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Executive Summary

The purpose of the NASA Earth Surface and Interior (ESI) Focus Area Workshop, Challenges
and Opportunities for Research in ESI (CORE), held November 2-3, 2015 in Arlington, Virginia,
was to engage a broad representation of the solid Earth science community in discussion,
revisiting and updating the 2002 Solid Earth Science Working Group report Living on a Restless
Planet (the SESWG Report) that presented a 25-year vision for the NASA solid-Earth science
program. The goal of the current report is to synthesize the workshop discussion and assess
scientific progress on the questions that form the core of the vision articulated in SESWG
Report, to evaluate the impacts of changes in technology and operational systems, and to revisit
challenges and opportunities for NASA solid-Earth science in light of scientific progress and new
capabilities realized over the past decade.

By and large, the SESWG Report remains a highly robust and scientifically significant
document. In discussions on the progress in solid-Earth science over this last decade, however,
several overarching themes emerged for taking the science forward:

1. Earth science continues to become more interdisciplinary; new approaches to problems
in solid-Earth science often require understanding of multiple Earth systems and
observations and models that connect interacting components.

2. Advances in technology, particularly growing availability of data and advances in
computational and communication capabilities, have transformed our experimental
approach, place new requirements on data analysis and modeling, and expand the
frontiers of observation.

3. We better understand that humans fundamentally interact with, and are influenced by,
the processes that shape the solid Earth; understanding the impact of human activities
and their interaction with natural Earth systems can both benefit society and provide
innovative avenues for research.

These changes in scientific viewpoint and better understanding of the connections between
complex interacting systems prompted us to revise and update the six primary science
challenges, posed as questions in the SESWG Report (see below). A new challenge also
emerged, directly addressing how humans interact with the solid Earth.


http://solidearth.jpl.nasa.gov/PAGES/report.html
http://solidearth.jpl.nasa.gov/PAGES/report.html

Revised Primary Science Challenges emerging from
the NASA CORE Workshop

1. What is the nature of deformation from plate boundaries and what are the implications
for earthquakes, tsunamis, and other related natural hazards?

2. How do tectonic processes and climate variability interact to shape the Earth's surface
and create natural hazards?

3. How does the solid Earth respond to climate-driven exchange of water among Earth
systems and what are the implications for sea-level change?

4. How do magmatic systems evolve, under what conditions do volcanoes erupt, and how
do eruptions and volcano hazards develop?

5. What are the dynamics of the Earth’s deep interior and how does the Earth’s surface
respond?

6. What are the dynamics of the Earth’s magnetic field and its interactions with the rest of
Earth system?

7. How do human activities impact and interact with the Earth’s surface and interior?

The white papers, talks, and in-person discussion at the workshop provided examples of major
scientific accomplishments of last decade related to the NASA solid-Earth science program.
Chapter 2 of this report highlights these and other scientific accomplishments. These should be
seen as representative examples, and not a comprehensive review of noteworthy
accomplishments in the Earth science since the SESWG Report. Chapter 2 also outlines a
number of scientific opportunities for the next decade. These represent both new questions
emerging from the past decade of scientific research, and research opportunities that build on
new technologies, initiatives, and computational and observational capabilities.

The past decade has seen profound advances in solid Earth science, and has opened new
avenues of research. The workshop revealed key opportunities requiring continued investments
in mission science and modeling efforts, new observational systems, and advances in modeling
and analysis. These are discussed in Chapter 3 and summarized in Table 1. In addition,
Chapter 3 discusses utilization of new science-enabling technology, consideration of strategies
for interdisciplinary collaboration across disciplines, programs, agencies, and nations.




Timeline

Observational
Strategies

Last 10 years

In progress

Next 10 years
or longer

Earth rotation and
terrestrial reference frame
(TRF)

Space Geodesy Project

» Development of next-gen
systems for VLBl and SLR

«Goal of 1 mm, 0.1 mm/yr

#International services

Space Geodesy Project

sDeployment and testing of next-
gen systems

eDeployment of multi-technique
geodetic stations

sImproved temporal resclution:
<1 year

Collocation in space

Long-term continuous operation
of up to 11 NASA sites in
support of science and
applications

Improved temporal resolution
of global geodesy: ~1 day

Surface deformation

Dedicated US INSAR satellite
delayed but now in pipeline

UAVSAR

Terrestrial-based GNSS

#|ncreased use of high-rate, low-
latency raw data streams

«|mproved accuracy of “GPS
Seismology”

