will be less affected by time-correlated or
periodic errors. This will enable new discoveries as the noise
floor in GNSS measurements is reduced, impacting all NGEO
scientific goals.
As described in Section 2.1.5, new GNSS constellations
will allow more robust characterization of tropospheric water vapor absolute value, its variability in space and time, and
ionospheric disturbances produced by both space weather
and terrestrial geophysical events such as large tsunami, great
earthquakes, and explosive volcanic eruptions. Environmental sensing applications based on reflectometry will likewise
benefit from the increased number of ground sampling points.
We have identified two key areas for new Frontiers initiatives: 1) Continued upgrade of NOTA as resources permit
to high-rate (>1 Hz), low-latency (<1 s), well-hardened sites
to support research activities related to transient phenomena;
and 2) Renewal of all UNAVCO GPS receiver pools and extant cGPS stations to full multi-constellation, GNSS capability.
Both of these Frontier tasks build on the specific recommendations of the Committee on National Requirements for Precision Geodetic Infrastructure (NRC, 2010) and the Leesburg
report (Aster & Simons, eds., 2015).
The availability of high-rate GNSS streams is a necessary first step towards seismogeodesy (Mencin, 2012; , NRC,
2012a). Development of Real-time GPS (RT-GPS) is an extension of the original scope of work in the 2009 PBO Cascadia
project funded by the American Recovery and Reinvestment
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Act, which upgraded 272 stations, building on the initial 100
PBO RT-GPS stations originally developed in test mode. Under
GAGE, and despite limited resources, UNAVCO continued to
upgrade numerous PBO sites to RT-GPS capability, guided in
part by the GI AC, the PBO Futures workshop report (Mattioli et al., 2014), and station telecommunications constraints
related to cellular service and bandwidth. At the close of the
GAGE Facility in 2018, we anticipate that ~650 of the original 1,100 PBO sites (59%) will be RT-GPS/GNSS operational;
these stations will be maintained as part of NOTA.
Upgrading existing NOTA geodetic infrastructure from
GPS-only (~79% of the deployed instruments) to new GNSScapable instruments, is driven by several factors:
[1] the need to retire legacy NOTA GPS-only receivers at
their end-of-life. Trimble no longer supports firmware development and, since 2014, has not provided
spare parts for the NetRS;
[2] the likelihood that aging NetRS units will fail at an
increasing rate (currently 3%/year);
[3] the stakeholder requirement to sustain NOTA as a
world-class geodetic network. PBO is the cornerstone to NOTA along the convergent margins of the
western Americas; and
[4] the goal to provide stakeholders with a state-of-theart, uniform geodetic network that meets the
standards of all sponsors participating in the Global
Geodetic Observing System (GGOS-NASA and
NOAA).
Under GAGE, UNAVCO undertook a rigorous process
in order to ensure that the most capable, lowest-cost, nextgeneration multi-constellation GNSS instrument would be
available to support UNAVCO-maintained geodetic networks
and UNAVCO community PIs. Septentrio, Inc. was selected
and accepted the designation of UNAVCO Preferred Vendor
status for GNSS instruments through the end of GAGE, and
they extended GAGE pricing for its new multi-GNSS PolaRX5
receiver to all UNAVCO Member and Associate Members.
As part of this Frontier task, we propose to acquire 929 new
multi-constellation GNSS instruments and upgrade 100 existing GNSS-capable instruments to GPS+GLONASS tracking
over the 10-year NGEO Facility lifespan. The projected cost is
$11.9M. The GNSS instrument Preferred Vendor process will
be reviewed and refreshed during NGEO Y1 to ensure that
all new procurements and upgrades to existing instruments
maximize value to NSF.
During GAGE, UNAVCO purchased 100 PolaRx5 instruments to replace aging Trimble NetRS instruments deployed
at ~900 PBO stations and UNAVCO executed a MOU with the
Oregon Department of Transportation (ODOT) to upgrade 19
additional PBO stations in Oregon with PolaRx5s purchased
by ODOT. The initial installation of multi-constellation,
GNSS instruments in a limited, pilot deployment across PBO
completed a key community recommendation of the “PBO
Futures” workshop held in Breckenridge, CO on Sept. 22-24,
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2014 (Mattioli et al., 2014).
UNAVCO staff has since worked closely with Septentrio
to refine the final technical requirements and milestones for
the new PolaRx5. All new PolaRx5 instruments were tested
for extreme temperature tolerance and satellite tracking, and
then configured to PBO standards prior to installation. The
GAGE GNSS deployment plan was predicated on: 1) that additional PolaRx5 instruments would be purchased prior to
the close of the GAGE in 2018 - because of limited resources,
we now know that this not likely to be the case, which makes
the need to refresh the PBO stations in NOTA even more dire
than originally proposed under GAGE; 2) that initial GNSS
instrument deployments would occur at PBO stations that
already had broadband, multi-constellation capable Dorne &
Margolin element Choke Ring antennae to minimize changes
to station time series; and 3) that all Trimble NetR9 GNSScapable instruments would be upgraded with GLONASS
tracking capability (n=140), bringing the total GNSS station
count to 240 out of 1130 PBO stations. 140 GLONASS keys
to upgrade deployed Trimble NetR9 PBO instruments were
received and uploaded during GAGE Y3Q1. We note that the
PolaRx5 instruments track all GNSS satellites in sight, not just
GLONASS. Figure 4.1-1 in section U1.2.1 shows the locations of new PolaRx5 and upgraded Trimble NetR9 instruments across NOTA.
Long-term cross-coastal geodetic and seismic observations
(GI) (U1.6.2)
Long-term geodetic, seismic, and other geophysical observations on the seafloor are essential to fill large gaps in images of Earth’s deep interior and estimates of ocean floor deformation. We propose a joint UNAVCO/IRIS Frontier effort
to develop, construct and test prototype integrated and standalone seismo-geodetic seafloor observatories. This Frontier activity addresses two high priority scientific needs: cross-coastal geophysical studies to seamlessly extend land-based studies
offshore and long-term broadband seismic and geodetic observations in remote ocean locations to densify global network
coverage. Our goal is to propel seafloor geophysical instrument, data communications, and data systems technology forward within the first five years of NGEO, with the intention of
seeking longer-term funding outside of NGEO to procure and
deploy these newly designed seafloor geophysical systems. The
section below was jointly developed by UNAVCO and IRIS,
but differs in the text and figures of each institution’s proposal
to best represent our respective scientific objectives and user
communities.
A complete understanding of many of Earth’s most important processes requires observations from the roughly
two-thirds of the planet beneath water. Virtually all of the
Earth science grand challenges and community vision documents produced by the Earth science community in the last
ten years listed in the Executive Summary call for improved
offshore seismological and geodetic observations – the need
to cross the “line” that separates onshore and offshore scienUNAVCO NGEO — 37

Figure 4.1-7 Distribution of slip deficit at Cascadia subduction zone interface
across the northern Cascadia margin indicating the need for any future subduction zone observatory to “straddle” the trench, requiring both onshore and
offshore geophysical observations to properly study the target subduction
zone. Figure modified from Dragert et al. (2004).

tific research (Figure 4.1-7 ). The “Futures” Facility Workshop
Report recommends that “future facilities should have the capacity and resources to install, maintain and exploit dense seafloor geophysical observatories (Aster & Simons, eds., 2015;
p. 40). The NGEO Facility is the ideal forum for addressing,
coordinating, and ultimately implementing this capability.
Measurements both onshore and offshore are required
for a complete understanding of subduction zone scale and
complexity (e.g., Dragert et al., 2004; Rosen, 2016). Japan
has invested heavily in developing and deploying offshore
instrumentation, including DONET, a cabled observatory of
20 ocean bottom seismographs and pressure gauges along the
Nankai Trench (Nakano et al., 2013). In the United States, the
Cascadia Initiative was perhaps the first step towards an integrated onshore-offshore capability (Figure 4.1-8 ). The scientific return on this effort was excellent (Abers and Schwartz,
2015; Gao and Schwartz, 2015), but much more is possible.
The offshore seismic component, as it exists today, must be
scaled to systematic, long-term subduction zone studies, such
as those that might be part of a future Subduction Zone Observatory (SZO workshop, 2016; Rosen, 2016). Currently the
U.S. has no offshore geodetic facility of any kind.
Long-term, telemetered high-quality geophysical observations in the remote oceans are now feasible due to recent
technological advances in timing, power, shielding, telemetry
and autonomous vehicles (Figure 4.1-9 ). These technologies
will allow us to address the numerous compromises presently
associated with short-term, campaign-style seafloor seismic
observations, including limited duration deployments due to
battery capacity, lack of real-time communications and high
noise due to suboptimal sensor emplacement techniques. The
nascent field of seafloor geodesy presents even more challenges, both in terms of creating a system that yields the required
precision, accuracy and spatial distribution over time, as well
as an operational model with realistic costs.
Key challenges for seafloor seismo-geodetic capabilities
include system packaging, shielding from bottom currents,
and sensor emplacement relative to short-period, long-peri-
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od, and strong motion performance. Power consumption is
always a concern as it impacts observing duration. Advances
in battery technology in the commercial and defense sectors
can be applied to ocean bottom instruments. Breakthroughs
in timing technology, also critical for long deployments, are
occurring. There are multiple techniques for making seafloor
geodetic measurements (Bürgmann and Chadwell, 2014), and
in choosing the right approach we must balance scientific
goals with capability and operational feasibility. Technologies
such as point-to-point acoustic ranging measurements on the
seafloor, GPS-acoustic methods with a GPS-enabled surface
vehicle using acoustic ranging to seafloor monuments, pressure measurements for vertical deformation, and tilt and borehole strain measurements to detect seafloor deformation are
all relevant technologies, each with their own advantages and
disadvantages.
Other challenges include determining how closely the
seismic and geodetic measurements should be integrated. Although seismic and geodetic observations are both required
to establish a full understanding of the complex processes,
the appropriate level of sensor and data flow integration in a
50°

48°

Juan de Fuca
Plate

46°

Nort h
American
Plate
44°

42°

km
40°

0

100
–130°

–128°

–126°

–124°

–122°

–120°

GPSA-NA (5±0.5 cm/yr)
SKS-split (2 seconds)

Figure 4.1-8 A compilation of observations from the Cascadia region, including
onshore and offshore SKS splitting measurements from the Cascadia Initiative
(Bodmer, et. al., 2015; Martin-Short et al., 2015), and onshore and offshore GPS
velocity vectors: GPS-Acoustic technique applied offshore with data from the
PBO onshore (Chadwell et al., 2015; Herring et al., 2016).
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seafloor observatory depends on science objectives, technical
tradeoffs, operational models, and costs. Data retrieval from
seafloor instruments is another important challenge. The technology required for telemetered ocean floor observatories has
been demonstrated in prototype form (Frye et al., 2005; Berger
et al., 2016) with moorings and autonomous surface vehicles
(e.g., Wave Glider). Other data retrieval techniques include
offloading data via an optical modem to a loitering UAV or to
a modem lowered from a ship. Another innovation is to periodically release data “bubbles,” small buoyant capsules with
data in flash memory that can be retrieved by a ship or telemetered to shore via Iridium satellite communications upon
reaching the sea surface. There is presently no single sensor

Figure 4.1-9 System concept for long-term cross-coastal and open-ocean
seismo-geodetic seafloor station. A station has an ocean bottom seismometer,
an absolute pressure gauge, and geodetic monuments. The seismometer and
pressure gauge share a communications interface to the surface gateway, which
transmits data via satellite. The transponders on the geodetic monuments are
either doing point-to-point acoustic ranging or GPS-acoustic ranging to a GPSenabled surface gateway. From J. Orcutt, pers. comm. (2016).

or data system with broad community endorsement. Based
on community input and on scientific and operational needs,
we propose to evaluate multiple potential technical solutions,
determine the strengths and weaknesses of each with respect
to performance, operations and cost, and develop and test instrument prototypes (see below).
Creating a NGEO capability for long-term seafloor observations, while challenging, is within reach and holds the
promise of enormous scientific payoff. We will use an open and
inclusive process to engage the scientific community in fully
defining scientific needs, engineering requirements and potential technological solutions. To accomplish this, UNAVCO
and IRIS will hold workshops that bring together scientists
and technologists, and will form a similarly diverse steering
group to guide the development effort toward a system that
meets community needs.
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Our technology development effort will proceed with requirements, definition, and design reviews, technology testing, and validation, leading up to at-sea trials of prototypes.
We will consider including additional sensors, such as electromagnetic sensors for MT studies, during the design stage.
For efficiency we will use a single development approach, but
with off ramps to specific applications (cross-coastal; GSN).
All work will be closely coordinated with the Ocean Bottom
Seismograph Instrument Pool (OBSIP), a separate facility operated by IRIS under a cooperative agreement with the NSF’s
Ocean Science Division (OCE). OBSIP shares a strong common interest with the components proposed here, and we will
leverage their knowledge and technical expertise.
To ensure quality and agility in our processes, we will employ systems engineering best practices to guide our activities
in a structured way, from establishing user requirements to
rapid prototyping. We will take full advantage of the substantial expertise within the marine community via open, competitive subawards to design, develop, test, and integrate the
required technologies. Risks will be managed through application of systems engineering best practices with tests to validate
technology throughout the process. We will make judicious
use of subawards for developing competing solutions, with
subsequent down-selection when warranted and/or necessary.
The entire process will pay particular attention to developing
and defining a concept of operations, so that stakeholders have
a common vision of how the final system(s) will operate. This
also ensures the resultant systems fits within realistic operating budgets for NSF-supported ocean-going experiments. A
Mission Concept Review at the end of the second year will ensure that the concept of operations, design, expected operational costs, and expected performance are all in alignment.
A seismo-geodetic seafloor observing capability is of
fundamental interest to both the Earth and Ocean Science
Divisions of NSF. Consequently, the path from development
to testing and eventual deployment, including operations
and maintenance, must fit into the science and facility plans
of both Divisions. We envision the seafloor Frontier task as
a decadal effort with two phases. In Phase 1 (first five years
of NGEO), we will design and build prototype(s) for making
long-term seafloor seismo-geodetic observations. In Phase 2
(next five years of NGEO), comprehensive field trials and the
procurement and deployment of systems will begin to support
PI-driven or community experiments. We envision funding
for the second phase to come from sources outside of NGEO
and have not budgeted for those costs in this proposal. During
Phase 1, we expect that community planning for experiments
such as the Subduction Zones Observatories (see Rosen, 2016
and the recent NSF-sponsored SZO Workshop report) and
seafloor GSN stations will advance to the point that both the
scientific merit and technological capabilities of seafloor observatories can be evaluated by the NSF and an appropriate
path forward and funding options for procurement and operational deployment of these systems can be identified.
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New systems and sensor development (NSS) (U1.6.3)
RAPID response to geohazards—Development of portable
GNSS-Met systems (U1.6.3.1)
As outlined in the Leesburg report (Aster & Simons, eds.,
2015), the geophysical community recognized the need for any
future geophysical facilities to have approximately 150 fieldready up-to-date GNSS receivers for temporary deployments
to globally distributed locations. One use of such an instrument
pool would be to capture transient deformation following large
earthquakes. As part of this joint UNAVCO-IRIS Frontier task,
we will develop the capability to support and deploy (leveraging
large-N, next generation GNSS and surface met sensors) small
(tens) to large (hundred) networks of appropriate geodetic and
seismic instrumentation within hours to days of significant
geophysical events such as volcanic unrest, earthquake
swarm or aftershock sequences, glacial surges or floods, and
landslides. UNAVCO will design and configure the geodetic
systems in the instrument pool for deployment in polar and
other extreme environments. The UNAVCO pool may also
be used to support temporary, but continuous reoccupation
of network(s) of permanent monuments. The RAPID
response instrumentation and associated data handling
would be capable of augmenting the real-time monitoring
and response efforts of local, regional, and national partners.
This Frontiers task is the UNAVCO component of the joint
UNAVCO-IRIS Frontier task Next-Generation Geophysical
Instrumentation (1.1.6) in which Full Wavefield Imaging and
Rapid Response to Geohazards subtasks are incorporated in
the IRIS proposal. We envision that part of the joint UNAVCOIRIS activities supported by this task will be to undertake
both an engineering requirements review in concert with the
development of an integrated Project Support request interface
for coordinated NGEO response to large geophysical events.
As part of the engineering requirements review we intend
to evaluate the appropriate mix of four primary geophysical
instrumentation packages: 1) geodetic only; 2) geodetic-met;
3) geodetic-met-seismic; and 4) seismic only, which would be
available to support the geophysical community.
We propose procurement of 100 multi-constellation
GNSS systems (Septentrio PolaRx5 or equivalent), all ancillary equipment, including Hardigg cases, solar panels, cables,
batteries, laptops, etc., and integration of all these components
to easily transportable and extensible field systems for RAPID
deployment. Over the 10-year NGEO Facility, we have also
budgeted for an additional 40 replacement systems to ensure
that the pool of 100 RAPID instruments remains intact and
ready for immediate deployment. Fifty of the RAPID systems
also will include integrated surface met sensors to support atmospheric science experiments, including pre- or post-hurricane or monsoon events.
NGEO will also support temporary, rapid deployments
of telemetered geodetic instruments for high-risk science
with human safety concerns. These instruments will be the
“end-stage” NetRS receivers retired from NOTA during the
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upgrade to multi-constellation GNSS receivers (see Frontier
task U1.6.1); such instruments are potentially disposable in
high-risk settings. The deployments may be coupled with uncrewed aerial systems (UAS) or other automated systems that
incorporate structure from motion photogrammetric, sensor,
or other capabilities.
Development of Next Generation Sensor Networks (U1.6.3.2)
Two areas were delineated in the Leesburg report (Aster
& Simons, eds., 2015) related to the Development of the Next
Generation of Sensor Networks. In this Frontier task, we support a long-term Development and Testing program related to
geodetic sensors and related technologies. Resources are primarily allocated to support personnel, but we have also budgeted $519K for the design, development, and procurement of
130 low-cost, low-power GNSS sensors for polar deployments
and $146K for design, development, and procurement of 293
low-cost MEMS accelerometers at NOTA stations.
The UNAVCO component of NGEO will retain the capacity to support drilling and instrumentation of deep (i.e.,
>1 km) terrestrial boreholes for in situ studies of active fault
systems. Representative instrumentation may include temperature, hydrological, seismic, strain, and geochemical sensors
as described above in the Foundational task U1.2.2 Borehole
Geophysics Operations.
While progress has been made during GAGE on the definition of technical requirements for low-cost, low-power GNSS
sensors for polar deployments, no resources were available for
the design, development, and procurement of the sensors. This
will be a major focus under NGEO. In addition, although prototype deployments of relatively low-cost MEMS accelerometers in the San Francisco Bay Area and Southern California
were completed under GAGE, the Scripps Geodetic Module
MEMS at ~$5K per unit is too expensive for widespread deployment in NOTA. USGS staff have designed, tested, and deployed very-low-cost MEMS sensors to detect and characterize coseismic displacements in near-real-time along the coast
of Chile (Brooks et al., 2016). These repurposed smart-phone
sensors cost only ~$5oo, an order of magnitude less than the
Scripps instruments. Unfortunately, the USGS prototype systems are neither compatible with most NOTA monuments nor
real-time data flow and metadata management systems. Staff
assigned to this task will thus design, develop, and either manufacture or procure ~300 low-cost MEMS accelerometers for
deployment at existing NOTA cGNSS stations for real-time
seismo-geodetic early warning applications.
This Frontier task will also modestly support continuing
UNAVCO efforts for innovative geodetic imaging through the
use of UAS, which are an emerging technology platform with
the potential for low impact, lower cost, high resolution, rapid
repeat aerial surveys. UAS platforms offer advantages in data
acquisition that complement manned airborne and terrestrial
platforms, and satellite observations, including possible rapid
and repeat postseismic mapping at sub-meter spatial resolution. UNAVCO is well positioned to provide support for UAS
(with various payloads - e.g., imaging sensors and laser scan-
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ners) to complement existing TLS engineering, survey design,
training, and coordinated data processing. One such product
from a UAS platform is a georeferenced point cloud and associated orthoimagery produced with Structure from Motion
(SfM) photogrammetry. SfM is capable of producing a dense
point cloud dataset that is similar to that produced by airborne
or terrestrial lidar and a three dimensional topographic model
using overlapping two dimensional photographs taken from
many locations and orientations (Snavely et al., 2008). The applications of SfM are wide ranging (Figure 4.1-10).
Many research groups now use UAS to collect aerial imagery, mostly with consumer grade, low capability systems. Such
systems are also used in teaching, such as at field camps, and
are successful at engaging students. However, there is limited
experience within the community of higher-level UAS platforms, which allow longer flight times and heavier payloads for
more extensive mapping, but which are currently unaffordable
for individual PIs. Recently updated Federal Aviation Administration (FAA) regulations on research and commercial UAS
operations require FAA licensure for legal operations. Similarly, the U.S. Antarctic Program (USAP) has regulations that
guide UAS operations, and there is a need for a facility that can
conform to FAA and USAP guidelines to support the Earth
and Polar science communities. UAS is a rapidly evolving and
advancing technology sector, and there is an opportunity for
UNAVCO to provide expert and regulatory compliant support
for high-level UAS-based mapping, and associated technology
R&D in the area of sensor payloads and UAS platforms to advance the broad goals of the NGEO community.
No funds are requested to purchase UAS equipment as
part of NGEO. The GI group will seek resources outside of
NGEO to acquire new hardware as science applications continue to evolve and drive demand.
Near-surface geophysics facility support (GI) (U1.6.4)
While existing SAGE and GAGE Facilities supply some
portable seismic instrumentation for surface and shallow imaging, the Leesburg report (Aster & Simons, eds., 2015) articu-