* Measurement of elastic and
viscoelastic loading (GIA)

« Collocation with tide gauges
and sea surface altimetry
control/calibration locations

NISAR (2020)

|- & S-band repeat-pass
polarimetric InSAR

e Targets: Land, Land & Sea Ice,
land use

Terrestrial-based GNSS

e Improved accuracy at high
frequencies for science and
applications

InSAR Constellation
= Improved temporal resolution,
spatial coverage, accuracy

Terrestrial-based

s Improved access to seafloor
geodesy

» Near-real-time global access

= Improved spatial coverage

High-resolution
topography

SRTM
*2002: 90 m resolution
#2015:30m

GDEM

ICESat (2003-10)
+cm-level vertical profiles

SRTM
* Reprocessing 2016-17

ICESat-2 (2017)
* cm-level multibeam profiles

Cryosat-2 (bathymetry 2010-17)
LVIS facility

Airborne Swath laser
= cm vertical accuracy

SWOT bathymetry (2020)

Satellite global land surface

mapping

#5m horizontal, decimeter
vertical

svertical structure and “bald”
Earth topography

Variability of Earth's
magnetic field

SWARM (ESA): 2013—

Orsted (DK-US) 1999—

CHAMP (Ger-US): 2000-10
SAC-C (multinational): 2000-05
ST-5 (US): 2006

# Development of modularized

instrument package to facilitate
missions of opportunity

SWARM, ongoing

Mesospheric magnetic fields

from ground-based observatories

& Guidestar laser system

* Miniaturization of Helium
scalar-vector magnetometer

12-satellite constellation

Cubesat

Suborbital

Variability of Earth’s
gravity field

GRACE (2002-present)

* Present-day surface mass
changes up to degree/order 60

* SLR constrains lowest order
terms in geopotential

GRACE-FO (2017)

« Demonstrate laser inter-
ferometry ranging system

+» Calibrate existing de-aliasing
models with GRACE

» Examine spaceborne gravity
gradiometer technologies

GRACE-1I (20207)
* Multiple satellite-to-satellite
tracking capabilities

Imaging spectroscopy of
Earth’s changing surface

Airborne VSWIR: AVIRIS
Airborne TIR: HYTES
Spaceborne VSWIR: Hyperion

Spaceborne VNIR: HICO

Spaceborn VSWIR
HysplIRI (US)
EnMAP (Germany)
HSIU (Japan)
PRISMA (Italy)

HyspIRI (2023)

Imaging airborne spectrometers
spanning multiple wavelength
regions

Plate Boundaries

Land Surface Change

Climate Interactions

Magmatic Processes

Mantle Dynamics

Magnetic Field

Impacts & Interactions

Table 1: Accomplishments, ongoing efforts, and future opportunities in in observational strategies for
advancing NASA solid-Earth science goals.




Chapter 1. Introduction

In 2002, the NASA Solid Earth Science Working
Group (SESWG) set down a strategic plan for the
NASA solid-Earth  science program. That Living on a Restiess pranet
document, Living on a Restless Planet (hereafter : e =
the SESWG Report), has provided core guidance
for program development and a scientific
rationale for NASA missions with a solid-Earth
science component. In summer 2015, a working
group with broad expertise and positions within
and outside of NASA was formed with the
purpose of organizing a workshop whose
participants  would review scientific and
technological progress since the SESWG Report,
review and update the scientific drivers, and
outline opportunities for the solid-Earth science
program going forward.

In revising the SESWG Report, the working group
obtained contributions and input from a broad
community of Earth scientists. White papers were
solicited to help inform discussion at a planned two-day workshop titled Challenges and
Opportunities for Research in ESI (CORE). The CORE Workshop was held November 2-3,
2015, in Arlington, Virginia. (See Appendix A for the workshop agenda and list of attendees.)
Participants were asked to evaluate scientific progress on the six “Science Challenges”
presented in the SESWG Report and to discuss whether the list of challenges requires any
revision.

On the first day, attendees of the CORE Workshop participated in break-out sessions defined by
these challenges. On the second day, attendees were divided into twelve groups that
participated in roundtable discussions on twelve different topics, with each round of discussion
(after the first) building on discussions held on that topic by previous groups. The topics were
selected by identifying themes that emerged from the white papers and by reviewing the
discussion of the first day.

The themes were presented for discussion at a Town Hall at the 2015 Fall Meeting of the
American Geophysical Union. The working group reconvened in February to complete a draft
report. The draft report was made available for public comment and was formally reviewed by a



panel of experts (see acknowledgements). The final draft of the report included changes based
on both the public comments and the formal reviews.

The past decade has produced remarkable insight into the interconnected processes driving
change of Earth’s surface and interior on human to geologic time scales, accompanied by rapid
technological and societal changes that provide a deeper perspective on the human impact of
the solid Earth’s systems. Since 2002, geological events including numerous great earthquakes
and large tsunamis have had enormous impact, as have smaller geologic events with
disproportionate human impact such as the 2010 M7.0 Haiti earthquake and the 2010
Eyjafjallajokull volcanic eruption in Iceland. These events highlight both the increased risk to
humans from Earth’s hazards and the need for scientific data and models to enhance resilience.
Space-based observations and the associated modeling fueled the scientific and human
response to these events and enabled scientific discoveries about the underlying processes.
New technological capabilities make it possible to collect and model large data sets, and to
carry out large computer simulations; near-real-time access to data has enabled rapid response
to geologic events, and has become an expectation of both scientists and the general public.
Nevertheless, infrastructure challenges remain, such as how to maintain a robust geodetic
network. Looking beyond our own planet, planetary missions to Mars, Mercury, and beyond,
and the discovery of thousands of planets external to our solar system, provide an additional
appreciation for and perspective on the Earth’s surface and interior.

The purpose of this report differs in several respects from that of the SESWG Report. First, this
report takes extensive advantage of the existence of the SESWG Report, which lays out a
detailed long-range plan for the solid-Earth science program. Many of the major scientific
questions posed by the SESWG Report remain valid, and this report does therefore not need to
restate the earlier content. In addition, it was felt that this report should adhere to the overall
structure of the SESWG Report. It is natural that significant major science advances have
stemmed from ESI science since the SESWG Report, and one of the goals of the workshop was
to identify these updates. A number of areas were also identified, however, in which our
thinking had evolved significantly regarding interaction among Earth systems, the boundaries
between different subfields within Earth science, technological approaches, and new avenues of
scientific inquiry. Thus, this report fills the dual purpose of looking back over the last decade
to summarize the evolution of the science, while also looking forward to appropriately reframe
solid-Earth science program goals, and identify opportunities and observational approaches not
evident or available at the time of the SESWG Report.



Chapter 2. Scientific Challenges for NASA's
solid-Earth science Program

2.1 What is the nature of deformation from plate boundaries and
what are the implications for earthquakes, tsunamis, and
other related natural hazards?

Goals:

e Measure spatio-temporal deformation at plate boundaries to determine how mantle and
lithospheric processes couple to crustal faulting

e Determine material properties and mechanisms of deformation in Earth's crust and on
faults to understand evolution of stress and failure in earthquakes or aseismic
deformation
Better define material properties along and around faults
Improve integration of surface displacement fields, hypocenters, and mapped faults with
known or inferred material properties with physics-based models for elastic and anelastic
strain accumulation and release prior to, during, and after all seismic events >M5

Significant progress on understanding the nature of plate boundary deformation has occurred
since the SESWG Report, particularly in space geodetic identification of the existence of new
distinct plates and microplates, their relative motion, and their motion with respect to the
no-net-rotation global frame. The exact processes that drive tectonic plates are still not fully
understood. Plates may be driven from their edges, or from their base. Measurement of the
distribution of strain across plates and at plate boundaries may provide a means of
understanding the relative importance of various plate driving forces.

Non-steady ground motion has been measured across a number of different plate boundary
settings suggesting more complicated processes than simple elastic strain accumulation and
release. Episodic tremor and slip (ETS), initially observed for Cascadia and known at the time
of the SESWG Report, has been recognized at other subduction zones and also at major
continental transcurrent plate boundaries. Transient deformation has emerged as a new
research area for improving understanding of fault zone constituent properties and forcing
mechanisms. Assessing the prevalence of transient motions, and understanding how transients
relate to large and infrequent seismic events is a natural focus for the solid-Earth science
program.