lated that the U.S. geophysical community lacks access to more
comprehensive instrumentation, technical support, and user
training for glaciology and surface/near-surface geophysics.
Instrumentation required to support a surface geophysical or
Critical Zone Observatory (CZO) includes portable hardware
for campaign-style deployments, downhole geophysical logging
equipment, and a small drilling/coring rig that can access the
upper 50–100 m of the subsurface. Specific imaging tools include ground-penetrating radar, seismic refraction and reflection, magnetotelluric, electrical resistivity, nuclear magnetic
resonance, microgravity, magnetic gradiometry, and time and
frequency domain electromagnetic (EM) systems. In addition
to these surface techniques, other capabilities may need to include downhole logging instrumentation such as caliper, sonic,
resistivity, natural gamma, fluid temperature/conductivity, flowmeters, borehole televiewers (acoustic and optical), along with
slimline wireline tools. UNAVCO staff have extensive expertise
and experience using down-hole geophysical logging methods
in support of the Foundational task U1.2.2 Borehole Geophysics
Operations outlined above. In most cases, UNAVCO has rented
the appropriate equipment for drilling and deployment of borehole geophysical instrument packages (Figure 4.1-3).
This joint UNAVCO and IRIS Frontier task will support
the recently funded CZO activities in collaboration with the
Wyoming Center for Environmental Hydrology and Geophysics, at the University of Wyoming. The primary UNAVCO
contribution will be through deployment of existing borehole
geophysics and geodetic imaging expertise and instrumentation. There are no resources budgeted in this task to support
acquisition of instruments under NGEO. Modest funds are requested to support maintenance and repair of the existing TLS
instrument pool (see Foundational task U1.3.2 EAR PI Project
Support—Terrestrial Imaging). The GI group will seek additional resources outside of NGEO to acquire new hardware as
science applications define requirements and demand.

Figure 4.1-10 Recently completed UAV survey of Canada Glacier in Taylor Valley near McMurdo Station, Antarctica. UNAVCO
engineer B. Hodge is at the controls of the DJI Phantom 4 UAV (close-up image shown as insert in the lower left). Digital
photogrammetry was collected to support characterization of cryoconite structures (insert photo in upper left is from UAV
camera) for PIs S. Schmidt and K. Crawley at CU Boulder. Photo credits: S. Niebuhr and B. Hodge.
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4.2 Geodetic Data Services (GDS)
(WBS element U2)
The Leesburg Workshop Report recommended that
“Facilities are needed that provide modern cyberinfrastructure
and professional support for ingestion and quality control of
high-capacity seismic, MT, InSAR, GPS/GNSS, strainmeter,
and TLS data and open access to these data” (Aster & Simons,
eds., 2015, p. 36). UNAVCO and IRIS will collaborate to
develop an NGEO Data Management System that will provide
seamless access to all data collected by the NGEO facilities.
In order to provide this new capability, we will leverage work
completed by UNAVCO and IRIS as part of the Europeanfunded Cooperation Between Europe and United States
(COOPEUS) project and the NSF-funded EarthCube GeoWS
project. From those projects, we learned how to use web
services to build federated networks of international data
centers and how to deploy web services across geoscience
domains. In the NGEO, we will take the next step and use
techniques developed for GeoWS to provide seamless access
to data managed by both UNAVCO and IRIS.
A user will be able to enter the NGEO Data Management
System through a single NGEO Data Access Point (NDAP) to
discover and access all NGEO data (Figure 4.2-1). The NDAP
will support the specification of a single space-time parameter
consistent with an individual’s research needs. Because users
entering the system through the NDAP may not always be able
to utilize domain specific formats, data will also be available
through a variety of formats, including a common GeoCSV
one developed in GeoWS. Domain experts will still be able
to access UNAVCO and IRIS archives directly through supported web services and other tools they currently use.
NGEO Data Management System
NGEO Data Access
Point
(NDAP)

Geodetic
Access

IRIS
Data
Center

UNAVCO
Data
Center

Seismic
Access

Auxiliary Data
Center
(ADC)

Figure 4.2-1. UNAVCO and IRIS will develop an NGEO Data Access Point through
which all NGEO data will be available for integrated queries to our distributed
facilities. Both the IRIS and UNAVCO data centers will maintain computational
infrastructure at their facilities, but will share a single Auxiliary Data Center hardware and software infrastructure for redundant capabilities.

Section 4: Operational Plan

The NGEO Data System will initially be a distributed
system with separate, but linked data centers maintained by
UNAVCO and IRIS and an integrated Auxiliary Data Center
(ADC) that will serve as a full service but unmanned backup/
failover center for the two main data centers (see Figure 4.2-1).
The UNAVCO and IRIS Data Centers have evolved over the
past two to three decades into complex but well-functioning
systems that are tuned and scaled to meet the distinct needs
of their communities. Both systems require compute, storage,
database, networking, software engineering, and information
technology infrastructure and knowledge, calling into question the need for distinct data centers.
At a deeper level, distinct domain knowledge is required
to design and operate data systems to accommodate the much
different requirements of the seismic and geodetic communities, from the lowest levels for incoming data handling for
multiple observing systems, to the metadata structures for data
operations, quality checking and management, and metadata
for users to be able to identify and utilize data and products,
and then to the access, analysis and visualization tools provided for maximizing the usefulness of the data—all of these
place distinct requirements on staff knowledge and expertise
with negligible overlap between the two data centers. As the
expertise needed to manage the multitude of data types in the
NGEO currently resides at the existing UNAVCO and IRIS
data centers in Boulder, Colorado, and Seattle, Washington,
respectively, we will keep domain knowledge close to where
the data physically reside to maximize continuity of operations. While the distributed NGEO Data System will preserve
essential domain knowledge, the ADC will allow for shared
leveraging of the fundamental, overlapping IT infrastructure
and expertise required by the two data centers.
While our initial plan is to operate our current hardware
and software systems at the existing UNAVCO and IRIS data
centers, together we will move the ADC into a cloud environment during the first few years of the NGEO. The best cloud
infrastructure to use for this purpose is currently being evaluated through the NSF-funded EarthCube GeoSciCloud project. Based on our experience with GeoSciCloud, we will consider eliminating most hardware at IRIS and UNAVCO and
moving all of our data archive and computational needs into
the cloud during the NGEO award period, if that proves to be
the most cost-efficient operational model for the NGEO.
In addition to building the NGEO Data Management System and Data Access Point, UNAVCO and IRIS will jointly
develop a new Frontier data service: Connecting Big Data to
HPC and the “Cloud.” This Frontier data service will be a cooperative effort with the NSF-funded Computational Infrastructure for Geodynamics (CIG) consortium. Building on the
GeoSciCloud project, we will address the “Big Data” bottleneck by making the NGEO data available in close proximity
to significant high-performance computing (HPC) and cloud
computational resources, such as the Extreme Science and Engineering Discovery Environment (XSEDE, 2016). XSEDE is
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an NSF-funded virtual system that supports 16 supercomputers and high-end visualization and data analysis systems across
the United States that scientists can use to interactively share
computing resources, data, and expertise (Stewart et al., 2016).
By locating the NGEO data close to significant computational
resources, we will transform the way our community conducts
compute-intensive research in the same way that IRIS’s development of automated computer-to-computer data access has
revolutionized the way our community obtains data.
While the GAGE Cooperative Agreement has funded
core facility operations and maintenance, much of the development of new enhanced capabilities has taken place with
funding from the NASA Research Opportunities in Space and
Earth Sciences (ROSES) ACCESS as well as the NSF ITR, I&F
and EarthCube programs. It is essential for facilities such as
UNAVCO to constantly research and implement new technologies and adapt to a changing IT landscape. The most
significant technical change initiated recently at UNAVCO
is the move towards implementation of a web services based
architecture for internal and external service interactions. To
reduce redundancies and inefficiencies in the present system,
UNAVCO and IRIS have been harmonizing their web services. This approach improves internal interoperability and efficiency and, when exposed externally, gives users a new, easy to
use interface for data and metadata access.
UNAVCO and IRIS were recently funded for the EarthCube-funded GeoSciCloud project, a collaborative project to
implement and evaluate state-of-the-art public and private
cloud services for facility applications including cloud storage,
virtual machines, web services and networking. The outcomes
of this 3-year award will evaluate cloud implementations of
real-world services from UNAVCO and IRIS and will inform
facilities GEO-wide on the effectiveness and efficiencies of using cloud versus facility-managed hardware and allow us to
plan for future needs of the NGEO Data System.
4.2.1 GDS Program Overview and Management (WBS U2.1)
In order to realize its purposes of (1) data operations (managing sensor configuration, metadata; data download, ingest
and preprocessing), (2) data product generation and services
(processed results with QualityAssurance/Quality Control and
state-of-health monitoring), (3) data management and archiving (distribution and curation), (4) cyberinfrastructure
development and (5) information technology (systems and
web administration), GDS maintains a technical staff, onsite
and offsite computer facilities with networking, servers and
disc storage, and manages subawards to university groups who
provide additional products, software and training. UNAVCO
has long collaborated with IRIS on shared responsibilities for
data management, initially under the EarthScope MREFC and
EarthCube. Under NGEO, further linkages will be developed.
UNAVCO’s present data management includes GPS/
GNSS, SAR, TLS, borehole geophysics instrumentation (strainmeters, tiltmeters, seismometers, pore pressure sensors and
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meteorological sensors) and other geodetic sensor data from
ground, air and space. UNAVCO, its subawardees, and other
partners generate and/or archive higher-level products such as
sensor QA/QC information, GPS time series, and InSAR images. Figure 4.2-2 shows a high level schematic of GDS data
systems and flow of data from sensor to user. Tables 4.2-1 and
4.2-2 show the Foundational and Frontier geodetic data, data
products and software that will be managed by UNAVCO and
its partners under NGEO together making up the UNAVCO
Geodetic Data Management component of NDAP.

NGEO Geodetic Data Management
Borehole
Geophysics

Data Products

GNSS

NGEO Provides
Users Seamless
Access to:
NGEO Data
Access Point

Data Management
and Archiving
Data Product Generation
and Web Services

Geodetic
Imaging

Data,
Products,
and
Services

Network Operations

Data
Sources

TLS

Auxiliary
Data Center

SAR
ALS
SfM, GBIR

Seafloor
Geodesy

Figure 4.2-2 UNAVCO Data Center geodetic data management component of
the NGEO Data Management System. Expanded Foundational and new Frontier
activities will provide the user with substantially enhanced capabilities. The
workflow includes managing data source configuration and metadata, network
operations, data product development and services, as well as overall data management and archiving to provide users access to data and product files and
streams. Geodetic data services, managed by UNAVCO and executed together
with its subaward partners and collaborators, will continue to evolve under
NGEO in order to enhance internal consistency and integration of the data
workflow, improve efficiency, increase robustness, and accommodate growth
and diversity of data and data products. As a result, the NGEO user community
will experience seamless discovery of and access to a wide range of geophysical data. Integrated Cloud-based services, started under GeoSciCloud with the
development of a pilot Auxiliary Data Center, will be extended under NGEO
Foundational and Frontier activities. In addition, enhanced capabilities for data
and new products for Geodetic Imaging and Synthetic Aperture Radar will be
facilitated by the integration of OT and JPL’s ARIA systems under the NGEO
umbrella through Frontier activities.
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0 Scanner data, metadata, imagery

Raw

Varies

UNAVCO (OT)

High rate data (1-, 2-, 5-sps)

Raw, BINEX

Hourly, Daily

UNAVCO

1 Point clouds (unclassified, single scan pos)

ASCII, LAS

Varies

UNAVCO (OT)

Real-time, high rate data stream

BINEX, RTCM

Real-time

UNAVCO

2 Point clouds (unclassified, georeferenced)

ASCII, LAS

Varies

UNAVCO (OT)

Community continuous data

Raw, RINEX

Hourly, Daily

Community

Point clouds (classified, georeferenced)

LAS, varies

Varies

Community (OT)

Survey-mode (campaign) data

Raw, RINEX

Varies

Community

Rasters (e.g., DEMs)

Varies

Varies

Community (OT)

Metadata

Database

Varies

UNAVCO

0 Scanner data, metadata, imagery

Raw

Varies

Community (OT)

Standard rate data (15-sec)

RINEX

Daily, varies

UNAVCO

1 Lidar swaths, orthoimagery, waveform data

LAS

Varies

Community (OT)

High rate data (1-, 2-, 5-sps)

RINEX

Varies

UNAVCO

2 Point clouds (unclassified, georeferenced)

LAS

Varies

Community (OT)

Community continuous data

RINEX

Daily, varies

UNAVCO

Point clouds (classified, georeferenced)

LAS

Varies

Community (OT)

Survey-mode (campaign) data

RINEX

Daily, varies

UNAVCO

Rasters (e.g., DSMs, DTMs, CHMs)

Varies

Varies

Community (OT)

Position solutions (unconstrained)

SINEX

Daily

CWU, UCAR

0 Scanner data, metadata, imagery

Raw

Varies

TBD

Position solutions (constrained)

SINEX

Daily

CWU, UCAR

1 Lidar swaths, photogrammetric pt. clouds

LAS, varies

Varies

TBD

Position solns (constrained, combined)

SINEX

Daily

MIT

2 Point clouds (unclassified, georeferenced)

LAS

Varies

TBD

Position offsets (e.g. coseismic)

ASCII

Varies

MIT

Point clouds (classified, georeferenced)

LAS

Varies

TBD

Time series (constrained)

ASCII, CSV

Daily

CWU, UCAR

Rasters (e.g, DSMs, DTMs, CHMs), 3D models

Varies

Varies

TBD

Time series (constrained, combined)

ASCII, CSV

Daily

MIT

Strain time series (20-sps, 1-sps, 10-min)

Bottle, SEED

Hourly, Daily

UNAVCO (IRIS)

Velocity solutions (constrained)

ASCII

Monthly

MIT

Environmental time series (1-sps, 30-min)

Bottle, SEED

Hourly, Daily

UNAVCO (IRIS)

Tropospheric parameter estimates

ASCII

Daily

CWU, UCAR

0 Instrument SOH time series (30-min, 1-hr)

Position solution QA parameters

ASCII

Daily, varies

UNR

Position solns (any platform, any rate)

ASCII

On-demand

JPL

0 Temperature, RH, BP, other

Raw, BINEX

Hourly, Daily

UNAVCO

1 Temperature, RH, BP, other

RINEX

Hourly, Daily

UNAVCO

Hydrologic loading models

ASCII

Quarterly

UNAVCO

Snow depth

ASCII

Daily

JPL

Snow water equivalent

ASCII

Daily

JPL

Soil moisture

ASCII

Daily

JPL

Vegetation water content

ASCII

Daily

JPL

Water level

ASCII

Daily

JPL

0 Raw sensor data and metadata

Varies

Varies

Flight Agency

Single look complex (SLC) data

Varies

Varies

Flight Agency

InSARScope SLC

HDF-EOS5

Varies

JPL

Interferograms

HDF-EOS5

Varies

Community

InSARScope multilooked Interferograms

HDF-EOS5

Varies

JPL

Time series and velocities

HDF-EOS5

Varies

Community

InSARScope Time Series

HDF-EOS5

Varies

JPL

1

2

3

*Archived and distributed by UNAVCO unless noted otherwise.
Foundational data product. Frontier data product.

ALS

3

Borehole Strainmeter

Next Gen Imaging

3

3

Bottle, SEED

Hourly, Daily

UNAVCO (IRIS)

Borehole geophysical logs, samples

Varies

Installation

UNAVCO (IRIS)

Metadata

Database

Varies

UNAVCO (IRIS)

Time series (corrected, scaled; 5-min, 1-sps)

XML, ASCII

Daily, Varies

UNAVCO (IRIS)

PDF

Varies

UNAVCO

Real-time, high rate data stream

ASCII

Real-time

UNAVCO (IRIS)

Raw seismic data (100-sps, 200-sps)

SEED

Real-time

UNAVCO (IRIS)

Metadata

SEED

Varies

UNAVCO (IRIS)

Raw pore pressure data (1-sps)

SEED, ASCII

Real-time

UNAVCO (IRIS)

Metadata

Database

Varies

UNAVCO (IRIS)

Raw tilt data (1-sps)

ASCII

Real-time

UNAVCO (IRIS)

0 Raw tilt data (1-min)

ASCII

Daily

UNAVCO (IRIS)

Metadata

Database

Varies

UNAVCO (IRIS)

Acoustic range data and metadata

ASCII

Varies

UNAVCO, Comm.

Seismic

0

Tilt

0

Pore Pr.

2 Station notebooks

Seafloor Geodesy

GPS / GNSS
2

TLS

UNAVCO

2

Met

Gene

Hourly, Daily

1

Hydrologic

Prod
uct
Form
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Raw, BINEX

0

SAR

Data
Prod
uct

Data
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Data
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Standard rate data (15-sec)

1 GPS/GNSS data and metadata

2

RINEX

Varies

UNAVCO, Comm.

Ship velocity, attitude data and metadata

ASCII

Varies

UNAVCO, Comm.

Position solutions (constrained)

SINEX

Daily

TBD

Time series (constrained)

ASCII

Daily

TBD

Velocity solutions (constrained)

ASCII

Monthly

TBD

Position offsets (e.g. coseismic)

ASCII

Varies

TBD

Table 4.2-1 Summary of geodetic data products for NGEO provided by UNAVCO and subaward partners. Foundational products are shown in normal font; Frontier
products are shown in blue italic font. Data product levels include 0 (raw data in proprietary or nonproprietary format), 1 (quality checked data in nonproprietary
format), 2 (low-level derived products) and 3 (high-level derived products, typically generated by community or subaward partners). All data products are archived
and distributed by UNAVCO unless otherwise noted (i.e., by OT or IRIS).
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ider
Prov

Supp
ort

are
Softw

Type
Data
GPS / GNSS

GAMIT/GLOBK

Software development, maintenance, and support;
MIT
short courses and training.

TEQC and GNSS preSoftware development, maintenance, and support. UNAVCO
processing tools
Data and metadata
Software development, maintenance, and support. UNAVCO
web services clients
GSAC

Software development, maintenance, and support. UNAVCO

SAR

Dataworks for GNSS Software development, maintenance, and support. UNAVCO
GMTSAR

Any

ISCE
GMT

Software development, maintenance, and support;
UCSD
short courses and training.
Licensing and distribution for WInSAR members,
JPL
short courses and training.
Software development and maintenance.

UHM

Table 4.2-2 Summary of geodetic data management and processing software for
NGEO, supported and provided by UNAVCO and subaward partners.

NGEO Data Services and Products Advisory Committee
(U2.1.1)
The GDS program will be guided by the joint UNAVCOIRIS NGEO Data Services and Products Advisory Committee (DS AC), which will be appointed by the UNAVCO and
IRIS Board of Directors. The DS AC will be responsible for
providing community input on the collection, quality assurance, curation, management, and distribution of the NGEO
geophysical data and data products. Modest funds are requested for the DSAC to meet annually as part of task U2.1.1. The
GNSS Data Products Subcommittee (GDSPS), which will be
a subcommittee of the DS AC will meet on an ad hoc basis,
and advise UNAVCO management and advisory committees
on technical issues related to the development, generation and
provision of GNSS data products and on topics such as reference frames and GNSS processing and analysis.
GDS Program and Personnel Management (U2.1.2)
The GDS Director oversees the operations and activities
of the GDS staff and provides technical direction to the GDS
project management team. Duties, in addition to personnel
management, include reporting to the UNAVCO Board three
times per year; meeting with the DSAC; reviewing budgets
and letters of support for PI data-related projects, developing and reviewing the overall GDS budget in NGEO and for
all other GDS-led projects; compiling, reviewing, and editing
GDS sections of all NSF reports; setting the strategic direction
for GDS in accordance with the UNAVCO Board, senior management, DS AC, and other working groups plans and guidance; executing the annual budget plan; and communicating
in writing and through presentations at national and international meetings the goals and objectives, and project status
of GDS-led initiatives. The GDS Director also participates in
outside committees such as the IGS Executive Committee,
EarthCube Council of Data Facilities, and GEO Supersites. In
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addition, the GDS Director is responsible for the review of all
GDS personnel annual performance evaluations and goal setting. All programmatic support and personnel management
activities are included as part of the U2.1.2 GDS Program &
Personnel Management task.
The GDS Project Management Team (GDS PMT) consists of Project Managers (PMs) who provide technical and
scientific domain knowledge in addition to supervisory and
more typical project management skills to their positions.
PMs may also be PIs or Co-PIs on external grants. The GDS
PMT meets weekly for collaboration and reporting progress
on GDS tasks and priorities. PMs may contribute to GI activities and be jointly managed by the GI Director. GDS PMs
manage teams consisting of Software Engineers, Data Engineers and Technicians. The GDS group provides IT and
Cyberinfrastructure support not only to the UNAVCO community but also internally to the facility. An annual GDS prioritization process sets directions to the team incorporating
Board, GI and ECE program input, and community input in
the annual plan.
The GDS program collects and monitors metrics that
include numbers of stations, data and derived data product volumes archived and delivered, user metrics, and software downloads for data from all sensor types managed by
UNAVCO. These are compiled and reported to NSF quarterly.
Key summary metrics include the volume of data and products archived (Figure 4.2-3) and the volume of data and products delivered to users (Figure 4.2-4).
Figure 4.2-3 Cumulative total volume of data archived by
UNAVCO from 2004 to 2016.
Growth in annual archived volume has occurred: GNSS due
to more stations, higher sample
rates and increased signal content from GNSS constellations;
SAR due to larger sizes of new
SAR mission products; borehole
due to new products and event
related products; and TLS due
to increasing PI projects supported.

Figure 4.2-4 Cumulative total
volume of data delivered by
UNAVCO from 2004 to 2016. In
tandem with the increase in data
volume archived through time,
the volume delivered and the
number of users accessing data
has grown through time. Over
all data types the annual count
of data users has increased from
~1,500 users in 2009 to ~2,700 in
2016. Certain components of the
data exhibit relatively large delivered to archived ratio, e.g., 10:1
for standard rate GPS/GNSS over
a recent 12 month period.
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GDS Subaward Management (U2.1.3)
UNAVCO will issue and oversee subawards to support
Foundational and Frontier GDS activities. NGEO will have EAR
Foundational subawards for two GNSS Analysis Centers
(Central Washington University [CWU] and UCAR), an Analysis Coordination Center (MIT), and for GAMIT (GPS Analysis MIT processing software). Other subawards will be for postprocessed high precision positioning services (JPL), GNSS H2O
(University of Colorado, CU), InSARScope (NASA), GNSS-IR
(CU), GMT/GMTSAR (Scripps Institute of Oceanography/
University of California, San Diego; SIO/UCSD and University

of Hawaii at Manoa; UHM), and OT (SDSC/UCSD and ASU).
The UNAVCO Geodetic Data Products Project Manager and
Business Affairs Grant and Contract Administrator will oversee
and manage the subawards, including oversight of technical and
operational issues and deliverables, site reviews, and reports.
4.2.2 GDS Foundational Activities (WBS U2.2 through U2.8)
GPS/GNSS Data Services (U2.2)
The global geodetic community has utilized GPS/GNSS
data and metadata services from UNAVCO for more than
two decades, and has come to rely on these services for their
quality and reliability. Over the past decade there has been a

GNSS
Data
Services

Horizontal GPS velocities in (a) the
contiguous United States, (b) Alaska and
(c) the Caribbean. (Herring et al., 2016)

FRONTIER

Vertical GPS time series
from west slope of
Sierra Nevada range.
(Hammond et al., 2016)

FOUNDATIONAL

GNSS Data
On-Demand
Processing (U2.9.2)

Joint UNAVCO-IRIS
Auxiliary Data Center
(U2.9.1.1)

PI-operated
GNSS Station
1,500+ stations

UNAVCO GNSS Network
Operations and Data Center

UNAVCO-operated
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1,300+ stations

GNSS Incoming Data
Processes and Data Ingest
(U2.2)

Real Time GNSS Data
Formatting and
Casting (U2.3)

GNSS Data & Metadata
Management
(U2.2)
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Coordinator
10,000+ stations
(U2.8.3)

GNSS Analysis
Center (Bernese)
10,000+ stations
(U2.8.1)

GNSS Analysis
Center (GIPSY)
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(U2.8.2)

Real Time GNSS Data
Processing and
Casting (U2.3)

(U2.9.1.2)

GNSS Data & Metadata
Distribution
(U2.2)

Data File Transfer

Vertical GPS motion superimposed
on topography; colors show vertical
rate of the crust in mm/yr, red up,
blue down. (Hammond et al., 2016)

NGEO Data
Access Point

Non-UNAVCO
GNSS
Data Centers
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Data Streaming

Figure 4.2-5 GPS/GNSS station data operations, data file downloads, data streams, and data products managed by the UNAVCO Data Center. Foundational activities
include standard data downloads (U2.2), real-time data streams (U2.3), and data products such as position time series (U.2.8). The required infrastructure exploits virtual
machine and Storage Area Network technology, an Auxiliary Data Center (ADC), and HPC resources for data mining, analytics, and analysis. Foundational services will
accommodate analysis of 7,500 more non-UNAVCO GNSS stations. Real-time streaming will be implemented for another 600+ stations, and archive-ready GNSS data
streams from new receivers will eliminate the need to download files. Frontier activities in GPS/GNSS will include on-demand processing for sensor motions (positioning);
implementation of a joint UNAVCO-IRIS ADC in the Cloud; and implementation of a “DataTurbine” for buffering and analytics of streaming data.
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continuing trend of rising numbers of continuous GPS/GNSS
installations with data support services at UNAVCO. Figure
4.2-5 shows schematically the Foundational and Frontiers
infrastructure to support the collection, preprocessing, archiving, preservation, curation, analysis, and distribution of
GPS/GNSS data, metadata, and products for several thousand
stations. Of the 2,800 active stations in the archive, UNAVCO
GI staff operates 1,257 for NOTA and 61 for NASA GGN.
The remaining are PI-contributed stations where UNAVCO
provides data flow from the station or intermediate server as
needed by the PI as well as metadata tracking (installation and
maintenance information) and archiving and distribution services. For UNAVCO operated stations, GDS staff supports data
flow from the field; both GDS and GI staff monitor data flow
and often jointly troubleshoot data return issues.
UNAVCO’s GPS/GNSS data and metadata handling for
stations maintained by the GI program starts with the operations database, which tracks equipment and configurations
starting at installation and continuing with all maintenance
activity in sufficient detail for efficient operations support
by the GI staff and data flow support by GDS staff. For both
UNAVCO-operated and PI-contributed stations, the archive
database tracks files, data return, data QC, and processing-related metadata. Archiving of Level 0 receiver-specific raw formats is the default and preserves the maximum data content.
As part of archiving flow, incoming formats are translated to
analysis-ready RINEX format (Level 1+) and QC metrics are
calculated. A small proportion of mainly PI-contributed data
continues to come through episodic or semi-continuous occupation of temporary installations. A data set Digital Object
Identifier (DOI) is now routinely assigned to all archived data
sets, which now exceed 4,000 in the UNAVCO archive.
The expansion of GNSS constellations and signals is placing higher demands on data format translation and quality
checking, which to date have been comprehensively supported via UNAVCO’s widely used Translation, Editing, Quality
Checking “teqc” software (Table 4.2-3). In response, UNAVCO
is changing its model for GNSS data preprocessing. In the future, UNAVCO-supported tools such as teqc will selectively
support data format reading and format translation, to be augmented by informal community partnerships and community
contributions to open source tools development. UNAVCO
will thus continue this important activity, but at a lower level
consistent with NGEO resources.
From 2018-2028, we expect stations with GDS data
management to increase by ~50 per year. The percentage of
GNSS-capable stations and stations delivering high-rate data
will continue to grow. As recovery of streaming data improves,
archival- quality streamed data will increasingly supplant file
downloads as data inflow to UNAVCO. Access to streamed or
archived data will be possible in formats and at data rates specified by the user; these services will be on-demand and will act
on the archived stream. It will reduce the number of versions
of data under storage compared to the current model, in which
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several data formats and data sampling rates are maintained
for users.
The GDS GPS/GNSS archiving and delivery services encompass a suite of analysis products (Level 2 and above), most
notably those from GAGE (and future NGEO) analysis. These
include the UNAVCO-provided hydrological loading time
series computed at PBO stations, and various communitycontributed products such as soil moisture and snow depth
from the PBO H2O project and post-processed QA from the
University of Nevada Reno. Upon request, UNAVCO may archive other community-contributed analysis products.
In addition to new user-configurable Level 0/1 data
delivery services, UNAVCO will continue providing Level 2
products via web services. Time series output is available for
stations analyzed by GAGE (~2,000 stations) and stations analyzed by the University of Nevada Reno (over 10,000 stations).
During NGEO, the number of stations encompassed by the
NGEO analysis (via subawards) will expand to ~10,000. Our
services will also extend to visualization tools and user interfaces for geodesy experts, teachers, students at all educational
levels, and the public. These will include spatial mapping of
GPS/GNSS analysis products and time series plotting tools,
which we already support.
Real-Time GNSS Data Operations (U2.3)
Real-time streaming of high-rate data has been phased
gradually into UNAVCO supported networks, beginning with
100 stations during the PBO construction phase, extending
to another 232 stations for the NSF-ARRA-funded Cascadia
Initiative, and growing to 663 RT-GNSS sites as of the writing of this proposal (mid-way through GAGE). The number
of active users increased from 250 to nearly 650 during GAGE.
Commercial entities are the largest user group as measured by
registration and activity, but federal- and state-government
and academic institutions access the largest volumes of data.
UNAVCO currently delivers over 2 Terabytes (TB) of RT-GNSS
data per month and user demand has grown almost exponentially since 2010. Data usage is multidisciplinary, including tectonic and volcanic deformation studies, meteorological applications, and atmospheric science research in addition to use by
national, state and commercial entities. Twenty-two PBO sites
now include 100-sps MEMS accelerometers for development
of Earthquake Early Warning systems. All categories of users
of real-time streams have similar requirements: reliable, lowlatency, high-rate, and nearly complete data sets.
Under NGEO, UNAVCO plans to continue driving a strategic vision for the current and future needs of a broad spectrum of scientific user communities for RT-GNSS raw data and
position products, processing, formats, standards, analysis and
distribution. UNAVCO’s transition from its present, homogenous
GPS network to a heterogeneous GNSS network will require a
similar transition in its data control and processing methodologies. Open source, Unix-based software using communityapproved precise-point-positioning processing techniques will
be needed, similar to the strategy employed for GAGE GPS
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and BSM data products. Software to control dataflow such as
the Federal Agency for Cartography and Geodesy of Germany (BKG) Professional NTRIP Client and point-positioning
software such as GIPSY-OASIS (GNSS-Infrared Positioning System and Orbit Analysis Simulation Software, GOA;
and the latest version GIPSYx). GOA and BKG are already
widely used and available to UNAVCO at no additional cost,
will likely be used during NGEO. Controlled access to the RTGNSS data streams and tracking of user data downloads are
both critical and needed for NSF reporting. Translators from
Binary Exchange Format (BINEX) to RTCM3.x and Receiver
Independent Exchange Format (RINEX3) for supported receivers in NOTA, to be developed by UNAVCO, will provide a
supportable framework similar to teqc.

SAR Data Services (U2.4)
We are entering an era of free and open access to data
from SAR satellites that have nearly ubiquitous global coverage. SAR data availability has evolved rapidly over the past
decades, often through community-driven efforts to improve
open access and tasking of satellite acquisition plans. The
SAR Archive component of the UNAVCO Data Center was
initiated in 2006 when the Western North America InSAR
(WInSAR) Consortium voted to transition its operations and
management to UNAVCO. The WInSAR Consortium was established by a group of practicing scientists and engineers to
facilitate collaboration in, and advancement of, Earth science
research using radar remote sensing. Its members are universities, research laboratories, and public agencies. During the
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Figure 4.2-6 Under NGEO the SAR community will benefit from a number of new Frontier resources including EAR-funded SAR on-demand Processing Service, GMTSAR
developments, OT high-resolution terrain correction service. Online short courses and materials for GMTSAR, ISCE, Generic InSAR Analysis Toolkit (GIAnT) and Stanford
Method for Persistent Scatterers (StaMPS) analysis packages will be developed with support from ECE. NASA-funded Frontier InSARScope provides additional services
and GNSS integration.
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EarthScope MREFC, a large collection of EarthScope-related SAR data was amassed as a resource for the community.
Today, the WInSAR and EarthScope SAR collections total ~80
TB. Under GAGE, WInSAR was supported through core and
supplemental GDS funding. These funding components are
combined as a single request under NGEO.
With the exception of freely available Sentinel-1 data,
most SAR data providers (e.g., Japanese Aerospace Exploration
Agency (JAXA), Deutsches Zentrum für- Luft- und Raumfahrt
(DLR), Italian Space Agency (ASI), Canadian Space Agency
(CSA)) do not make data or tasking openly accessible; thus,
GDS activities to support the WInSAR community include
satellite tasking, ordering data and metadata management, and
facilitation of data discovery and access. Figure 4.2-6 illustrates
the relationship between SAR data services in the Foundational
and Frontiers activities described below (U2.9.1).
UNAVCO maintains the core SAR archive infrastructure,
including hardware, database, software, and web presence for
WInSAR. Functionality has been added to the WInSAR portal
to manage PI proposals from the space agencies (e.g., JAXA and
DLR). The proposal management provides automated downloads for data products ordered by PIs on their proposals and
facilitates collaboration within the WInSAR community. These
proposals have limited allocations, so by providing a central repository and metadata discovery, PIs are able to coordinate efforts to reduce the number of duplicated scenes being ordered.
The central repository provides an easier mechanism to share
data within the terms of the space agencies. Data ingest and
archive capabilities have been developed to allow UNAVCO to
host data from newer satellite platforms such as TerraSAR-X,
COSMO-SkyMed, ALOS-2, RADARSAT-2. Search and discovery for these hosted data is possible through the UNAVCO SAR
Archive Graphical User Interface (GUI) and API interfaces.
Access to data from these satellites are restricted to collaborators on proposals, and the WInSAR Portal interface permits role
based access to groups of users. UNAVCO maintains commercial cloud backup for all SAR data that is not archived elsewhere
ensuring a complete offsite backup of the full UNAVCO SAR
archive while minimizing redundancy and duplication.
During GAGE, through a NASA ROSES ACCESS funded project, UNAVCO developed the Seamless SAR Archive
(SSARA), which provides a unified, federated query interface
for data archived at UNAVCO, the Alaska Satellite Facility
(ASF), and the Geohazards Supersites and Natural Laboratories (GSNL) data provided by ESA’s Virtual Archive 4 and
DLR’s TerraSAR-X Archive. During the SSARA project, a
community-contributed InSAR product archive was developed
at UNAVCO. InSAR products (interferograms, time series,
and velocities) can be uploaded to the archive at UNAVCO via
the API or web interface, and users can request a DOI from
UNAVCO, making the products persistent and citable, and
enabling PIs to meet NSF’s open access requirements.
One of the key components involves support, to varying
degrees, of two independent InSAR processing packages—an
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open source (GNU General Public License) InSAR processing
system (GMTSAR), developed through SDSC with NSF funding, and InSAR Scientific Computing Environment (ISCE),
developed through JPL with NASA funding. Similar to GNSS
analyses, it is beneficial to have at least two independent packages for result comparisons and alternative capabilities and
solution approaches. UNAVCO administers access to the ISCE
for all WInSAR members and would support the separatelyfunded Frontier task InSARScope effort described below in the
NASA-supported section (U4.4.3)
Geodetic Imaging Data Services (U2.5)
Terrestrial laser scanning (TLS) is an important and active PI support activity initiated in 2008 and expanded during the last five years. Since 2008, UNAVCO has supported
over 300 TLS projects, many of which generated raw L0 and L1
scan data, plus processed L2 and derivative L3 products that
are managed by GDS. The range of project types necessitates a
flexible but comprehensive data repository for a diverse set of
products. UNAVCO has developed a TLS project data archive
that supports archive and distribution of TLS L0-L3 products
- scans, merged scans, scan photos, field photos, maps, GPS
data, metadata, and derived products such as rasters. The TLS
archive is built on the same software platform as the WInSAR
Portal environment to unify Geodetic Imaging data management on a single software stack.
In NGEO, TLS data management in support of NSF and
community PI science will be sustained, but also broadened
to support Frontier imaging associated with the proposed
Near Surface Geophysics Observatory, and to leverage tighter
integration with OT. We expect to continue to enhance and
standardize support for TLS data within the UNAVCO GDS
archive framework, support archiving of a broadened suite of
imaging products, and provide web service interfaces that will
enable integration with OT, and wider EarthCube efforts, for
imaging data access and federation. Figure 4.2-7 illustrates the
TLS data services in the Foundational and Frontiers activities.
Borehole Geophysics Data Services (U2.6)
The NGEO infrastructure supporting data/metadata flow
and processing activities for data from a suite of borehole
instrumentation at over 80 sites (Figure 4.2-8 ) incorporates
Foundational activities at UNAVCO and IRIS, and Frontier activities utilizing the shared Auxiliary Data Center and data analytics. PBO strainmeter data products include processed time
series and related metadata. BSM processed data sets include
strain time series in geophysical units and corrections for
Earth tide and ocean load at each site, barometric pressure response and estimates of static offsets in the data. The BSM data
also contain corrections for long-term borehole deformation
trends. The standard sample interval for the processed data is
5-minutes, though a 1-Hz data set is generated for the BSMs
after significant geophysical events or upon user request.
NGEO collects BSM data plus several ancillary data sets,
e.g., barometric pressure and rainfall at each site and transmits
the data and processed products to the IRIS Data ManageSection 4:: Operational Plan

Figure 4.2-7 Relationship between Foundational and Frontier terrestrial geodetic imaging activities. Proposed work will maintain Foundational TLS PI support
and archiving, but will integrate OT and enhance community support for Frontier imaging data

ment Center (DMC) via Standard for Exchange of Earthquake
Data (SEED) data transfer protocol (SeedLink) and Local Data
Manager (LDM) for archiving. Once in the DMC archives, the
data are available in SEED format and can be accessed using
standard web services and tools provided for this data format.
Under normal operations the latency between onsite data collection and availability to the community is approximately 2
to 3 hours.
UNAVCO collects seismic data at 79 PBO borehole sites,
all but five collocated with borehole strainmeters. Data are recorded by 3-component Sonde-2 seismometers at sample rates
of either 100 or 200 sps on a Quanterra Q330 digitizer with a
Marmot data logger providing up to one year of data storage
at each site. A 1-sps data stream is recorded for state of health
purposes. The data are downloaded via the Antelope system
and arrive at UNAVCO for network monitoring and IRIS
DMC for archiving in near real time. In addition, pore pressure data are collected at 1-sps at 23 sites and follows the same
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dataflow path as the seismic. UNAVCO creates and maintains
the dataless SEED for each of the seismic sites sending updates
as needed to the DMC. Once at the DMC the seismic data are
available to the community in full SEED, SEED format without header information (miniSEED), Seismic Analysis Code
(SAC) format or ASCII format. UNAVCO’s Seismic Data
Products web page provides links to the current data download performance, data recovery rates, and daily webicorder
plots.
Tilt data are recorded at 26 sites in volcanic regions: Mt. St.
Helens, Yellowstone, and Akutan and Unimak Islands in Alaska. Sites at Yellowstone and Mt. St. Helens are collocated with
PBO borehole strainmeters and seismometers and sample at 1
sps. The data are downloaded using the Antelope system along
with the seismic data. Tiltmeters installed at non-BSM sites
usually have a sample interval of 600 s, are recorded by GPS
receivers and downloaded in BINEX format. All tilt data are
parsed and read into the PBO Operational Database (POD).
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Figure 4.2-8 The NGEO infrastructure supporting data/metadata flow and processing activities for data Foundational work will continue with the addition of real-time
data to augment early warning systems and the development of an ADC capability as Frontier activities.