The advent of large terrestrial space-geodetic networks, such as the Plate Boundary
Observatory (PBO) continuous GPS network, provide excellent constraints on deformation
associated with plate boundaries. In particular, they provide broad scale distribution of crustal
deformation as well as better understanding of the partitioning of strain across plate boundary
fault systems. They also provide excellent temporal sampling, which has been particularly
important for identifying transient deformation processes such as fault afterslip and fault creep. .
The spatial density of the ground networks is generally not sufficient to resolve important
physical properties of earthquake ruptures, such as how slip is distributed on the rupture plane
or whether multiple ruptures were involved. One of the continuing challenges has been the need
for a dedicated U.S. InSAR mission tailored to scientific application, which would give the
coverage and temporal sampling needed to advance our understanding of earthquakes. Such a
mission was given high priority in the SESWG Report the 2007 NRC report Earth Science and
Applications from Space: National Imperatives for the Next Decade and Beyond (hereafter
Decadal Survey), the 2012 community report on Grand Challenges for Geodesy, and by the
CORE Workshop attendees. The NISAR mission, a dual-frequency (L- and S-bands)
repeat-pass polarimetric INSAR, will fill this gap. NISAR’s systematic measurements will provide
spatially detailed measurement of interseismic strain accumulation, coseismic slip, postseismic
deformation, and damage maps following earthquakes. The measurements are necessary to
understand how earthquake fault systems evolve over time and how faults fail in earthquakes.

Six of the fifteen largest earthquakes since 1900 occurred after publication of the SESWG
Report in 2002, including two devastating tsunamigenic earthquakes: the 2004 M9.1
Sumatra-Andaman Indian Ocean and the 2011 M9.0 Tohoku-Oki interplate megathrust events.
Comprehensive analysis of ocean surface wave heights, ocean bottom displacements, and
onshore high-rate displacements from GPS, long-wavelength gravity change, coupled with
elastic wave energy measured with seismometers for the Tohoku-Oki event illuminated clearly
how deformation on convergent plate boundaries must be observed across the
terrestrial-marine interface to capture the full kinematics and inform the detailed dynamics
during rupture. Such integrated approaches hold great promise for early characterization of
earthquake rupture dynamics, magnitudes, associated strong ground shaking, and the
generation of tsunamis when earthquakes occur offshore and cause significant displacement of
the seafloor.


http://www.nap.edu/read/11820
http://www.nap.edu/read/11820
http://nisar.jpl.nasa.gov/
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Figure 2.1:. Worldwide GNSS measurements supplemented by geologic slip rates have been used to
model the global strain rate field, which is necessary for understanding where earthquakes are likely to
occur. Areas in white are assumed to behave rigidly.
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Figure 2.2: Slow-slip events (SSEs) are associated with transient deformation and temporal variations of
seismicity, and are much more commonly observed since the time of publication of the SESWG Report as a
result of improved station density and processing methods. Here, a GNSS network orange circles) is used
to study SSEs in southern Alaska.

l..

Figure 2.3: NISAR will be a joint NASA-Indian Space Research Organisation INSAR mission. Among its
targets are science related to the Earth’s surface and interior, including tectonic and volcanic deformation,
and cryospheric science. It currently has a launch timeframe of 2020.

11



2.2 How do tectonic processes and climate variability interact to
shape the Earth's surface and create natural hazards?

Goals:

Improve understanding of the impact of climate change on the landscape and seascape
Explore under what conditions sedimentation and erosion rates vary smoothly or
abruptly with time

e Advance topographic/bathymetric data and imaging techniques to provide geomorphic
metrics and to study tectonic process models

e Develop technologies and methodologies needed to provide complete compositional
mapping of Earth’s land surface and ocean bottom

The SESWG Report presented a three-fold challenge regarding Earth’s land surface: “to unravel
the record of past interactions embedded in this surface, to determine the relative roles of
natural and human-induced change, and to understand processes that act on this surface in
order to predict and mitigate natural hazards.” These challenges persist.

A process-based understanding of the Earth’s dynamic surface is evolving. Progress has been
made in understanding laws governing instantaneous geomorphic transport. The need to go
beyond steady, time independent process rules, as the SESWG Report recognized, still exists.
Coupling detailed surface process models with global Earth system models is an important
challenge for the solid-Earth science program.

Research is needed on the application of the study of surface processes to managing water and
soil resources, both of increasing concern in the face of changing climate and growing
population (see Section 2.7). Scientific studies that characterize, understand, and predict
phenomena at Earth’s surface can thus have a role in lessening the impact of hazards and in
improving our ability to manage these resources. The solid-Earth science program can thus
facilitate studies that seek to link the science of surface processes to the understanding of
natural hazards.

Many Earth processes can be understood only by studying bathymetry and tectonics in the
deep oceans. NASA missions have produced phenomenally detailed maps of the surfaces of
other planets, moons, and asteroids contributing greatly to our knowledge of planetary
processes, but in comparison our knowledge of Earth's seafloor topography remains rather
limited. Shipboard surveys offer the only means for high-resolution seafloor mapping, but useful
moderate accuracy and resolution can be achieved by mapping the permanent sea surface
topography which reflects the topography of the seafloor. The SWOT mission could improve the

12


http://swot.jpl.nasa.gov/

marine geoid accuracy by perhaps an order of magnitude and also improve spatial resolution on
the shallow continental margins.
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Figure 2.4: Lidar reveals ancient and historic landslides and topographic roughness around the 2014 Oso
Landslide in Washington State.
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Figure 2.5: SAR imagery of topography, snowfields (red), and glaciers (blue) in Nepal. SRTM is used to
correlate landslides (white dots) with topographic slope, geology, and the seismicity, peak ground
acceleration, and surface displacements in the area of the 2015 Nepal earthquake.
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Figure 2.6: A number of large seamounts in the Western Pacific (red dots) extending more than 3000 m
above the abyssal plain are unsurveyed by ships. Approximately 100,000 seamounts more than 1000 m
tall are unsurveyed. The improved range precision of the SWOT altimeter will reveal all features taller than

1000 m.
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2.3 How does the solid Earth respond to climate-driven exchange
of water among Earth systems and what are the implications
for sea-level change?

Goals:

e Obtain accurate continuous observation of and improvement in models for global water
mass balance on seasonal to decadal timescales

e Understand role of the solid Earth in multidecadal projections of sea-level change,
including ocean-ice feedback mechanisms
Obtain an accurate budget for contributions to regional and global sea-level change
Improve observations and models of processes that drive solid earth deformation related
to regional sea level change

e Develop the capability to combine observations with different spatial and temporal
resolution to provide self-consistent models for sea-level change and solid-Earth
deformation

e Improve spatial and temporal resolution of global vertical deformation, gravity, and
sea-surface fields

Understanding the transport of water on seasonal time scales over the entire surface of the
Earth has only been possible during the past decade and a half. A major accomplishment since
the SESWG Report is that the GRACE mission has provided scientists with the first maps of
global transport of surface water mass and, simultaneously, of the slow movements of the solid
rock interior associated with glacial isostatic adjustment (GIA).

Figure 2.7: Reconstruction of planetary rotation-pole motions from GRACE and other data and models
include redistribution of Earth’s surface mass associated with terrestrial water storage (TWS), atmospheric
and oceanic mass (AOM), Greenland Ice Sheet (GIS), Antarctic Ice Sheet (AIS), and other global glaciers

and ice caps (GIC).
15


http://www.csr.utexas.edu/grace/

Interpretation of GRACE observations, and translating GRACE observations to changes in
relative sea level at a location, depend on understanding Earth’s response to surface mass
loads on a large range of time scales, having a detailed picture of the mass loss, and on
understanding processes that impact local subsidence. The new observational capabilities,
coupled with advances in modeling and data analysis, have had a profound impact. We now
have space-based observations in place that enable us to study the mass flux of the entire fluid
envelope of Earth and of the response of the solid Earth to this changing surface load. The
latter is of particular continued interest to the solid-Earth science program.

Societal concern is focused on sea-level at
particular locations, primarily the dramatic
economic and social consequences
associated with coastal inundation,
especially in urban centers. Reliable
projections of sea-level change will depend
on a range of observational systems and
models as well as the capability of
combining the observations and models and
assessing the errors in  prediction.
Understanding the causes of current
sea-level change and making predictions
requires understanding all processes that
affect sea-level rise locally, and the
interaction among these  processes,
including contributions from the cryosphere,
ocean dynamics, and the solid Earth. Many
of the underlying observations are geodetic
in nature, and the solid-Earth science
program therefore has a vital role in this
multidisciplinary research.
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Figure 2.8: The change in sea level due to ice-
mass loss in Greenland wvaries dramatically
depending on location and depends crucially on
the response of the solid Earth.
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2.4 How do magmatic systems evolve, under what conditions do
volcanoes erupt, and how do eruptions and volcano hazards
develop?