The data are made available as full sample-rate hour-long files
and as decimated, 10-minute interval, year-long files. Data are
pushed daily to an anonymous FTP server at UNAVCO.
Information Technology (U2.7)
Information technology (IT) represents the systems and
web administration support for NGEO for operation, maintenance and enhancement of in-house computational servers,
storage and selected software systems and analogous cloud
services. Developments for NGEO IT will implement a hybrid private-public cloud service prototyped with IRIS under
GeoSciCloud. The software that UNAVCO currently uses in
production was developed with dependencies on an internally
controlled and maintained production environment. Development efforts for NGEO will build software and systems that
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can be deployed both within the UNAVCO internal network
and the public cloud environment. UNAVCO plans to build
a private cloud that will allow software to execute in either
cloud environment, reducing duplication of specialized software. Standard open source deployment systems will allow
developers to quickly and easily deploy in either environment.
Cloud-based NGEO community services will ease scaling, reduce redundancy, and help manage the risk of system failure.
UNAVCO will develop a microservices environment with a
service registry and load balancing microservices that make
this transition transparent to end users. These services will be
accessible from any local system or a location in the cloud.
For security reasons, many of the field sensors supported
and operated by UNAVCO today are managed on an internal
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virtual
private
network
(VPN).
Communicating
with
sensors
from
a
backup
disaster
recovery (DR) site or an outside network cannot yet be done
or would require a major work effort. For NGEO UNAVCO
IT staff will implement networks to support communication
between sensors and alternate locations, without requiring
changes to the UNAVCO network. This will allow software
running either in the cloud or at UNAVCO to access any sensor without software modification.
GPS/GNSS Data Analysis Subawards (U2.8)
A suite of derived GPS/GNSS data products will be generated for NGEO including geodetic station position solutions,
time series, velocity estimates, coseismic offsets, time series
properties, and tropospheric (zenith delay) parameters as summarized in Table 4.2-1. Data products will be generated by two
independent Analysis Centers (ACs) at CWU and UCAR and
one Analysis Center Coordinator (ACC) at MIT, each using
different analysis software. Data product flow from the ACs to
the ACC to UNAVCO is shown in Figure 4.2-5. The strategies
and methodologies for generating NGEO data products are
based on those developed and successfully implemented over
the past decade for PBO (Herring et al., 2016).
Two major time-phased GNSS data product developments are anticipated during the 10-year NGEO period. (1)
A transition from data products based on legacy GPS observables (L1, L2, code and phase) to data products based on future
GPS observables (e.g., L5, L1C) and full multi-constellation
GNSS observables (e.g., GLONASS, Galileo, BeiDou, QZSS).
(2) The number of GPS/GNSS stations analyzed will increase
from ~2,000 at present to 10,000 or more in NGEO’s first 5
years, including all NOTA sites and sites in the Southern California Integrated GPS Network (SCIGN)-USGS networks and
other regional and global networks.
GPS/GNSS Data Analysis Center (CWU) (U2.8.1)
Central Washington University will provide the data
products summarized in Table 4.2-1 using GOA and GIPSYx
software. GOA and GIPSYx, developed and maintained by the
Jet Propulsion Laboratory (JPL), provides non-fiducial solutions based on the precise point positioning (PPP) technique.
GPS/GNSS Data Analysis Center (UCAR) (U2.8.2)
The University Center for Atmospheric Research will
provide the data products summarized in Table 4.2-1 using
Bernese software. Bernese, developed and maintained by the
Astronomical Institute of the University of Bern (AIUB), can
produce network (baseline) solutions as well as precise point
positioning (PPP) solutions.
GPS/GNSS Data Analysis Center Coordinator (MIT)(U2.8.3)
The Massachusetts Institute of Technology will provide
the data products summarized in Table 4.2-1 using GLOBK
software, including combination solutions based on CWU and
UCAR products. MIT will also develop and maintain a master
analysis plan to be followed by the AC’s, and will provide techni-
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cal supervision of the ACs, subject to oversight from UNAVCO.
GAMIT/GLOBK GPS/GNSS Data Analysis Software (MIT)
(U2.8.4)
GAMIT/GLOBK is a comprehensive suite of programs
for analyzing GPS/GNSS measurements primarily to study
crustal deformation. In addition to being a critical and widely
utilized resource for the NGEO research community, GAMIT/
GLOBK is used on an operational basis by groups contributing
to the orbital and reference frames products of the International
GNSS Service (IGS), extending its value for both research and
civil needs beyond the groups directly using it for processing.
GAMIT has also been the basis of water vapor determinations
used as input to NOAA’s numerical weather prediction models
since 2005 (Gutman et al. 2004; Smith et al., 2007). A Google
Scholar search on citations to the software documentation returns over 1,000 publications. The Massachusetts Institute of
Technology will: 1) develop and implement the capability to
utilize future GPS and multi-constellation GNSS observables by
the end of 2020; 2) provide free access to the software, including
source code and regular updates, to U.S. and foreign laboratories using it for education or research; 3) conduct short courses
for training of both new and experienced users; and 4) provide
immediate e-mail assistance to users.
4.2.3 GDS Frontier Activities (WBS U2.9)
NGEO provides the motivation and funding opportunity to collaboratively develop new cyberinfrastructure
for the UNAVCO community. With the joint UNAVCOIRIS activity “Connecting Big Data to HPC and the Cloud”
UNAVCO and IRIS will fully implement a shared NGEO
Auxiliary Data Center, a streaming data and analytic system,
and cloud-based resources for SAR and other geodetic imaging systems. A new post-processed high precision positioning
service (with subaward to JPL) will provide the capability to
position any platform with high precision in a global reference
frame. GMT/GMTSAR, with subawards to Scripps Institution
of Oceanography (SIO) and University of Hawaii at Manoa
(UHM) will be enhanced and integrated into cloud teaching
and research applications. OT, with subawards to Arizona State
University (ASU) and SDSC, will be linked to UNAVCO TLS
and other community imaging topographic data sources and
enhanced for next generation web services and data analysis.
GDS will participate in data aspects of long-term cross-coastal
geodetic and seismic services building upon a prototype archive developed with SIO for acoustic seafloor geodesy. Nearsurface geophysics and next generation sensor networks Frontier activities will generate new data management resources.
With NASA support, capabilities for GNSS reflectometry (CU
and JPL) and InSAR (JPL) will be added.
Connecting Big Data to High Performance Computing
(HPC) and the “Cloud” (U2.9.1)
Geodesy and seismology are data rich sciences that access
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and process terabyte scale data sets. In this Frontier activity,
UNAVCO and IRIS propose to: (1) improve the geoscience
community’s access to HPC systems, and (2) provide access to
cloud-based systems that are designed to support computations involving very large amounts of observational data and
address emerging Big Data problems. UNAVCO will work with
IRIS, Computational Infrastructure for Geodynamics (CIG),
and OT on four Frontiers sub-tasks: (1) a shared UNAVCOIRIS Auxiliary Data Center in the cloud, (2) real-time data
management and analytics, (3) a SAR Processing Service, and
(4) management, access, and visualization of Frontier geodetic
imaging data. In addition, IRIS will work with CIG to make
HPC resources more accessible to the NGEO community.
Two very different types of computer architectures are
required to meet the computational needs of geoscientists.
The traditional approach to solving HPC problems, such as
geodynamic modeling of mantle convection is to use highly
optimized, parallelized code running on enterprise class supercomputers with a minimum number of input/output (I/O)
operations. An example from seismology that requires HPC
infrastructure is the generation of three-dimensional synthetic seismograms at higher frequencies for massive global
data sets. Problems in geodesy and seismology also fall into
the class of “Big Data problems” that have a large number of
input/output operations running on multiple cores. Big Data
problems are not amenable to HPC environments but rather require many core systems configured and managed in a
manner where non-parallel codes run on many independent
cores simultaneously. An example of a Big Data problem is
performing cross-correlations on millions of seismograms in
the IRIS data collection, or producing InSAR images from the
UNAVCO/WInSAR SAR archives. Big Data environments are
also elastic in nature where more cores can be temporarily assigned to a task as needed and then released for use by other
processes. The capacity of the system expands and contracts
elastically as computational requirements change. This elastic
capability is a hallmark of the cloud environment. Cloud environments are now becoming available in NSF-funded centers
such as XSEDE and commercially. UNAVCO and IRIS currently have a no-cost allocation in XSEDE for testing purposes
and have requested a much larger allocation for the GeoSciCloud project.
Shared Auxiliary Data Center (U2.9.1.1)
NGEO can advance interdisciplinary science by making
data available to researchers in close proximity to HPC and
cloud systems. The NGEO Data Centers themselves do not
anticipate using HPC resources for data center operations.
IRIS will collaborate with the CIG at UC Davis to make HPC
resources more accessible to the NGEO community, however.
The CIG is a community-driven organization that advances
Earth science by developing and disseminating modeling and
other software for geophysics and related fields. Through an
award from IRIS, CIG will work with IRIS and UNAVCO on
the following tasks:
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v Provide training for geoscientists in data science to
manage large data sets,
v Provide training for HPC and cloud computing,
v Establish and maintain scientific workflows in HPC and
cloud environments (using Jupyter notebooks or other
appropriate tools), and
v Provide a user help desk for our communities to work in
HPC and cloud environments.
Certain problems identified in the June 2014 whitepaper titled, “Advancing Solid Earth System Science through
High-Performance Computing” (Hwang et al., 2014) can be
addressed by having all NGEO data managed centrally in the
cloud. For HPC solutions, CIG-vetted and maintained codes
can be pre-installed on HPC and cloud systems. Data sets will
be available over very high-speed interconnects between computers and storage resources. Workflows with user-defined parameters can be pre-installed and the effort needed to invoke
many common workflows made much simpler. The details of
installing, validating, and acquiring allocations will be minimized for researchers. We anticipate moving to Jupyter notebooks as a mechanism to share applications and workflows in
this environment and this activity will be jointly developed
and maintained by CIG, IRIS and UNAVCO. UNAVCO is also
currently working with partners to assess the effectiveness of
using the European-developed “Research Objects” in conjunction with “Kepler” Workflow structures for web services. Moving to an Auxiliary Data Center in a Big Data environment
should result in direct savings to our Foundational budgets,
which are factored into the proposed budget.
Streaming Real-Time Data and Analytics (U2.9.1.2)
The NGEO Data System will expand its management of
real-time data to a cloud environment for improved reliability and stability and to facilitate Big Data analytics. Data received in real time will be ingested into a system that performs
data analytics. DataTurbine or similar software will be used
to manage and buffer a wide range of streaming data formats
including those available from IRIS using SeedLink protocol,
which supports real time geophysical time series data, and the
RT-GNSS geodetic data format advocated by UNAVCO and
others. Initially, relatively simple analytics questions will be
investigated such as quality metrics and correlations of signals
from events such as earthquakes that appear across multiple
sensors and sensor types. These will allow us to test the stability and suitability of NGEO real-time infrastructure for more
sophisticated analytics that come from the natural hazards
community.
SAR Data Processing Service (U2.9.1.3)
The UNAVCO SAR archive currently holds over 70 TB
of unprocessed data for the geoscience research community.
Historically, users have downloaded data and processed them
locally. However, given the rapidly expanding volumes of data
from international and U.S. SAR satellites, efficiencies could
be gained by providing “elastic” processing services on cloud
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and HPC infrastructure adjacent to the data storage to avoid
data transfer bottlenecks. This would also contribute to democratizing InSAR, for PIs with limited in-house processing
resources.
Development of a SAR processing service will leverage
open source SAR processing software (e.g., GMTSAR, ISCE)
(Table 4.2-2) and well-documented and tested reusable workflows to produce useful products to the growing user community. The service will generate a large but finite number of
standard products and offer on-the-fly processing with user
defined parameters for custom products. By leveraging a scalable computing environment collocated with the data archive,
SAR users will be able to execute larger scale analyses more
efficiently. Preconfigured virtual machines (VMs) and workflows will also be made available to users who wish to process
data in their own XSEDE allocation to look at specific science
targets. Researchers will be able to delve into specific signals
of interest and develop new workflows and processing parameters optimal for their analyses and sharable with the community after testing and validation. This same SAR processing environment can be used to facilitate short courses and
provide an online repository of teaching materials. The VMs
will provide a consistent environment for learning InSAR
processing, analysis, and interpretation leveraging the readily available Jupyter Notebook, a web application that allows
users to create and share documents that contain live code,
equations, visualizations and explanatory text. Development
of these capabilities is underway using the Texas Advanced
Computing Center (TACC) HPC and Jetstream cloud, part of
the NSF XSEDE with the entire UNAVCO SAR archive being
available at TACC. During NGEO, GMTSAR, ISCE, and other
open source software will be used to develop this system into a
full featured InSAR analysis environment.
Management, Access, and Visualization of Frontier Geodetic
Imaging Data (U2.9.1.4)
The rapid expansion of small UAS and emergence of lowcost 3D imaging techniques based on passive or active remote
sensing are expected to transform geoscience research and
education over the ten years of NGEO. Low-cost structure
from motion (SfM) photogrammetry enables generation of
3D models of topographic features, outcrops, and smallerscale objects such as hand samples and is already being used
by many in the geosciences. Similarly, it is easy to anticipate a
flood of low cost laser scanning and 3D imaging devices in the
coming years. Devices like Google’s Tango 3D imaging tablet
portend a future where many geoscientists will have a device
capable of rapidly generating 3D models of the topography or
outcrop they are visiting. We expect that many of these new
technologies will be coupled with more traditional TLS and
ALS geodetic imaging in NGEO, in support of activities such
as the proposed Near Surface Geophysics facility.
This era of ubiquitous point cloud data generated from
a range of next generation imaging sensors is likely to enable new and exciting of geodetic research, but also demands
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new approaches to data management and data access. During
NGEO, UNAVCO will collaborate with OT to develop hosting
capabilities for community generated high resolution topography (HRT) data (imagery and point clouds) and derivatives
(raster digital elevation models and higher order products
such as 3D models), filling a community data archiving gap
that presently exists. Data standards, metadata, and data archive infrastructure will be developed to enable sharing
of community-collected 3D imaging products. We will also
enable sharing of, and interaction with, true 3D virtual models
of landscapes, outcrops, and hand samples in support of research and education. With this explosion of rich 3D imaging
data, we anticipate increased demand for immersive visualization and interactions with these data. This task will cover data
technician and engineering activities, and software engineering, to support community and UNAVCO-generated imaging
products. We anticipate heavily leveraging HPC, cloud, and
the OT cyberinfrastructure for these new capabilities.
While the EarthCube GeoSciCloud project will provide
funds for prototyping, IRIS and UNAVCO will work together
with Indiana University, TACC, and SDSC (OT) partners in
XSEDE, and with other federal agencies (e.g., DOE, NASA,
USGS, NOAA) through other funded efforts, to marshal
the required operational resources. Based on the ten-year
UNAVCO-IRIS plan to operate their Auxiliary Data Center
in a cloud environment (Section 4.2), the anticipated costs
savings from this shared infrastructure will be applied to this
Frontier activity. TACC, a primary node within XSEDE, has
provided a Letter of Collaboration for their participation in
this activity and in joint efforts to identify funding to augment
the NGEO funds budgeted for our operations in XSEDE.
Costs for HPC and cloud computational infrastructure will be
borne by XSEDE. We include a request for modest support
for XSEDE assistance through a subaward (to be determined).
Post-Processed High Precision Positioning Service (JPL)
(U2.9.2)
The Jet Propulsion Laboratory (JPL), supported through a
subaward from UNAVCO, will provide a new capability as part
of NGEO: Post-processed high precision positioning services
for any scientific observations on land, air, or at sea, including post-processing of high sample rate GPS/GNSS data (e.g.,
1 sample-per-second or greater) and generation of sub-daily
data products including epoch-by-epoch solutions (Table
4.2-2). For example, these could include time series solutions
from continuous stations affected by earthquakes, or from
moving platforms. Data products will be provided in formats
consistent with baseline products, such as in North America
plate and ITRF reference frames. JPL is offering its Automatic
Precise Positioning Service (APPS) as an on-demand postprocessing positioning service for the UNAVCO community,
leveraging the technology, geodetic infrastructure, and operational capability of JPL’s GPS program, supported by NASA
and by the GDGPS System. The key service features include:
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v JPL’s cutting edge GIPSYx technology, featuring unique
integer ambiguity resolution for mm accuracy realization
of the International Terrestrial Reference Frame (ITRF)
anywhere in the world,
v RINEX 2 and 3 measurements input, and supporting
sub-daily and multi-day data,
v Variety of user interfaces including web and email,
v Static and kinematic positioning with arbitrary data rates,
v Seamless handling of ground static, mobile, or airborne
applications,
v Instant positioning, supporting all data latencies from
one minute and up, and
v Industrial strength infrastructure and operational reliability
of JPL’s Global Differential GPS (GDGPS) System, including
hot, redundant, geographically separated data centers.
GMT and GMTSAR: Community Software in Support of the
NGEO (U2.9.3)
UHM, UCSD and UNAVCO propose to modernize,
harden, maintain, and integrate GMT and GMTSAR in the
NGEO. GMT is an open source collection of ~65 tools for manipulating geographic and Cartesian data sets (including filtering, trend fitting, gridding, projecting, etc.) and producing
Encapsulated PostScript File (EPS) illustrations ranging from
simple x-y plots via contour maps to artificially illuminated
surfaces and 3-D perspective views; the GMT supplements
add another ~70 more specialized tools, including the GMTSAR package for InSAR processing. GMT is released under
the open source GNU General Public License and is used
globally by the geophysical community.
This Frontier activity will host GMT and GMTSAR within
NGEO, and will develop GNSS/InSAR-specific tools within
GMT and GMTSAR for enabling new types of higher-level
product generation. For example, we have recently developed
a tool to interpolate irregularly spaced 2-D horizontal velocity vector data using the physics of elasticity to couple the two
components of the vector from GPS and InSAR. Additionally,
GMTSAR has been specifically developed for construction of
InSAR time series from the wide-swath data being provided
by the open Sentinel-1A/B satellites. Under this proposal we
will work with the community to optimize these tools for the
higher level workflows required for full GNSS/InSAR time series integration. We envision these massive data analyses being
performed using the XSEDE computational facilities and the
high-level products will be archived at UNAVCO. The use of
GMTSAR in this fashion is described above in the “SAR Processing Service” activity in section U2.9.1. The integration of the
various SAR-related Foundational and Frontier components is
presented in Figure 4.2-6 in section U2.4 “SAR Data Services.”
OpenTopography (SDSC/UCSD; ASU) (U2.9.4)
Integration of OT into NGEO will provide enhanced cyberinfrastructure to support new and diverse forms of highresolution topography (e.g., photogrammetrically derived
topography; airborne, terrestrial, mobile and UAS-based laser
scanning) and global topographic and bathymetric data that
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are essential for research and education at the Frontiers of geoscience. OT has a large and diverse user community of 14,000
registered users and numerous other guest users, including researchers, students, educators, agency scientists, and the general public. OT has a history of technical cyberinfrastructure
innovation and has been a global leader in making high-resolution topography accessible and useable. OT was identified as
a necessary infrastructure at the Future Seismic and Geodetic
Facility Needs in the Geosciences workshop (Aster & Simons,
eds., 2015), and OT leadership has a history of involvement
with the geophysical community, including UNAVCO, EarthScope, and Southern California Earthquake Center (SCEC).
Integration of OT into NGEO will provide the community
with a broad suite of processing, data, and interoperability services, and scalability via cloud and HPC expertise at the San
Diego Supercomputer Center (SDSC) (Figure 4.2-7 ).
Topography is a fundamental observable for geoscience
research and analysis for surface geometry, properties, and
change, and thus is a Frontier geodetic challenge. Data are
collected from satellite, airborne, and terrestrial platforms at
increasingly finer resolutions, greater accuracy, and shorter
repeat times. Well-designed and easy to use cyberinfrastructure that enables discovery, sharing, and processing increases
the impact of investments in data and catalyzes scientific discovery. OT’s present data catalog consists of 215 lidar point
cloud datasets covering 185,991 km2 in the U.S., and with data
in Mexico, Puerto Rico, Haiti, New Zealand, Australia, China,
and Brazil. Many of these datasets were collected by NSF programs such as National Center for Airborne Laser Mapping
(NCALM) and the Critical Zone Observatories. Programmatic and enhanced user interface-based access to Shuttle Radar
Topography Mission 30 and 90 meter global datasets enables
research as well as tasks such as InSAR terrain correction (Figure 4.2-7 ). These data see significant use for expected and unexpected applications as they are discovered through OT.
OT cyberinfrastructure is a robust and scalable multitier service oriented architecture (SOA) for efficient access to
data and processing (Krishnan et al., 2011). The infrastructure
tier contains storage and compute resources as well as HPC to
enable compute intensive processing. The OT portal in the application tier provides a customizable workflow for data access
and processing to generate derived products. All functions
and processing are packaged as web services to allow integration and interoperability of OT services with other cyberinfrastructure CI systems (Padmanabhan et al., 2013).
Primary OT activities under NGEO will include data engineering; software and hardware support; software and API
development and implementation; and science community
engagement; education and training:
v

Management of data across spatial and temporal
scales. TLS, UAS and mobile lidar, structure from
motion and other topography and bathymetry are
next generation geophysical data sources for which
OT is well positioned to provide data access and
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v

v

v

archiving. OT will address these challenges in
collaboration with UNAVCO as discussed in U2.9.1
Management, Access, and Visualization of Frontier
Geodetic Imaging Data above.
Scalability of data access and processing. Following
the NGEO vision articulated in U2.9.1 Connecting
Big Data to HPC and the “Cloud”, OT will integrate
cloud computing, HPC, and data analytics to enable
multi-temporal and big data analysis across large
datasets. This builds on current OT work to leverage
XSEDE’s Gordon supercomputer to make compute
intensive algorithms such as hydrologic routing
available to users (Youn et al. 2014).
Enhanced application programming interface (API)
to enable interoperability and integration into
NGEO Data System and community initiatives such
as EarthCube.
Training and knowledge resources to advance HRT
science. As HRT available via NGEO diversify and
become more complex, ongoing training will be
essential to advance the community, and to insure
integration of these data into the classroom.

In NGEO, OT will sustain data infrastructure, and community research and education activities in coordination with
UNAVCO. OT will maintain independent governance within
UNAVCO (e.g., the OT Advisory Committee) and will emphasize strategic opportunities in cross-coastal Earth systems
science, near-surface and critical zone geophysics, natural hazards, and UAS activities, aligned with NGEO Frontiers. OT will
also explore international opportunities and collaborations.
Long-Term Cross Coastal Geodetic and Seismic Observations (GDS) (U2.9.5)
This task is tied to GI task U1.6.2 and will set the stage
for UNAVCO’s involvement in long-term geodetic and seismic observations of the seafloor. GDS staff will be involved in
the early determination of data structures and management
leading to implementation of an operational data system for
seafloor observations. Where possible this system will integrate with IRIS and Ocean Observatory Initiative (OOI), an
NSF-MREFC facility new start.

4.3 Education and Community Engagement
(WBS element U3)
4.3.1 Education, Workforce, and Outreach (EWO) Management and Organization (WBS U3.1)
The UNAVCO Education and Community Engagement
(ECE) program promotes geodetic science and education of
the UNAVCO community and helps stakeholders use and
understand geodesy for research, education, and societal
planning. The ECE Director defines programmatic vision and
strategy, aligns activities with UNAVCO mission and community vision, coordinates technical and educational training, and manages staff, report writing, and coordination of
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activities with partner organizations. Education Specialists are
responsible for geodesy-focused materials and resources, education and outreach, dissemination of UNAVCO community
science and broader impacts, and activities to support the next
generation of geodesists and geoscientists.
The UNAVCO ECE and IRIS Education and Public Outreach (EPO) Directors will each lead defined components of the
integrated NGEO Education, Workforce, and Outreach (EWO)
effort. This structure will leverage unique skills and strengths
in each organization and avoid duplication of effort. A joint
UNAVCO-IRIS Education, Workforce and Outreach Advisory
Committee (Figure 1.6-2) will provide community guidance
for the combined EWO program. The UNAVCO and IRIS Program Directors will develop complementary implementation
plans that will inform the annual scope of work and individual
projects for each organization, with some projects such as social
media and support of early career professionals fully integrated.
The Program Directors will meet monthly (virtually) to coordinate work effort and management of projects with an additional
monthly joint (virtual) meeting of all EWO staff.
UNAVCO and IRIS will create a joint, cutting-edge NGEO
EWO program that will provide access to original data and
interpreted results from geodesy, seismology, and other geophysical research, develop educational resources for a broad
range of audiences, and provide access to, and instruction in,
the use of geophysical techniques. NGEO EWO activities will
build on nearly 15 years of collaboration between UNAVCO
and IRIS education, workforce, and outreach efforts. The goals
of NGEO EWO are to:
[1] Develop innovative educational resources and
technologies through the involvement of researchers,
educators, and other experts, and disseminate a full
suite of EWO products.
[2] Foster the development of a robust, well trained, and
diverse geoscience workforce with the knowledge,
skills, and abilities to tackle emerging scientific and
societal issues.
[3] Engage the public and our scientific communities by
highlighting the advances in and societal relevance of
geophysical research, particularly with respect to
natural hazards, water resources, and energy concerns.
Successful engagement of a wide variety of stakeholders
with varied knowledge requires staff expertise and infrastructure to support a multitude of activities. EWO will thus be
comprised of complementary activities led by either UNAVCO
or IRIS, and of a subset of joint activities. UNAVCO and IRIS
will organize their respective activities around an agreed upon
set of objectives that will guide selection of activities, with
each organization leading efforts for particular objectives
based on their established strengths (Charlevoix et al., 2013;
Taber et al., 2015). UNAVCO, a national leader in geoscience
diversity workforce support, will lead the activities focused on
workforce development, broadening participation, and un-
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dergraduate curriculum development and dissemination. UNAVCO will contribute to IRIS-led K-12 education efforts and
informal outreach. NGEO EWO will have a fully integrated
social media strategy and early career professional support.
The UNAVCO and IRIS programs have successfully coordinated activities nationally and internationally with each other,
in partnership with the science community and other national
geoscience and diversity-focused and educational organizations. NGEO EWO will draw on existing and new relationships to leverage our efforts for a greater impact.
UNAVCO and IRIS will each have a logic model (a planning tool used to guide evaluation of programmatic outcomes
based on available resources; Figure 4.3-1), an implementation plan, and evaluation that will be complementary but distinctly focused on the organization’s areas of responsibility.
An annual implementation plan will be developed, informed
by previous year progress, evaluation, and upcoming priorities. The implementation plan will frame the work focus for
the year and identify benchmarks and performance metrics.
Evaluation will build on the existing structures being used
of a mixed method approach designed to collect and analyze
both qualitative and quantitative data. An external evaluation
consultant will be retained to provide independent review of
annual progress against goals. An annual review of all NGEO
EWO work will ensure progress toward the NGEO EWO
goals. This framework provides clear lines of responsibility
and ensures accountability while providing enough flexibility

to respond to new NGEO opportunities.
While integration and close collaboration of the UNAVCO
ECE and IRIS EPO activities will enhance support of the
broader community and citizens, each has a unique mission
and commitment to other programs within their organization
and to scientific researchers in their domain-specific communities. Embedding EWO staff within each organization ensures
close association and communication between the respective
community scientists and facility programs (Infrastructure,
Data Services, and EWO) will continue.
For more than 15 years, UNAVCO has served the geodetic
community in the areas of education, outreach, and geo-workforce, directly reaching thousands of community members
and tens of thousands of individuals annually (Figure 4.3-2)
and indirect contact through social media reaching hundreds
of thousands annually. The ECE Program has experience and
expertise in geodesy, geosciences, science education, communications, and broadening participation in science, and strong
community ties through collaborative partnerships on projects in these areas. The ECE program, jointly with IRIS EPO,
will continue to leverage partnerships and collaborations with
the many professional societies and education-focused groups
at national, regional, and state levels. In addition, strong connections with the education and outreach groups within local
science and technological facilities will provide points of continued collaboration and synergies.

EDUCATION AND COMMUNITY ENGAGEMENT
Inputs
Funding from NSF:
IRIS -NGEO

Activities

Outputs

Audience

Host and facilitate
technical short
courses and education
workshops

Outreach Events
Exhibit booth
(AGU, GSA),
local & national

Science Interested
Public

Facilitate
development of
geodesy-related
learning materials

Partnering
organizations
(SCEC, AGI, SERC)

Promote
community science
and education

Professional
Societies
(AGU, GSA)

Promote NGEO &
UNAVCO services

NGEO
Governance

Support students
and early career
professionals

Strategic Plan,
Grand Challenges
in Geodesy

Provide resources
to faculty to
promote geodesy
in education
and geo-workforce
development

NGEO scientific
community
UNAVCO staff
IRIS EPO
UNAVCO member
universities &
community

Support of NGEO &
UNAVCO data products,
online displays and tools,
and documentation

Communications
UNAVCO Program
Highlights, videos,
outreach materials,
newsletters, social
media platforms,
museum displays,
community science
bibliography
Training and
Workshops
Technical short
courses, Teacher
workshops,
NGEO meetings
and workshops,
UNAVCO Science
Workshop
Tools and
Resources
UNAVCO EWOrelated web pages,
data products,
learning materials
and guides
Geo-workforce
Internships
(RESESS, USIP,
frontier 1 and
frontier 2)
E-NET mentoring

Mid-term
Outcomes

Informed of activities conducted by UNAVCO
in support of NGEO research & education
Informed of the science NGEO supports

UNAVCO & NGEO
Community
(Incl. early career)

Informed of Broader
Impact (BI) related
services available
from ECE

Use ECE BI
resources in
developing BI
plans

Informed of
geo-workforce
development
opportunities for
students & faculty

Increase
participation in
geo-workforce
opportunities

Have access to
NGEO data &
resources

Increase efficiancy
in using data
& resources

Increase
knowledge of:
• Geophysics
• Geodesy
• NGEO

Geodesy data
used in addressing
societal issues

Geoscience
Faculty

Have access to
geodesy-focused
teaching materials

Incorporate
geodesy-focused
materials &
resources into
instruction

Geoscience
Students

Develop skills to
support pursuance
of geosciencerelated career

Increase interest
in careers in
geoscience &
geodesy

Park & Museum
Interpreters

K-12 Teachers

End Outcomes
Develop innovative
educational resources
and technologies
through the
involvement of
researchers,
educators,
and other experts
and disseminate a
full suite of
EWO products.
Foster the
development of a
robust, well trained,
and diverse
geoscience workforce
with the knowledge,
skills, and abilities to
tackle emerging
scientific and
societal issues.
Engage the public
and our scientific
communities by
highlighting the
advances in and
societal relevance of
geophysical research,
particularly with
respect to natural
hazards, water
resources, and
energy concerns.

MISSION: Facilitate geoscience research and education using geodesy

Funding from
private sources

Short-term
Outcomes

Figure 4.3-1 Proposed logic model for ECE supported EWO activities in NGEO. Inputs (column 1) are the resources available to conduct the activities listed in column
2. Outputs (column 3) are direct products of program activities linked to key audiences (column 4). Short- and midterm outcomes (columns 5, 6) identify benefits for
participants and the end outcomes (column 7) are agreed upon strategic goals with IRIS summarizing the long-term goals of EWO in NGEO, which is aligned with the
UNAVCO mission (column 8).
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AUDIENCE
Y1
Y2
Y3 GAGE to Date
Researchers + Research Faculty
146
81
130
357
University + College Faculty
288
125
209
622
Post-docs
42
19
154
215
Graduate Students
166
209
412
787
Undergraduate Students
234
163
234
631
Public / K-12 Students
178
144
729
1,051
K-12 Faculty
207
149
442
798
Other Professionals
389
158
237
784
Large Event visitors
113,137 69,550 78,882
261,569
Figure 4.3-2 Number of individuals, by audience, directly reached through panUNAVCO activities (including education and outreach activities led by GI and GDS
staff in addition to ECE staff), for each year of the GAGE Cooperative Agreement.

4.3.2 Foundational Activities to Support Geodesy and
Geophysics Education, Workforce, and Outreach (WBS U3.2
through 3.6)
ECE will provide Foundational support to the NGEO
community by fostering education through workshops, short
courses, and online materials, providing professional development for college faculty, supporting workforce development
including increasing diversity in the solid Earth sciences,
coordinating communications and outreach, and assisting
science investigators with the broader impacts of their research. We will build on these existing strengths and expand in
five new areas of focus: (1) Develop and implement new models of dissemination of geophysical-focused education materials and data, (2) enable broader participation in geodesy
and geophysics, (3) support the NGEO scientific community
through professional development opportunities, (4) expand
science communication tools and methods to the broader
geophysics community, and (5) foster the expansion of the
community to encompass all scientists and education experts
engaged in geophysics.
Education (U3.2)
ECE is a leader in developing geodetic-focused educational materials. UNAVCO was a leader in integrating GPS
into K-12 materials in the 2000s before GPS was ubiquitous. In
NGEO EWO, we decrease the emphasis on K-12 instructional
materials and focus efforts on undergraduate geodesy teaching
resources. IRIS will continue developing K-12 materials and
UNAVCO will contribute geodesy data and expertise to the
IRIS efforts including work linking existing education materials to the Next Generation Science Standards (Achieve, 2014;
NRC, 2012b). UNAVCO ECE also will continue K-12 support
through the collaborative NSF-INCLUDES project Engaging
Local Communities in Geoscience Pathways (GEO-1649367) and
any subsequent INCLUDES projects.
Undergraduate geoscience teaching resources have not
kept up with advances in geophysics and geodetic technologies.
We will build on the success of the GETSI project (GETSI:
Geodesy Tools for Societal Issues; NSF TUES-1245025 and
IUSE-1612248). GETSI creates and disseminates resources
that utilize geodetic data and quantitative analysis in the context of critical societal issues including natural hazards and cli-
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mate change. Research shows that students are more engaged
and invested in learning science when it is connected to societal issues, particularly in their local community (Boger et al.,
2014; Chinn, 2012; Delparte et al., 2016; Gosselin et al., 2015;
Johnson et al., 2014; Kirkby, 2014). The model used in GETSI
features UNAVCO as a manager and facilitator of the curriculum development and dissemination. Faculty from universities and two-year colleges develop the curriculum. In NGEO,
UNAVCO will manage this effort and work closely with an
IRIS staff member to ensure materials are reflective of the
broader suite of geophysical data and technologies. New materials and resources will be aligned with NGEO Frontier science and we will continue to follow the well-documented
practice of Interdisciplinary Teaching about Earth for a Sustainable Future (InTeGrate) (Gosselin et al, 2013, Kastens and
Manduca, 2016; Pratt-Sitaula et al, 2016). The InTeGrate and
GETSI projects are grounded in ensuring the materials developed are (1) driven by community need, (2) co-developed
with the community, (3) created in partnership with appropriate organizations to ensure a broad scientific and pedagogical
perspective, and (4) are evaluated for effectiveness. As these
various projects evolve, assessments will be conducted to ensure the products match the needs of the stakeholders (i.e., addressing accessibility issues and offering materials in languages
other than English). New models of dissemination of geophysicsfocused education materials and data (NGEO ECE new focus
#1) will be developed in collaboration with IRIS and leverage
partnerships with education-focused professional organizations
((e.g., National Science Teacher Association (NSTA), National
Earth Science Teachers Association (NESTA)). In the early
years of NGEO (years 2-5) we will look toward increasing efficiencies even further, with a focus on virtual and online training
and dissemination of resources, including full online courses for
instructors and faculty, potentially leveraging the next generation short course Frontier activity outlined below.
Education resources extend beyond traditional classroom
materials. As the science of the NGEO community advances,
ECE will work with the GDS program in the development and
dissemination of data tools and products needed for effective
implementation into educational settings. Current online data
tools such as the GPS Velocity Viewer, Plate Motion Calculator and interactive Visible Earthquake (using InSAR data) are
a collaborative effort between ECE and GDS and are used by
the broader research and education community (Frederiksen
et al., 2013; Lay et al., 2010; Trundle, 2007) including the Massive Open Online Course (MOOC) “Planet Earth…and You!”
(Marshak, 2016), reaching over 30,000 students from around
the world. The Plate Motion Calculator was the second most
visited web page on the UNAVCO website and the GPS Velocity
Viewer was sixth.
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Geo-Workforce Development (U3.3)
The NGEO facility is well positioned to enable broader
participation in geodesy, geophysics, and geosciences (NGEO
ECE focus #2). NGEO EWO staff have strong connections to
the academic community, including two-year colleges and Minority Serving Institutions (MSI) and diversity-focused professional societies, and the capacity to run multiple, integrated
diversity programs simultaneously (Charlevoix and Morris,
2014). NGEO EWO will increase the number of workforce focused activities for students, providing access to a larger network of opportunities. UNAVCO and IRIS have a long history
of engaging underrepresented minorities (URM) in geosciences and have significant expertise in training and engaging
students in research.
One hundred eighty-seven intern and student assistants
(55 percent female) have benefitted from UNAVCO’s leadership in geo-workforce development (Figure 4.3-3). One hundred-one of these positions were with the RESESS internship
– the premier undergraduate research internship in the U.S.
focused on broadening participation in solid Earth science
(see section 2.2.3). Ninety-two percent of RESESS participants
are from URM groups (Figure 4.3-4). Eighty percent of postbaccalaureate RESESS alumni are either in geoscience graduate school programs or employed in the geosciences (Figure
4.3-5).
A key focus of UNAVCO workforce development is to
engage and train students from URM populations in geoscience and help them develop networks within which to build
academic and professional careers. The geosciences lag behind
most other STEM disciplines in diversity and are projected to
maintain that deficit in the coming years (Gonzales and Keane,
2009; NRC 2013; Olson and Riordan, 2012). The National Research Council (2011) notes the importance of a connected
network of opportunities for attracting and retaining students
from historically underrepresented groups such as proposed
by Jolly et al. (2004). The NGEO geo-workforce initiative is

Figure 4.3-3 Number of student interns and student assistants per year by program. UNAVCO Student Internship Program (USIP) pairs graduate students with
a UNAVCO facility project led by staff. Undergraduate students participating
in Research Experiences in Solid Earth Science for Students (RESESS) conduct
geo-science research with local scientists. Geo-Launchpad interns are community college students working with UNAVCO staff to support science projects of
community PIs.