Goals:
e Identify and characterize Earth’s active magmatic systems globally
e Assess hazards of active and potentially active volcanoes
e Improve the capability to forecast the start and end of an eruption
e Understand the relationships between surface deformation, seismicity, thermal

emissions, changes in gravity, emissions of gasses, and eruptions

e Improve the capability to forecast quantities and types of eruptive products and their
distribution in space and time with application to the wide range of volcanic hazards

e Investigate interactions between magmatic systems, earthquakes, and tectonics

e Improve our understanding of the overall impact of volcanoes and their eruptions on the
Earth system

Since the SESWG Report, there has been significant progress on several of the challenges and
opportunities identified for magmatic systems. The report highlighted the need for a “globally
comprehensive compilation of observations of all major land volcanoes” and we are
approaching this goal with several near global databases that inventory active volcanoes and
magmatic unrest including changes in temperature, surface properties, topography, ground
deformation, gas emissions, and other characteristics. There has indeed been an explosion in
the number of volcanoes that have been studied and the types of data that have been used.

We now understand that we need all these measurements (and others) to interpret unrest and
characterize key parameters in the magmatic systems. These observations have provided a
better understanding of spatial and temporal complexity of volcanic activity. In addition, remote
sensing observations have saved thousands of lives. During the 2010 Merapi, Indonesia
eruption, for example, daily satellite SAR data provided critical information about the high rate of
dome growth, which prompted evacuation. But existing missions do not image all subaerial
volcanoes frequently enough or at the appropriate resolution to provide appropriate global
coverage. NISAR will provide systematic global observations that will improve our ability to
understand the changes in deformation that occur during different phases of volcanic unrest.

There have also been significant advances in modeling and laboratory work. Some examples
include the use of physics-based models that can match the coupled subsurface magma
reservoir and surface eruption flux. The solubility of volatiles in magmas have been better
defined, over a whole range of pressures, from surface to mantle and the role of these volatiles

17



in magma compressibility and the interpretation of volcano deformation has been appreciated.
We can now better estimate the atmospheric dispersion of tephras, with implications for ash
hazards for aviation.

There is a continued need for higher temporal, high spatial resolution multi-sensor observations
to understand volcanic processes, and there is an opportunity to achieve this through
coordination of the international constellation of satellites. It is also clear that with the new
observations available there is a spectrum of volcano behaviors that we are just beginning to
decipher. Emerging technologies like Rayleigh Resonance Scanning could provide new
perspectives on subsurface magma plumbing systems. As observations improve, both
deterministic and probabilistic modeling capabilities must grow in step to take advantage of the
new datasets and make progress towards forecasting of volcanic hazards.

New developments since the SESWG Report have prompted some revisions to the overarching
question and subquestions for magmatic systems. In particular, it has been clear that our
scientific interest in a magmatic system doesn’t end when a eruption begins; space
measurements, and models constrained by them, inform forecasts for the distribution and type
of eruptive products in space and time. Moreover, hazards don’t end when the eruption ends;
lahars and landslides, for example, remain hazards in volcanic areas even without ongoing
eruptions. Furthermore, magmatic systems and eruptions are connected with the entire Earth
system, linking the solid-Earth science program to other NASA programs like the atmospheric
chemistry, cryospheric sciences, and applied sciences programs.

THERMAL

Figure 2.9: Space-based platforms are well equipped to provide a variety of volcano-monitoring products,
including thermal anomalies, ash emissions, surface deformation, and gas emissions.
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Figure 2.10: The study of volcanoes has grown dramatically with the advent of (left) space geodesy and (right) thermal
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Figure 2.11: ALOS InSAR measures surface deformation caused by the “Father’s day” (June 2007) rift
event on Kilauea Volcano. The rift caused a deflation of the Kilauea caldera and increased lava flowing into
the ocean. (Red is up, blue is down.)
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2.5 What are the dynamics of the Earth’s deep interior and how
does the Earth’s surface respond?