8%

8%

Na!ve American

5%

La!no/Hispanic
Black/African
American
Asian American

27%
52%

Figure 4.3-4 Ethnicity of RESESS interns, 2005-2016. URM populations of focus
include individuals with disabilities, first-generation college students, military
veterans, members of the LGBTQ communities, and students who are Black or
African American, American Indian, Native Pacific Islanders, Hispanic, or Latino.
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Program
Interns
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3
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Working in
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16

European American
(Caucasian)

Figure 4.3-5 Academic and career
pathways of students who have participated in RESESS. Sixty-two students
filled 101 intern positions (students
can participate multiple summers).
Forty-seven percent (29 of 62) are still
enrolled in either undergraduate or
graduate programs and thirty seven
percent are currently working in
geoscience-related careers. Alumni of
RESESS stay connected via social
media, in person meetings at scientific conferences, and via personal
means of communication such as text
messaging.

Working
Elsewhere

7

10
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based on the Jolly framework. Three elements are identified
as essential: Engagement, Capacity, and Continuity (ECC).
Engagement draws the learner to study and fosters positive attitudes and a desire for increased knowledge and mastery in a
particular field. Capacity is the fundamental knowledge of the
learner, which enables him/her to advance. Continuity refers to
resources offered in a timely fashion by a fully articulated system. Finally, we build on work demonstrating the importance of
continuity of opportunity and the role of mentoring and guidance in ensuring progress moving through the science pipeline
(Harrison and Killion, 2007; Johnson, 2015; Kurdziel, 2002;
NRC, 2013). Building on the triad of 1) UNAVCO and IRIS internships, 2) student professional development, and 3) faculty
mentoring support structures, the NGEO geo-workforce program is framed within the ECC model. Figure 4.3-6 outlines
activities of NGEO focused on workforce development and
education support structures.
UNAVCO internships
Students will engage in learning about geophysics through
two summer internship programs: the UNAVCO Student
Internship Program (USIP) and Research Experiences in Solid

Earth Science for Students (RESESS), as well as two new
Frontier initiatives (Figure 4.3-6) focused on increasing the diversity of students in Earth sciences. Internships are designed
to build URM student geoscience capacity including technical geodetic and/or education and outreach knowledge. Eight
undergraduate students will be selected to participate in RESESS. Nine interns will participate in USIP each year, three
from each UNAVCO program (GI, GDS, ECE). Academically
advanced students (USIP) will mentor students earlier in their
academic career (RESESS).
Student professional development
Professional development (PD) will be an important
component of the NGEO geo-workforce initiative to facilitate
continuity in the academic and professional preparation experience. Professional development includes structures (e.g.,
seminars, workshops) that help develop competencies that
are transferable beyond the internship experience. Interns in
Foundational and Frontier activities (U3.7.1) will participate
in PD activities, varied forms of mentoring, and networking
opportunities. Students will draw on the skills gained through
PD in presenting their work to the Boulder-area scientific
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Figure 4.3-6 Select elements of the portfolio of NGEO workforce activities education activities to support engaging URM students in geosciences. Primary audience engaged and anticipated number of individuals reached are shown. The audience reached for each activity is approximated with some activities bleeding into
younger or older students, depending on the particular student circumstances. Activities with an asterisk are Frontier tasks. Activities shown in teal are fully integrated
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community and at scientific conferences, and more generally
draw on these skills throughout their academic and professional careers. During the academic year, intern support will
continue with advice on courses or graduate schools, support
for applying to graduate school or finding jobs, networking
assistance, and resume/CV feedback. Each year internships
and professional development activities will be evaluated for
effectiveness and evaluation data from UNAVCO and IRIS experiences will be jointly reviewed by EWO staff. Evaluation
data will inform the program design for subsequent years.
Faculty mentoring
Effective mentoring within the geophysical (and broader
geoscience) community is a critical component of engaging
and retaining a diverse geoscience workforce (Johnson, 2015).
Mentoring support structures will be critical as NGEO efforts
to broaden participation are implemented. During NGEO,
UNAVCO and IRIS EWO staff will deliver one-day in-person
faculty mentor training workshops prior to the start of each
NGEO Science Workshop. Mentoring resources will also be
available on the NGEO website and will be publicized through
the NGEO community communication channels, including
social media and listservs. As with internship program elements, all programming focused on faculty will be evaluated
and evaluation data will inform future iterations of faculty
mentoring support.
Support for early career professionals
Early career (EC) geoscientists face many challenges as
they transition from graduate students to professional positions. IRIS’s early-career investigator program (Colella
et al, 2015), which responds to these challenges, organizes
practical resources and professional development opportunities for EC professionals, and facilitates retention of
graduates within the geosciences. Support activities will
be coordinated among the NGEO EWO staff, and strategic partnerships developed and leveraged to enable efficient
and effective support of EC professionals. Planned activities include developing a coherent online presence and offering webinars and social media interactions exploring
career topics, best practices in mentoring, teaching, research
and interaction with the public, and exploring ways to reduce
barriers to success for URM geoscientists.
The strength of the future geoscience workforce relies
on the engagement and capacity building of the NGEO and
broader geoscience student communities. UNAVCO will leverage staff expertise in online content development to scale
up select content developed to support the interns into discrete online modules accessible to a larger number of students.
Short Courses and Community Professional Development
(U3.4)
UNAVCO supports community professional development through technical short courses and workshops at the request of the community. Technical short course topics mirror
the software, data, and instrumentation needs of the scientific
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community, e.g., Introduction to strainmeter data, InSAR processing, TLS training. We propose to continue this successful
short course series, keeping the schedule and topical offerings
flexible to respond to community needs based on emergent
science and technologies. For example, in Year 1 we anticipate
organizing a GMT Developers Workshop in support of the
GMT scope of work (sections 2.4 and 2.9.3). Short courses are
organized by ECE staff at the request of the community and are
taught by community experts with assistance from UNAVCO
technical staff (from GDS or GI). Student participation is supported through participant support funds. On average, over 55
percent of participants are undergraduate students, graduate
students, or post-doctoral professionals; the remaining participants are researchers and research faculty. Evaluation of
short courses shows that over 90 percent of participants are
highly satisfied with the courses and 88 percent intend to immediately use what they’ve learned when they return to their
institutions. Since 2013 UNAVCO has offered short courses in
a synchronous hybrid format. Hybrid courses have in-person
instruction with a virtual component. Formalizing this online
component has almost doubled the number of community
members served, providing a critical component of flexibility.
International participation in UNAVCO short courses increased significantly since the hybrid model was instituted.
We propose to expand the support to the community
through additional professional development opportunities
(NGEO ECE new focus #3), building on a 2016 Portal to the
Public (POPNet; Selvakumar and Storksdieck 2013) pilot and
the 2015-16 faculty mentoring program. The POPNet program provides science communication training to scientists.
Results from the pilot program with the 2016 USIP intern cohort found the program adaptable to the geodetic community
and resulted in interns increasing their confidence in engaging
with the public and having more strategies for explaining their
science to a non-technical audience. We aim to expand this
program to all NGEO investigators via one-day workshops
prior to science workshops and conferences.
Outreach and Communications (U3.5)
Science communication is a key element of any science
program and is critical for effective outreach (Fischhoff, 2013).
The UNAVCO-IRIS EWO outreach and communications support will be coordinated and aligned with NGEO strategic
objectives. UNAVCO will focus on communicating geodetic
successes and concepts through targeted outreach products,
digital communications, and informal outreach and expand
science communication tools and methods to the broader geophysics community (NGEO ECE new focus #4).
Geodetic outreach during NGEO will be critical as NOTA
instruments will continue to be sited on multiple property
types. Data summaries and non-technical descriptions of scientific discoveries using the networks will inform landowners and other stakeholders of the scientific discovery enabled
by the network and educate students and the general public
about the role of geodesy in Earth science. New outreach
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material will initially be focused on NOTA and expanded to
include other Frontier activities. EWO will share science discoveries with stakeholders and the public through online program highlights and science snapshots and will disseminate
information related to geophysical event responses of NGEO
through the NGEO website and social media.
New efforts will follow the established success of recent
UNAVCO PBO outreach of a landowner mailing, datafocused posters, and playing cards. Each product has reached
target audiences: the mailing, still young, has resulted in multiple permit renewals, and posters and playing cards are used
in classrooms across the country. Evaluation data show that
creative efforts such as the playing cards have helped teachers
to engage students in the classroom and the scientific community in better communicating their science. Sixty one percent
of the survey respondents indicated they “shared the cards or
anything new [they] learned from the cards with friends or family.” UNAVCO will support strategic geodetic outreach in parallel with IRIS efforts in seismological outreach ensuring reach
to the broader NGEO community.
Digital media will be an integral part of NGEO outreach
and communication. Videos and animations focused on
geodesy and geophysics will highlight new scientific discoveries supported by NGEO. To reach a broad audience, UNAVCO
and IRIS will develop an integrated social media presence for
NGEO that will include shared and independent channels.
The NGEO Facebook page will target the general public and
offer high quality science content, allow public engagement,
communicate timely hazards and disaster information, and increase public awareness of NGEO. We will rigorously evaluate
the impact and efficacy of all NGEO social media platforms
using online metrics. Each year the facilities will jointly survey
users to assess the effectiveness of the current social media
effort and will implement changes as needed based on the
survey results. A critical element of our outreach strategy will
be seamless mobile platform access to our communication
streams and new online products.
We also plan to enhance our existing PBO-focused museum exhibit display at the Hatfield Marine Science Center in
Newport, Oregon. In collaboration with IRIS, we will leverage
future opportunities for museum outreach with science and
technology centers. UNAVCO will contribute to the IRISled NGEO presence at large-scale, national public outreach
events, engage the public in local outreach activities, and support GI and GDS staff with outreach in the field. The school
and site visits, science cafes, and informal outreach by engineering staff reach a broad geographic audience and connect
individuals to the instrumentation sited in their local area.

vides assistance with proposal preparation (i.e., guidance on
budget and evaluation) and dissemination of the science results. We will expand our support of broader impacts by informing PIs of curriculum development options, internship
opportunities, short courses to disseminate software or science
results, and development of informal outreach activities.

Community Workshops (U3.6)
NGEO PI support for Broader Impacts. During NGEO, we
will provide the broad, multidisciplinary NGEO scientific community with the information needed to carefully and strategically
develop education and outreach activities to support the broad
impact of their science (NGEO ECE focus #5). UNAVCO pro-

NGEO Website and Communications
We will develop, collaboratively with IRIS, a common website that features NGEO information and science. The NGEO
website will be a resource for the research community, students,
and the public with information about workshops, seminars,
short courses, webinars, publications and news. UNAVCO and
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Community science
The geodesy community publication database is a compendium of science and education publications that have referenced UNAVCO, used UNAVCO equipment or services,
or used the UNAVCO-supported NASA GGN, including
data from EarthScope and the Plate Boundary Observatory.
Figure 4.3-7 presents current and historic data. Publications
that mention UNAVCO or its projects are presented by number of publications each year and the number of unique journals each year. The first directly links the work to UNAVCO;
the second shows the growing sub-discipline diversity of
UNAVCO-supported science.
Yet papers based on this search are known to be a fraction
of the very great body of literature that either directly relies
on UNAVCO services without sponsor-required acknowledgement, or work that is made possible by UNAVCO in a
less visible role. For instance, every global GPS survey relies
on fundamental tools like teqc (developed and supported at
UNAVCO) or the ITRF (supported by UNAVCO upgrades
and maintenance of GGN and other key GPS/GNSS stations,
by coordination of the IGS, etc.) or modeled on UNAVCOdeveloped technologies (such as the recent national network
developed by China, after numerous visits and technical
exchanges with UNAVCO and close modeling on PBO).
We have developed a more comprehensive metric to
identify all publications that leverage UNAVCO services and
products, even if UNAVCO is not explicitly acknowledged.
The search uses a larger set of tested criteria in an attempt to
capture every high-precision global geodesy paper that relies
on these UNAVCO fundamentals. The search yields a proxy
metric for growth in geoscience applications for the technologies that UNAVCO supports. The criteria have been refined
to minimize spurious results, for instance by only searching
a restricted set of subjects and carefully constructed word associations. We expect that in the nearly 10,000 publications
found, some outlier papers are included, and some worthy papers are missed. Nonetheless, this metric provides us with a
stable and objective proxy of the growth trend in the reach of
UNAVCO’s work. Because the numbers are so large, they are
plotted as 10s of publications each year. The complex nature
and wide scope of UNAVCO work precludes differentiation
of the publications supported specifically by the GAGE award.
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Figure 4.3-7 UNAVCO Geodesy Community Publications, January 2003 through September 2016 showing annual number of journals with UNAVCO supported work
and number of papers that directly reference UNAVCO work. Subject restricted papers are reported in tens of papers and is a more comprehensive metric to identify
all publications that leverage UNAVCO services and products, even if UNAVCO is not explicitly acknowledged.

IRIS will jointly manage the site, maintaining content specific to
each organization and the science they support. These web pages will also include timely information about recent geophysical
events, publications, and other resources of interest.
Community workshops
Workshops and short courses help scientists share results,
develop new collaborations and projects, and learn and share
new techniques and software. Mentoring opportunities (discussed above) will provide opportunity for scientists at different career stages to learn from one another. NGEO exhibitbooth space at the Geological Society of America (GSA) and
American Geophysical Union (AGU) annual meetings will
facilitate meetings between scientists and NGEO staff, and
will raise awareness of EWO opportunities for the broader
community. The NGEO facility will support science-focused
workshops through UNAVCO, IRIS, or both. The focus of
the workshops will evolve as the NGEO community coalesces
around particular research topics and educational needs. The
NGEO Joint Executive Committee (Figure 1.6-1), based on
recommendations of NGEO governance committees, will select workshop themes and formats. UNAVCO and IRIS will
fund, organize, and run the workshops, which will be planned
by organizing committees comprised of community members.
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4.3.3 Frontier activities in Broadening Participation in
Geophysics and Geosciences (WBS U3.7)
UNAVCO and IRIS propose a joint Workforce and Diversity initiative to address the engagement and recruitment of
URM in the geosciences. Interconnected programs will support students as they navigate their academic pathway (Baber
et al, 2010; Gasiewski et al., 2010) (Figure 4.3-6). UNAVCO
and IRIS will focus NGEO Frontier workforce activities on
academically young (freshman, sophomore) students, exposing them to career options in geophysics and developing skills
needed for success in science. UNAVCO will lead, with assistance from IRIS, two 1-week summer geoscience skills exploration sessions and a 3-week summer pre-REU (Research
Experience for Undergraduates) experience for students not
yet ready for a full summer of research. IRIS will lead the development of an online career module and urban geosystems
course. These four activities create a pathway for students early
in their academic career, allowing students to participate in
programmatic elements that will fit their academic qualifications and their personal circumstances.
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Workforce diversity (U3.7.1)
1-week Immersive Experience in Geophysics
We propose to offer two, 1-week immersive experiences (Introduction to Geophysics) at UNAVCO in Boulder
for URM students. Twenty-five community college students or freshman or sophomore undergraduates from
URM communities, all with undeclared majors, will be selected via a competitive process. The program will be led
by UNAVCO in collaboration with IRIS staff. The immersion experience will focus on an introduction to geophysics and professional development activities critical for
success in science careers (Johnson et al., 2012 and 2013;
Stone et al., 2013; Barry et al., 2015). Participants will also
receive guidance in career options in geophysics, resume and
CV preparation, and professional communication, including
elevator speeches, informational interviewing, and introductions to oral and poster presentations.
Pre-REU program
Pre-REU experiences are an effective way of increasing
student interest in and knowledge of academic and career options in geoscience (Russo-Nixon et al., 2016). The NGEO PreREU program will be modeled on the current Geo-Launchpad
Program (Charlevoix, 2015) and in collaboration with IRIS
will be modified to expose students to a broader array of geophysics. The Pre-REU curriculum and logistics will be led by
UNAVCO in collaboration with IRIS, and will focus on understanding the process of scientific research with students exploring the role of the NGEO facility in supporting geophysics research. A strong professional development component,
similar to but more extensive than the 1-week immersive Introduction to Geophysics program, will be the second pillar of
the program. Ideal candidates for the program will be rising
sophomores and juniors with demonstrated interest in geoscience, math, and/or physics majors from URM communities.
The 25 Pre-REU participants will be prepared for coursework
in geophysics and participation in an REU the following summer. Many students lack the math and science background
needed for a traditional REU program before their junior year.
The Pre-REU opportunity thus positions students for a successful, full-fledged research internship. UNAVCO and IRIS
both offer research internship programs and are connected to
the broader REU-GEO community and NGEO staff will assist
students who participate in the NGEO Pre-REU with applying
to an REU for the following year.
Next Generation Geodetic Short Courses (U3.7.2)
UNAVCO technical short courses have grown substantially since an online participation option was offered. As new
technical capabilities come online with the Frontier science
initiatives described above, new short courses will be developed and UNAVCO will leverage advances in technology
(including remote participation, virtual machines, and data
access using Jupyter/iPython notebooks) and integrate these
into next-generation technical short courses. These efforts will
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require resources and infrastructure. For example, demand
for InSAR training has doubled over the past three years with
the imminent launch of NISAR. NGEO and UNAVCO will be
ready to train the community in this and other emergent areas.

4.4 NASA-Funded NGEO Activities
(WBS element U4)
UNAVCO provides network operations support to the
global GPS/GNSS network underlying the internationally coordinated reference frame products that make high-precision
global geodesy possible. Because UNAVCO maintains dozens
of stations within the NASA Global GNSS Network (GGN) and
supports the activities of the IGS Central Bureau, every global
geodesy study in the world builds on UNAVCO services.
The NASA GGN, a subset of the ~90 IGS reference frame
stations that contribute to the ITRF, comprise a core of 61
GNSS stations that are operated by UNAVCO under direction
from JPL. These sites provide a globally distributed GNSS network to support NASA operations and commitments to the
GGOS. Eighty-eight receivers are operated, as 19 stations have
multiple receivers connected to a single antenna. Principal
support provided by the GI program to GGN operations includes data flow monitoring, troubleshooting, station installation, maintenance, and operations. The GGN Project Element
Manager at JPL provides technical direction for GI support of
the GGN. Many of the GGN stations are currently GPS only,
but the number of upgrades to full GNSS capability will continue through the GAGE award period. In addition, growth
at the rate of one to two new station installations per year is
projected.
NASA GGN data are Foundational to the terrestrial reference frame and other products required by high-precision
geodesists. These products include GPS satellite ephemerides,
Earth rotation and orientation parameters, tracking station coordinates and velocities, satellite and receiver clock corrections,
zenith tropospheric path delay estimates, and maps of the global
ionosphere. These products support Earth science and other
activities such as: improving and extending the International
Terrestrial Reference Frame (ITRF) maintained by the International Earth Rotation and Reference Systems Service (IERS);
monitoring gradual and rapid deformations of Earth; monitoring Earth rotation; monitoring the troposphere and ionosphere;
determining orbits of scientific satellites such as GRACE gravity and sea surface altimetry satellites, planned SAR missions
and Deep Space Network (DSN) communications equipment,
and scientific, civil aviation, and commercial navigation applications. Continued commitment to these critical geodetic
products along with the precise geodetic infrastructure needed
to produce them was strongly endorsed by the NRC committee
on Precision Geodetic Infrastructure (NRC, 2010). Currently 18
GGN stations contribute real-time GNSS data openly to the international community via the NASA CDDIS. More stations are
expected to be added during NGEO.
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4.4.1 NASA GI Foundational Activities (WBS U4.1)
Global GNSS GGN Operations (U4.1.1 and U4.1.2)
For reasons given above, UNAVCO’s primary objective
for this element is to keep the GGN running at full capacity (Figure 4.4-1). Support to the network includes data flow
monitoring, troubleshooting, and regular and emergency
maintenance. UNAVCO responds to over 50 troubleshooting
instances per month in its regular monitoring of the network.