Goals:

e Develop a comprehensive physical model of mantle convection and plate tectonics that
permits the self-consistent evolution of plate geometries

e Combine observations of the global gravity field, surface topography, and rates of
change of topography to define an accurate snapshot of the present-day dynamical state
of the mantle

e Use measurements of glacial isostatic adjustment to refine mineral-physics models of
mantle rheology
Quantify the role of mantle convection on the dynamics of the underlying core
Use observations of fluctuations in length-of-day to quantify the origin of angular
momentum exchanges between the core and the mantle

e Detect evidence of persistent mantle-driven flow at the top of the core using
observations of geomagnetic field variations

Details of how plate motion is linked to flow in the deep mantle remain obscure and this
continues to pose an important scientific challenge. Defining the balance among forces that
drive plate motion, however, represents only one part of the challenge. Determining how new
plate boundaries are initiated as the plate geometry continually evolves with time is an important
component of this problem. Indeed, conditions at the onset of plate tectonics on Earth are
fiercely contested, suggesting that we are still a long way from understanding the dynamics of
plate tectonics. Understanding plate tectonics on Earth is an initial and necessary step towards
characterizing the internal dynamics of other planetary bodies.

At the time of the SESWG Report, the first space geodetic measurements of three-dimensional
crustal deformation associated with GIA were being used to infer mantle viscosity. Increasingly,
models for GIA incorporate lateral variations in viscosity, and predictions are revealing
consequences for the way we interpret present-day sea level change and assess the future
stability of West Antarctic Ice Sheet and northeast Greenland Ice Sheet. Improved techniques
for constraining mantle viscosity from GIA observations will lead to a more accurate picture of
Earth’s structure and improved inferences of sea-level and ice-mass change for which GlIA is a
source of error.

There is growing consensus that the heterogeneity of the mantle we infer from seismology has
both thermal and compositional contributions. The task of untangling these contributions is a
major obstacle in defining a current snapshot of Earth’s internal dynamics. Outward
expressions of this internal state can be seen in the external gravity field and in the presence of
dynamically supported surface topography, although the interpretation is far from unique. A
quantitative description of the rheological properties of the mantle continues to be a key
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challenge for understanding large-scale dynamics. The development of innovative
methodologies that enable space geodetic observations to address these problems is a
potential opportunity for the solid-Earth science program.

Figure 2.12: Comparison of the GRACE-derived static (left) and secular (right) gravity fields over North
America enables separation of the effects of GIA and convection in the mantle.
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Figure 2.13: Space geodetic observations of GIA in Patagonia constrain Earth structure. Here, the regions
of lowest y2 fit between observations and model show plausible values for the thickness of the lithosphere
and the viscosity of the upper mantle.
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2.6 What are the dynamics of the Earth’s magnetic field and its
interactions with the rest of Earth system?

Goals:

e Quantify individual contributions of magnetic field sources on a wide range of temporal
and spatial scales

e Understand the internal structure and dynamics of the geodynamo in the context of
Earth and other planets
Understand how the core interacts with the mantle and its impacts on Earth rotation
Improve forecasts of decadal-scale and shorter changes in the geomagnetic field
Map waves in the outer core and determine their physical origin on decadal and longer
time scales
Determine degree of stratification of flow in the outer core
Relate electrical conductivity of the mantle to thermal and compositional structure and
understand the contribution of the core field to mantle induction

e Understand the links between improved models of lithospheric magnetization and
near-surface dynamics

Since the SESWG Report, there has been a stream of magnetic data from satellite missions led
by other nations (with NASA partnerships), starting in 1999 with the individual, but decade-long
temporally overlapping, Qrsted, CHAMP and SAC-C missions, and followed in 2013 by the
current ESA Swarm triplet of satellites. Swarm’s gradient field configuration has allowed
improved separation of more external and internal magnetic sources including detection of
some components of ocean circulation. Magnetic observatories have been enhanced in some
areas to provide more rapid sampling along with ground truth and data collected below the
ionosphere to complement satellte magnetometry. Seafloor magnetometers have been
deployed, surviving for a year or more and demonstrating potential possibilities for submarine
observatories. All these efforts increasingly permit improved temporal and spatial separation of
magnetic fields, although much more remains to be accomplished. Additional benefits would
also accrue from a denser array of satellite and ground observations as research becomes
more interdisciplinary, and the solid-Earth science program could seek to participate in such
missions.