As discussed above under Foundational task U1.5 Geodetic Instrumentation Testing and Support (GITS) Services and Frontier task U1.6.3.2 Development of Next Generation Sensor Networks, UNAVCO provides key sustaining engineering services
to maintain the NASA GGN and improve capabilities and
performance as part of the Development and Testing (D&T)
group. In the past, this support has involved improving or reducing the costs of data communications, upgrading GNSS

Figure 4.4-1 UNAVCO, in conjunction with JPL is responsible for monitoring and maintaining the globally dispersed NASA GGN GPS and GNSS stations. These sites
represent ~12% of the 498 active International GNSS Service (IGS) stations (red dots). Colocation of GNSS with other space-based geodetic systems helps to improve
the global reference frame.

UNAVCO purchases and maintains GNSS receivers, communications equipment, computer hardware and local services to operate the GGN stations. Additional responsibilities require assembling, configuring, testing and shipping equipment
in cooperation with local collaborators at each site. Fifty percent of the current GGN stations are fully GNSS capable, with
~65% expected by mid 2017. Over the course of the NGEO
project all GGN stations will be upgraded to GNSS.
UNAVCO also installs new GGN stations. Field engineering services are typically provided for new installations in
order to ensure the use of best practices and training of local personnel in supporting operations. Some GGN expansion
has been funded through the NASA Space Geodesy Project
(SGP), which has a long-range plan of building, deploying and
operating the next generation NASA Space Geodetic Network
of integrated, multi-technique (collocated SLR, VLBI, GNSS,
DORIS fundamental stations) observing systems. This project
ties into the broader GGOS goal to improve the ITRF to submillimeter accuracy and stability of better than 0.1 mm/yr.
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receivers, evaluating monument or site stability issues in order
to improve measurement precision, efficiency, and enchance
operations at specific stations.
Planning for NGEO anticipates the need for continued
GGN modernization with multi-constellation GNSS capability.
Because of the role of the network in defining reference frames,
the technical issues of antenna evaluation, in situ phase–center
calibrations at core stations to minimize multipath effects, site
and monument stability, and site survey ties between collocated
geodetic stations are particularly important.
4.4.2 NASA GDS Foundational Activities (WBS U4.2 )
Global GNSS GGN Data Management (U4.2.1)
GGN data are Foundational to the terrestrial reference
frame and other products required by high-precision geodesists. Data Services staff members support the ingestion,
quality control, and archiving of data and metadata from the
GGN stations. Staff also provide software for data preprocessing (teqc) and flexible tools and web services to facilitate data
access.
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IGS Central Bureau (IGSCB) (U4.2.2)
UNAVCO also supports the IGS Central Bureau (IGSCB)
at JPL, which coordinates many of the international activities
in support of the GNSS contributions to the global reference
frame. The IGS is a voluntary federation of more than 200
worldwide agencies that pool resources and permanent GNSS
station data to generate precise GNSS products. IGS products
are essential for high precision space geodetic Earth science research applications. The IGSCB is responsible for the executive
management of the IGS following policies set by the IGS International Governing Board. Coordination of the IGS network,
management of the Central Bureau information System and
IGS website, as well as IGS outreach activities, are also carried
out by the Central Bureau. UNAVCO community members
and staff actively participate in IGS governance. UNAVCO
also provides participant and logistical meeting support for
the IGS Governing Board business meetings at AGU and EGU
and the related GGOS/IGS Consortium business meeting at
AGU. UNAVCO also developed, with input from the IGSCB,
the IGS Site Log database and metadata management system
and maintains and operates the system.
Synthetic Aperture Radar (SAR) (U4.2.3)
NASA contributes annually to support UNAVCO’s WInSAR
activities that are described in Foundational section U2.3.
4.4.3 NASA ECE (WBS U4.3 )
The Education and Community Engagement program
incorporates NASA support for EWO into Foundational activities including education materials, outreach and communications, and dissemination of scientific discoveries. The
technical short course series includes InSAR courses (introductory and advanced) and will be scaled to meet upcoming
demand by research scientists, graduate students, and early
career professionals.
4.4.4 NASA Frontiers (WBS U4.4)
GNSS Interferometric Reflectometry (JPL, CU) (U4.4.1 and
U4.4.2).
GNSS Interferometric Reflectometry (GNSS-IR) is a
technique that uses reflected GNSS signals to infer changes in
the near-antenna environment, including snow depth, snow
water equivalent, soil moisture, vegetation water content, and
water level (Larson et al., 2008; Larson et al., 2009; Small et al.,
2010, Larson et al., 2013). This Frontier activity will develop
facility support at UNAVCO for expanded GNSS-IR capabilities to enable new Frontier research in interdisciplinary Earth
sciences by (1) operating a GNSS-IR Analysis Center to provide reliable access to up-to-date products, (2) providing support to broaden the GNSS-IR user community and (3) developing new GNSS-IR capabilities that expand the utility and
range of applications and science questions to which GNSS-IR
analyses can be applied.
GNSS-IR has been demonstrated and validated in a pilot
project at the University of Colorado (CU) using GPS signals
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collected by choke ring antennas at hundreds of PBO sites
in the western U.S. (Larson and Small, 2013). CU, JPL, and
UNAVCO will collaborate on a Frontier activity to expand
GNSS-IR capabilities and broaden the GNSS-IR user community. JPL will operate an ongoing and evolving GNSS-IR
Analysis Center (AC), advancing the science of GNSS-IR
by reliably generating quality GNSS-IR products. CU will
broaden the GNSS-IR technique to non-choke ring antennas through necessary gain pattern calibration, and to other
GNSS constellations via software developments. These extensions will enable the JPL GNSS-IR AC to expand the number and coverage of stations, particularly in under-monitored
locations, by including data from global, operational GNSS
networks equipped with varying instrumentation. CU will
also develop inexpensive, purpose-built sensors to enable deployment of large networks of probes, and sensors suitable for
UAVs to mobilize the GNSS-IR technique beyond permanent
stations. UNAVCO will archive data and products, and host
and operate a GNSS-IR portal, providing a nexus for the growing GNSS-IR user community. The portal will also offer CUdeveloped starter software for new GNSS-IR investigators, and
guidance to network operators for siting and operating GNSSIR stations. Jointly developed short courses could be offered at
UNAVCO or via the portal.
Using GNSS-IR to provide and extend snow, soil moisture,
vegetation, and water level products is nascent, but of significant interest to the community for its potential to enable transformative science—precisely the definition of a Frontier activity as articulated in the Future Geophysical Facilities document
(Aster & Simons, eds., 2015). It is directly responsive to the desire stated in NSF 16-546 for providing “enhanced capabilities
to explore, develop, and apply next-generation and emerging
instrumentation and methods to problems of community interest.” Moreover, enhanced GNSS-IR capabilities will provide
support for near-surface geophysics and cryosphere studies informed by geophysical methods. Operating a modern product
portal, developing short courses, and building a hydrological
user community fits well with NSF 16-546’s direction to “plan
and execute a viable, coherent, and inclusive program to support multi-user research and education, consistent with guidance and oversight by the scientific community.”
InSARScope (JPL) (U4.4.3)
InSARScope, which will transform the way in which
geodesists and geophysicists access and exploit the coming
deluge of high quality geodetic imaging data from the international constellation of Synthetic Aperture Radar (SAR) missions, will adopt the JPL/Caltech Advanced Rapid Imaging
and Analysis (ARIA) science processing and analysis system
to deliver a broad range of new products for new SAR data
sets: geocoded interferograms, propagation path corrections,
InSAR time series of solid Earth and fast-moving ice streams,
and low-latency response products that include earthquake,
volcano, and flood impact maps, as well as semi-automated
source models. Low-latency response products tie science diUNAVCO NGEO — 66

rectly to impactful societal problems and solutions. By augmenting the GPS network with selected SAR-visible fiducials,
InSAR and GPS data can be fully integrated to define a common reference system and routinely assess the accuracy and
reliability of these products. The community will be free to focus on science rather than data reduction. Fundamentally new
products such as spatially and temporally dense ice-stream velocity models will lead to new insights into Earth’s surface and
what drives its change. InSARScope is a Frontier activity that

will push the envelope of large scale scientific computing and
automation of high-level geodetic imaging products. No agency or institution presently addresses the challenges of widearea time-variable imaging analysis, particularly for SAR data.
In addition, the ability to automate in a way that enables rapid
and reliable science-based response products for geohazards
is unprecedented, and becoming increasingly important and
relevant for geoscience data. The relationship of InSARScope
to other SAR tasks is given in Section U2.3.

5. PERFORMANCE ASSESSMENT, RISK
MANAGEMENT, AND PRIOR RESULTS

a nuanced combination of transferring FTE to Frontiers at
the expense of sustaining Foundational capabilities, judicious
talent reward and retention programs, and scheduling of the
most critical surge efforts early in the program plan to accommodate the reduction of FTE across NGEO over the course of
another decade of flat funding.
Frontier Scope Risk: GDS faces uncertainties in the evolving landscape of computing. 1) It is possible that data centers
as large as UNAVCO and IRIS will not function well in cloud
environments of any kind, or 2) financial resources cannot
be found to operate the NGEO Data System in hosted-cloud
environments. In that event, our plan is to operate primary
dedicated infrastructure at UNAVCO and IRIS, but move to a
shared Auxiliary Data Center architecture.
Partnership and Subaward risk: UNAVCO has worked
with each of the proposed subawardees to develop risk management and succession plans. In some cases, such as for GMT,
the long-term plan is to transfer software engineering and support to UNAVCO as part of a formal succession plan. In other
cases, such as CWU, the depth of talent and robust succession
planning assures continuity of performance. For other organizations where a robust succession plan is not in place, subawards may need to be recompeted during the course of the
decade-long project.

5.1 Performance assessment
UNAVCO has long established metrics of performance
for activities supported by Geodetic Infrastructure and Geodetic Data Services and are reported quarterly to the NSF;
metrics for Education and Community Engagement activities
were established with the beginning of the GAGE facility Cooperative Agreement. Additional evaluation methodologies
for ECE are described in Section 4.3. Review of performance
of subawardees is conducted on a regular basis as described
in Section 6.0. In collaboration with IRIS, we will maintain
a comprehensive database of peer-reviewed publications that
use NGEO data and will provide an annual report to the NSF.

5.2 Risk Management
A risk is any event that could prevent the project from
progressing as planned, or from successful performance and/
or completion. Risk is an inherent and necessary part of supporting geodetic research. Each director and project manager
has the responsibility of managing risk within the activities
under their purview.
Risk management related to UNAVCO as a whole, including business operations, is detailed in section 6. Risks specific to
NGEO scope and staffing are summarized in Table 5.1-1 and
discussed here, as a number of new technical risks are expected
with the expansion of activities and partnerships proposed for
NGEO. In addition, talent retention risks are associated with
the plan for fifteen years of flat funding for Foundational activities, following the 9% reduction from 2012 funding levels at
the onset of GAGE in 2013, five years flat funding from 20132018, and projected flat funding from 2018 - 2028.
Foundational Scope Risk: Plans for routine operations and
maintenance of NOTA and the BSM network have been curtailed, given the impact of flat funding and aging infrastructure. Thus, GPS O&M will leverage travel for GNSS upgrades
under Frontiers. Should the NOTA Frontiers activity not be
funded, pruning of PBO, COCONet and TLALOCNet would
be required. The Borehole Geophysics project is planned to
transition to scheduled maintenance only in NGEO, eliminating 1.5 FTE from that project, with consequences for data latency and completeness. Thus, the 10-year plan will require
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5.3 Results of Prior NSF Support
While UNAVCO has numerous awards, the GAGE award
is most closely related to this proposal, and includes the same
PI team. Following NSF guidance, only a single award’s results
are reported here.
NSF award number, amount and period of support
Award #: EAR-1261833; Award: $92,154,662 (subject to
availability of funds); Period: October 2013 – September 2018.
Project Title
2013–2018 UNAVCO Community Proposal: Geodesy
Advancing Geosciences and EarthScope: The GAGE Facility:
PIs: M. Meghan Miller, Donna Charlevoix, Charles Meertens,
and Glen Mattioli.
Results Summary
The GAGE award supports UNAVCO’s advancement of
cutting-edge community-based geodetic research around the
world. NSF-funded investigators requiring geodesy support
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Risk

P

I

Mitigation Strategy

All
Award funding less than proposed

M

H

Non-performance by subawardees

L

M

I = Impact

Loss of key personnel

M

H

H = High

Personnel Safety

L

H

Scope will be adjusted in consultation with UNAVCO governance and the NSF
and/or NASA to reflect budget limitations and priority.
Regular and continuous oversight by UNAVCO managers; if non-performance is
not addressed, UNAVCO can recompete the work and choose another
subawardee.
Cross-training of staff; extensive documentation of operational tasks; key
positions are included in UNAVCO succession plan.
UNAVCO will comply with applicable health and safety laws and requires its
subawardees to do likewise. Employees take workplace and field safety seriously
and recognize dangerous conditions or hazards. UNAVCO regularly provides
specialized safety training for employees who are subject to unusual risks.

M

H

Network outages or other
communications failures

L

M

Economic or political factors that
could impact operations and open,
real-time data access

M

L

H

M

H

H

H

H

M

L

L

H

Continued cross-training of all engineering staff as new systems and technologies
are developed and deployed. Pursue targeted new hires with required expertise
under Frontier tasks U1.6.2 and U1.6.3.2.

L

H

Risks will be managed through independent testing and evaluation of all
appropriate candidate GNSS systems.

M

M

Failure analysis and instrument testing procedures will be completed to quantify
and minimize risk. Procurement procedures will be modified to assure that
networks will not be composed of single instrument model nor from a single
manufacturing production run.

M

H

L

M

Risk will be managed through utilization of the systems engineering best
practices, tailored for our needs. We will test and validate candidate technology
at the subsystem and system levels. We will incorporate realistic lab and field
tests to validate performance.
We will make judicious use of subawards for developing competing solutions,
with subsequent down-selection, where warranted and/or necessary.

Figure 5.1-1
UNAVCO NGEO
risks.
P = Probability

M = Medium
L = Low

Geodetic Infrastructure
U1.2 Global and Regional Geodetic
Networks
U1.2.1 NSF GNSS Network Ops (NOTA)
Technical factors that could impact
station operations or data quality

U1.2.2 Borehole Geophysics Ops
Reduction in staff to support
routine Operations & Maintenance
and new instrument installations
Lack of new BSM instruments from
reliable and cost-effective
manufacturers
U1.3 Portable Geodetic Systems
U1.4 Polar Support Services
Instrument obsolescence and
depletion of existing instrument
pools (GNSS and TLS)

Equipment failures or performance
issues

U1.5 Geodetic Instrumentation Testing
and Support Services
Loss of key engineering staff or
inability to hire appropriate new
engineering staff
U1.6 GI Frontier tasks
U1.6.1 Upgrading GPS to GNSS
Performance of new GNSS
instruments does not meet
expectations or requirements
Over dependence on a single
instrument manufacturer across
NOTA and POLENET
U1.6.2 Cross-coastal geodetic and seismic
observations
Newly developed instrumentation
may not meet performance
requirements
Reliance on single concept
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NOTA is composed of GPS-only and GNSS instruments from two manufacturers.
Most instruments are end-of-life and should be retired. Hardware failures could
exceed nominal rate of 3%/yr, causing data gaps. Plan to upgrade hardware and
enhance capabilities under Frontier task U1.6.1
NOTA will use several different cellular, satellite, and, in some cases, direct
Internet access methods for data backhaul. Communications outages are
frequent, but short-lived. Replacement of older cellular modems and redundant
communications at key stations will minimize risk for real-time data operations.
Regular review of current Memoranda of Understanding with partner
organizations and countries. Maintain good lines of communication through
meetings at international scientific conferences. Network changes must consider
potential impacts on international partners, earthquake monitoring
organizations, tsunami warning centers, and volcano monitoring.
Provide additional cross-training of GI engineering staff to support GTSM surface
electronics O&M, routine instrument re-calibration, and installation of new
stations.
BSM instruments were provided by GTSM Technologies and Carnegie Institution
of Science, both of which have ceased manufacturing operations. IP and spare
parts have been transferred in part to UNAVCO. Continue to seek new, reliable,
lower-cost alternative technologies to support PI science projects that require
nanostrain sensitivity.
Completed comprehensive sustainability analysis of instruments in the pool.
Plans in place for modernizing the instrument pool through a phased
procurement and/or lease of replacement instruments using NGEO (GNSS) under
Frontier task U1.6.3.1 and non-NGEO funds (TLS). The phased approach provides
flexibility to respond to community needs and take advantage of new, more
capable instrumentation.
Statistics on equipment availability, failure modes, usage trends, instrumentation
requests, and schedule delays are routinely collected. Post-experiment outbriefings will be held to collect information from PIs on facility performance and
how to make experiments more successful. GPS-only instruments that are
replaced under U1.6.1 will be available to support PI projects.
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are active on every continent, across a broad spectrum of the
geosciences, and facilitated by instrumentation, engineering,
and data services that have been unified under a single
Geodesy Advancing Geosciences and EarthScope (GAGE)
Facility (previously the UNAVCO Facility and the Plate
Boundary Observatory (PBO)), operated by the UNAVCO
Consortium of universities and UNAVCO, Inc.
Under GAGE, PBO supports an integrated set of EarthScope geodetic networks including GPS, borehole geophysics
(strainmeter, seismometer, pore pressure, sometime tiltmeter),
and geodetic imaging. The Principal Investigator services provide engineering and data services primarily to NSF-funded
investigators (EAR, PLR) who use terrestrial and satellite geodetic technologies in their research, and support of network
operations for community GPS networks and NASA’s Global
GNSS Network (GGN). NSF’s Polar Programs (PLR) funds
facility support for PI geodesy research and GPS networks
in Greenland and Antarctica, while NASA funds support the
GGN underlying the internationally coordinated reference
frame products that make high-precision geodesy possible.
UNAVCO maintains critical stations within the GGN and
supports the activities of the IGS Central Bureau.
Integration of predecessor projects under the GAGE Facility integrates and extends these capabilities towards the goal
of creating efficiencies in operation, reporting, and sponsor
oversight, allowing UNAVCO to meet the needs of a vigorously growing and rapidly diversifying science community
despite expected federal resource constraints from 2013 to
2018. The original goals for GAGE included: (1) the renewal
and augmentation of PBO for real-time data flow and as a
nucleus for a Network of Geodetic Networks spanning the
western Americas; (2) the development of cyberinfrastructure
to enable enhanced data discovery, access, and interaction; and
(3) enGAGE, an online portal that extends UNAVCO’s web
presence and technical resources in a extensible and sustainable framework. When funding was reduced to approximately
20% less than original sponsor guidance, the pace of this work
has been slower than initially planned. That said, measureable
progress has been made in each of these three areas.
Intellectual Merit
For three decades, space-based geodetic observations
have enabled measurement of the motions of the Earth’s surface and crust at many different scales, with unprecedented
spatial and temporal detail and steady improvements in
precision, leading to fundamental discoveries in continental
deformation, plate boundary processes, the earthquake cycle,
the geometry and dynamics of magmatic systems, continental
groundwater storage, and hydrologic loading. Space geodesy
furthers research on earthquake and tsunami hazards, volcanic eruptions, landslides, hurricanes, coastal subsidence,
wetlands health, soil moisture, groundwater distribution, and
space weather. Of particular importance are contributions to
the understanding of processes related to global warming and
climate change, including sea level rise and dynamic changes
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in glaciers and large polar ice sheets. Collectively, these studies integrate discovery, societal relevance, and education. Because this work directly and indirectly supports thousands of
publications over the course of an award, the deviation letter
found in the Supplemental Documents allows UNAVCO to
report its annual publication metrics (Figure 4.4-7 ), noting
also that many innovative and impactful studies supported by
UNAVCO also explicitly appear in the references cited in the
Science Drivers and Broader Impacts sections of this proposal.
Broader Impacts
The GAGE Facility builds on UNAVCO’s strong record
of facilitating research and education in the geosciences and
geodesy-related engineering fields. An international community of geodesists use GGN and other data streams to establish Earth’s reference frame, enabling mapping of the planet’s
changing shape and mass distribution; to determine changes
in the distribution of ice, water resources, and sea level; to
characterize processes that contribute to natural and manmade hazards; and to recognize land-use changes (e.g., subsidence, soil moisture, and health of wetlands). The discoveries
of virtually every global geodesy study are supported by some
aspect of this project, given the core support of the Terrestrial
Reference Frame that is fundamental to all. A larger international community of surveyors and civil engineers access
UNAVCO data streams, software, and online resources daily.
In a global society that is increasingly technology-dependent,
consistently risk-averse, and often natural resource-limited,
communities need geodetic infrastructure, research, and
education to make informed decisions about living on a restless planet. Using GAGE Facility services, UNAVCO community science provides first-order constraints on earthquake,
tsunami, and volcanic processes that are necessary for hazards
mapping and zoning, and for early detection warning applications. UNAVCO is advancing and modernizing undergraduate curriculum with relevant geodetic science applications; its
summer undergraduate internship RESESS Program is recognized as a national model for building diversity for students
entering graduate school in the geosciences. Lastly, UNAVCO
has expanded efforts to inform policy with relevant science,
and engage more widely in international partnerships that
build mutual capacity for authentic collaboration.
Publications
Publications, as a result of the GAGE award, are summarized on the UNAVCO website as well as in Section 4.3.2 The
complex nature and wide scope of UNAVCO work precludes
differentiation of the publications supported specifically by the
GAGE award.
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6. BUSINESS SYSTEMS
6. 1 Business Systems Capacities
UNAVCO maintains the full spectrum of business systems required to ensure federal compliance and to efficiently
support its daily operations. Efficiencies and cost control rely
on an optimized mix of in-house systems, contracted services,
and third party software.
6.1.1. Accounting and Finance Tools
UNAVCO, Inc. uses Microsoft Dynamics SL Version
2011 (“Dynamics”) as its main financial systems software. A
software developer (0.2 FTE) assists with queries, maintains
backups, and provides general support on technical matters.
For technical support on unusual problems and issues that involve knowledge of accounting principles, UNAVCO uses the
Microsoft Reseller, SBS Group. To adhere to grants accounting requirements, UNAVCO utilizes project accounting in
Dynamics as a method to segregate revenue and expenses by
grants or by contracts. Project accounting is also used to apply negotiated rates to all grants and projects, to conform with
grants requirements. Financial statements are generated from
Dynamics, as are project reports to assist program management knowledge of budgets and expenses.
To facilitate procurement, UNAVCO deploys ERequestor, a Purchase Requisition and approval routing module that
works together with Dynamics to assign costs to projects,
tasks, and general ledger account numbers. Spending limits
are established by position, and approval routing follows the
UNAVCO budget management line to the appropriate level of
authority for a given expenditure.
UNAVCO has stable investment in IT business systems as
part of the facilities cost pool for the Boulder facility. Financial
and compliance systems have high priority and any IT issues
that affect the financial systems are quickly addressed.
6.1.2. Key Business Processes
UNAVCO maintains internal controls to ensure compliance with U.S. Generally Accepted Accounting Principles
(GAAP) and with federal requirements. Financial auditors
examine UNAVCO internal control policies and procedures
annually to assure segregation of duties among personnel with
access to financial assets such as bank accounts and inventory.
Operating Principles
UNAVCO governance participants, including the Board
of Directors, sign an annual Conflict of Interest disclosure.
Employees are required to disclose conflicts of interest, a practice established in the Employee Handbook. The Employee
Handbook addresses ethics, harassment, nepotism, code of
conduct, and use of corporate property. As a federally funded
nonprofit, UNAVCO closely follows the Uniform Guidance;
transparency in all financial transactions is the governing
principle. The President’s compensation is approved by both
the Board of Directors and by the NSF program officer. The
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UNAVCO Cooperative Agreement with NSF prescribes FTE
and total funds to be spent on salaries. UNAVCO’s performance management system establishes the strategy for employee raises, and raises require signatures at all levels from
the employee’s direct manager up to the President. In addition,
UNAVCO management holds All-Hands meetings at least
twice per year to convey governing strategies, philosophy, approach, and any changes in the external or internal landscape.
UNAVCO maintains organization charts on its website
that reflect reporting relationships and authority and position
descriptions are harmonized among departments. New hires
require approval of the hiring manager, Human Resources,
and the President. Weekly meetings of the senior management
team, led by the president, ensure communication and coordination among organizational units.
For the last several years, two members of the accounting
staff have provided continuity; two new staff members were
hired in May 2015 and bring accounting and financial analysis
experience and education. The Business Affairs (BA) Director
has served since April 2015, and a new HR Manager was hired
in early 2015. Staff participate in ongoing professional development in Grant Management offered by Management Concepts, to ensure currency in the guidelines and requirements
of the Office of Management and Budget (OMB), and to share
and learn best practices with sister organizations.
UNAVCO has a history of reliable accounting records
with a negligible number of adjustments proposed by auditors.
Its compliance with laws and regulations affecting grants is
outlined in its Grant Policy. Segregation of duties for accounting processes is examined on an ongoing basis. Accounting
decisions concerning cash are documented in the Cash Management Policy and limited to the Controller, the Business Affairs Director, and the President.
Under the UNAVCO bylaws, final policy approval vests
with the President and all policies are routinely updated ensure currency with federal guidance and are posted on an
intranet available to all staff. The UNAVCO Department of
Transportation (DOT) Vehicle policy provides for recurring
safety training and adherence to Human Resources regulations. The Records Retention Policy is consistent with external
regulations, and establishes how long various kinds of records
must be retained. The Information Security Policy, Computer
Usage Guidelines, and IT Hardware and Software Standards
are reviewed and revised on an annual basis by senior staff and
compliance experts. Under the bylaws, the President’s delegation of spending authority must be approved by the Board of
Directors; this delegation by position and spending authority
is renewed on an annual basis to ensure continuity of Board
oversight and consistency with the contracting Policy in support of mission-aligned commercial contracts.
Because UNAVCO’s core business includes extensive
infrastructure operations, and the acquisition and provision
of data to the scientific community, it receives awards from the
Federal government through Cooperative Agreements, grants,
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subcontractor agreements, and subawards. These funding
instruments have clearly defined start and end dates, and
advance notice is typically given if a proposal is declined. This
provides UNAVCO planning horizons to evaluate FTE, skills
mix, and facility requirements. Even with these instruments,
however, there are clauses that provide the federal funding
agency the ability to change for Terms and Conditions.
UNAVCO management consults with counsel on regulatory,
policy, personnel, and other legal issues as needed. For
example, counsel was retained to draft an Affirmative Action
clause for a revised Procurement Policy.
Payroll and retirement
Since January 2010, UNAVCO has used a third party Professional Employer Organization (PEO) to process timesheets
and payroll, and to provide a comprehensive and competitively
priced selection of healthcare benefits regardless of where an
employee is stationed. UNAVCO’s PEO processes payroll and
payroll tax filings. Employees are paid biweekly. Each employee, including exempt personnel, submits timecards weekly. Supervisors approve timecards weekly to assure that time charged
to specific grants is correct.
Segregation of duties in payroll assures that staff who enters pay rates in either the PEO employee setup or Dynamics
employee setup may only have access to one system. The Senior
Staff Accountant processes payroll in Dynamics, uploads it to
the PEO payroll processing system, and reconciles the two systems. Raises, when approved, are effective with the first January
pay period each year.
Expense earned and the corresponding liability are
booked monthly in UNAVCO’s books. Employees may only
accrue Paid Time Off (PTO) to a maximum of 320 hours (40
days). The PEO maintains PTO banks by employee, which are
reconciled monthly to Dynamics.
The UNAVCO 403(b) Plan is administered by the Teachers Insurance Annuities Association / College Retirement Equities Fund (TIAA/CREF). All regular full-time and regular
part-time employees are required to participate in the plan at
5%, with the employer contribution of 10% of salary. Annually,
the UNAVCO retirement plan is audited for adherence to Department of Labor regulations.
In some years, bonuses are given. The Board approves the
bonus pool, and the President typically allocates, proportional
to the salary pool for each Director. The President then reviews
commendations and approves Director bonus recommendations.
Cash Management and Segregation of Duties
Cash management is governed by the Cash Management
Policy. UNAVCO uses separate grants accounts for all transactions that involve grants. Grant accounts do not receive interest. Signers on all accounts are approved by the President.
Incoming award funds are drawn weekly by the Controller with the concurrence of the Director of Business Affairs.
Using a weekly cash report, the Accounts Payable Specialist
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documents current cash status and forecasts cash needs for the
following 4-5 business days. UNAVCO draws from the NSF
(FastLane), NASA (PMS), and the USGS (ASAP) under the
pertinent grant agreements.
Incoming cash is received through draws (as wires),
checks for invoices, and other wire transfers. Most cash is received through draws, however, UNAVCO does receive checks
from universities, agencies and commercial projects. Deposits are performed by the Controller. The cash is recorded in
the appropriate bank account in Dynamics by the Accounts
Payable Specialist. All bank reconciliations are performed by
the Staff Accountant. Bank reconciliations are reviewed and
signed by the Controller. Neither the Accounts Payable Specialist nor the Staff Accountant can authorize outgoing cash in
the form of checks or wire transfers.
Vouchers for invoices and check runs are entered by the
Accounts Payable Specialist on a weekly basis. Check run
amounts are recorded on an accounts payable report, which
is reviewed by the BA Director. Check batches prepared by
the Accounts Payable Specialist are printed by the Controller.
Checks for more than $10,000 from any UNAVCO account
require both a signature and the initials of a second approved
signer. The Controller can only print checks; she cannot create
them. For wire and other transfers, only the Accounts Payable
Specialist and the Staff Accountant may enter a transaction.
Only the Controller and the Business Affairs Director may release or approve wires. Approvers may not initiate a transfer;
these measures ensure segregation of duties.
Contracts and Subaward Management
In accord with OMB Circular A-133, section 400(d)(3),
and Uniform Guidance, §200.331, UNAVCO monitors Subrecipients activities as necessary to ensure that Federal awards are
used for authorized purposes in compliance with laws, regulations, the provisions of Subaward Agreements and that performance goals are achieved.
At the beginning of each UNAVCO fiscal year, the Contract Administrator and award Principal Investigator (PI) develop an annual Subrecipient Monitoring Schedule for all active Subawards. This establishes a framework for determining
the appropriate level of review for each UNAVCO Subrecipient.
UNAVCO uses a Risk Assessment Matrix to evaluate the risks
associated with each subaward in five broad categories: Technical, External/Internal, Schedule, Scope, and Budget risks.
Monitoring may include site visits or desk reviews at least once
during the annual Subaward Agreement, or more frequently as
determined by the Contract Administrator and UNAVCO PI.
The desk review or onsite monitoring form the basis for
the Subrecipient Performance Monitoring Report. The report
is submitted to the subrecipient and contains a description of
risks and issues identified with the subaward, as well as a list
of recommendations for any corrective actions. When there are
findings that require resolution, the PI advises the subrecipient
on corrective action. Corrective actions are designed to eliminate the deficiency, to mitigate any adverse effects, and prevent
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recurrence. Resolution by the subrecipient shall not exceed
30 calendar days. When satisfactory corrective actions have
been taken and documented, the matter will be closed in
writing.
Procurement
UNAVCO follows procurement policy that complies
with A-133 and Federal Acquisition Regulations (FAR).
The President reviews and approves any changes to policy.
The UNAVCO Purchasing Agent uses a Certifications and
Representations form with any new supplier to determine
if the company or an individual is suspended or barred
from doing business with the federal government (See
also 2 CFR §200.213 Suspension and debarment). Each
quarter, the Purchasing Agent also completes a review of
the vendors who have been paid more than $25,000 using
the System for Award Management (SAM).
Property Management
UNAVCO uses an accounting system and equipment
database in combination to purchase, track and disposition any government equipment acquired for operations,
in compliance with federal grant rules. The UNAVCO
2013–2018 GAGE Facility Cooperative Agreement (EAR1261833) specifies that title to equipment with a cost of
$5,000 or greater vests with the National Science Foundation. This term is award specific.
As described in 6.1.1., ERequestor supports equipment
request, approval, and acquisition. Account codes identify
government equipment and follow the equipment to property receipt, when it is entered into the accounting software
and equipment database, and an asset tag is affixed. The
asset tag stays on the equipment until decommissioning,
when the database is updated and the equipment is retired.
Accurate and complete equipment records are maintained in the UNAVCO Equipment Database. The database includes the following information about each piece
of equipment.
[1] Equipment description and manufacturer’s name
[2] Serial number, model number, and UNAVCO
Tag Number
[3] Location (permanent station or project description when on loan to PI)
[4] Type of equipment
[5] Acquisition Number (Purchase Order, internal
requisition, Transfer Order Number)
[6] Acquisition Date
[7] Acquisition Cost
[8] Source of funding (each appropriation, if
multiple), including the Federal Award Identification Number
[9] Federal Agency name and Subaward Number
[10] Property Ownership (federal or UNAVCO)
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[11] Percentage of Federal participation in the
project costs for the federal award under which
the property was acquired
[12] Condition of the equipment and date most
recent entry
Final disposition information, including date of disposal and sales price or the method used to determine
current fair market value where UNAVCO compensates
the federal agency for its share, is maintained in the equipment database and then transferred to Record Retention
for Government Property in the annual document transfer
to the appropriate federal agency. The equipment database
supports reporting of current inventory, location, and retirement status. UNAVCO is currently reviewing additional inventory control systems for added functionality.
Reporting
At each of its three regular meetings each year, the
Board of Directors reviews a set of critical internal control measures to ensure effective oversight and business
controls assessment. Topics are scheduled such that each
critical control function is reported at least annually:
[a] Finance: audited financials, A-133 comments
and resolutions, review of Form 990 filings,
forecasted rate performance, budget and rate
proposals for coming year, etc.,
[b] Procurement: small business utilization,
competed vs. single source procurements,
competitions completed, savings captured, etc.,
[c] Human Resources: recruiting, turnover, days
to fill position, benefits costs vs. competing
employers, diversity metrics, etc., and
[d] Award and subaward monitoring.

6.2 Human Resources and Staffing
6.2.1 Staffing NGEO
UNAVCO maintains a highly qualified and experienced staff to meet the needs of the science community,
to develop solutions for innovation with evolving technologies to manage NSF assets (e.g., GNSS networks, data
archive), and to ensure forward-looking broad impact. In
the technical programs, a deliberate recruitment strategy
focuses on a staffing mix that balances geodesy or broader
geosciences domain knowledge with high levels of technical expertise in software or infrastructure engineering,
project management, or other areas of UNAVCO need.
A highly qualified staff is capable of adapting to new requirements as technologies evolve and work changes. The
UNAVCO structure includes a number of efficiencies that
will resource new initiatives in NGEO. The improvement
results from a realignment from project-specific groups into
expert teams in support of the UNAVCO strategic plan.
UNAVCO has committed to the continued renewal
of its staff by creating and encouraging professional development opportunities including tuition reimbursement
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for work-related university courses, and online and classroom
training for various technical and management skills. These
investments support a technically current and managerially
adept workforce to meet evolving challenges and opportunities.
UNAVCO carefully manages business risk with respect to
its Human Resources. A succession plan for key management
positions is in place to protect the organization from a sudden
loss of key personnel. The plan provides for prioritized mentoring and training needs to sustain UNAVCO through unanticipated vacancies. In addition to corporate general liability,
automobile, and foreign travel insurance to protect employees,
UNAVCO maintains directors and officers liability and employment law insurance.
UNAVCO periodically benchmarks compensation and
benefits to businesses similar in size and function in the
Denver-Boulder Front Range region, most recently in 2014
using regional industry wide studies conducted by a nonprofit employers organization. The study forms the basis for a
graded salary scale, with an established range consistent with
the required education, experience, and responsibilities for
each position. When an annual salary increase pool is available, the increases are structured to move each employee to
the grade range midpoint within five years, and to flatten for
employees above the midpoint. Benefits are reviewed annually
in conjunction with Open Enrollment. Compensation reviews
are governed by the Hiring and Compensation Guide under
the direction of the President. Given the competitive nature of
the industry, UNAVCO President, Business Affairs Director,
Human Resources, and Program Directors keep a casual eye
on compensation trends through informal and formal market reviews and interactions with local and national firms and
other professionals within the industry and region.
UNAVCO offers high quality choices for medical, dental, and vision insurance. Responses from incoming employees reflect that the UNAVCO benefits package is competitive.
One year of income protection is provided at no cost to the
employee. UNAVCO offers a 403(b) retirement plan and part
of the cost of medical benefits is offset by company-employee
cost sharing. Time off is in the form of PTO that combines
sick leave and vacation leave. Employees earn 4 weeks over the
course of their first year.
New employees work through a structured company orientation to learn Human Resources, Business Affairs, and Information Systems, in addition to training and orientation by
the supervisor and team. Human Resources maintains a newhire checklist to ensure each employee completes the orientation and training in a timely manner.
The document, “Performance Evaluation Guidelines,” establishes standards for performance management. Each year
managers and their direct reports engage in the performance
evaluation process that includes a self-assessment, co-worker
input, and manager assessment. Employees and managers
complete written reviews, that are in turn reviewed by the di-
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rector and Human Resources. The senior management team
and president review individual, team, and company ratings
as part of a calibration process to ensure equity across the
organization. Only then do managers meet with their direct
reports to provide performance feedback. The annual performance evaluation informs the annual bonus, and qualifies
an employee for a salary increase at year-end. Both are discretionary and approved in advance by the President and the
Board of Directors when resources can be found.
The direct-funded staffing plan for NGEO totals 76.8
FTE, including NASA. A mix of management strategies support flexible staffing in temporary, on-call and fixed-term
positions, in addition to regular ongoing appointments. This
mix provides flexibility to respond to evolving needs. Management is committed to aligning UNAVCO’s work force with
community needs using a flexible staffing model responsive to
change. Each vacancy is reviewed in light of the potential to
reconfigure duties for greater leverage, impact, efficiency, or
enhancements to strategic direction. Targeted use of flexible
positions supports smaller projects that are outside the scope
of the cooperative agreement without negative impact on core
activities.

6. 3 Corporate Risk Management
UNAVCO employs a suite of strategies to manage corporate risk, strategies that have been honed over recent years to
meet challenges in the external landscape. Encountered risks
have included rapid staffing up and staffing down to meet
project needs and changes in the funding base, both on anticipated and unanticipated schedules, interruptions to cash
flow during government shutdown, and natural hazards that
might pose threats to UNAVCO staff and facility locations—
offices, or the 2013 Boulder Flood. The anticipated reduction
in force at the end of PBO construction was planned in close
collaboration with program and award leadership at NSF, and
the required staff stayed on until the very end of MREFC construction. Routine HR procedures to protect and verify Health
and Safety within UNAVCO facility locations secure staff safety and protect against earthquake damage assets. Field safety
is taken very seriously, and formal training is provided as detailed above. Recently developed procedures at NSF supporting cash draw for anticipated government closures, together
with UNAVCO’s line of credit and management fee, provide
a buffer for a funding gap during a government shutdown, if
spending authorization is in place. Similarly, UNAVCO can
draw on earned Paid Time Off reserves to manage through
a short term funding shortfall, but these funds are obligated
in the long-term to employee benefits. UNAVCO Business
Insurance and Directors and Officers Insurance also protect
against a spectrum of routine corporate risks.
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UNAVCO is a non-profit university-governed consortium,
facilitating geoscience research and education using geodesy.
Transforming understanding of Earth systems and hazards
using geodesy.
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