Better source field separation has led to recognition of ever shorter (sub-annual) secular
variation and acceleration signals originating in Earth’s core, and improved knowledge of current
systems in the ionosphere. Identification of rapid core field variations plays an important role in
developing understanding of core-mantle coupling (see Section 2.5) and geomagnetic
contributions to changes in length-of-day. Continuing satellite measurements will enable us to
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characterize wave propagation in the outer core, suggesting entirely new ways of probing
structure and dynamics of Earth’s interior, a key component of the solid-Earth science program.
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Figure 2.14: Satellite measurements of Earth's magnetic field
are lzading to improved models for the time variability., This
figure shows two models for secular variation of the radial
component of the Earth's main magnetic field..
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2.7 How do human activities impact and interact with the Earth’s
surface and interior?

Goals:

Develop and improve new methods for quantifying changes in the environment
Characterize interactions between urbanization and other large scale human activity and
solid-Earth processes

e Leverage human-induced perturbations as unique field-scale experiments to better
understand natural solid-Earth processes

e Improve understanding of solid-Earth processes caused or influenced by anthropogenic
driving mechanisms

e Develop synoptic and objective perspectives that provide useful information
simultaneously for decision makers, business, and educators

e Improve the analysis of data types that enable better monitoring of hazards for societal
benefit

The period since the SESWG Report has seen not only an increase in human activities that
significantly impact natural Earth processes, but also increased understanding of these impacts
and the complexity of the interactions within the Earth system. These scientific problems
represent a significant opportunity for study with observational platforms having high spatial and
temporal resolution and global coverage, such as NISAR, GRACE, GNSS, SMAP, SWOT,
HyspIRI, and others. This cross-disciplinary research includes social, ecological, and physical
science domains. NASA’s multidisciplinary Earth-science programs, which develop and extend
expertise with these observational systems, therefore has a potentially significant role in
improving our understanding of human interactions with natural Earth processes. These
research investments would be valuable not only for science, but also for decision-makers,
business, and educators; and for understanding and assessing hazards.

Earth surface and interior deformation is driven by human-induced manipulation of subsurface
fluids. Human activities also modify surface-mass loads in the cryosphere, on land, and under
the ocean, that induce deformation that interacts with background tectonic stresses. Thus,
anthropogenic forcings may be used to answer scientific questions about natural Earth
processes and properties, while simultaneously assessing their societal impact. These
interactions all present opportunities for the solid-Earth science program.
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primary forcings
1. temperature 2. precipitation 3. wind 4. land use
' 3 .
secondary forcings
5. runoff and 6.land 7. sealevel, storm
soil moisture cover  surge, wave height
(1,2,3,4,6) (2,4,5) (1,3,4,6)
surface process zones and associated hazards
hillslope (1,2,5.6) fluvial (5,6) paraglacial (1,5) aeolian (3,5.6) coastal (6.7)
landsliding, flooding, landsliding, dust emission, flooding,
wildfire, bank/bed erosion, subsidence dune encroachment  beach erosion,
soil erosion, water scarcity, flooding subsidence
subsidence water quality

Figure 2.16: Anthropogenic and natural environmental forcings interact to create secondary forcings and

impact hazards. (Numbers in parenthesis indicate dependencies.)
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Figure 2.17: The technique of persistent scatterer
InSAR (PSl) is very useful in urban seftings for
observing local land subsidence. In this image of
Mexico City (a), higher rates of subsidence are
shown in green and blue. Such precise maps help us
to understand and even predict damage to urban
infrastructure (b).
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Chapter 3. Observational and technological
opportunities

The NASA solid-Earth science program has a unique and important role in the development of
new space-based observational systems and in the continued improvement in accuracy of these
systems. This role is a natural outgrowth of NASA’s satellite-based technology as well as
NASA'’s historical role in the development of space geodetic observing techniques. The space
geodesy program supports research in modeling and analysis that not only advances solid
Earth science, but also a wide range of NASA missions that depend on accurate satellite
positioning. This research is thus important to other federal scientific funding and operational
agencies (including the military) and benefits civilian activities as well. At the same time, the
solid-Earth science program benefits from a number of relevant NASA initiatives, such as the
Instrument Incubator Program and CubeSats.

Advancing toward the science goals described in the previous chapter depends on what the
SESWG Report refers to as a “fully realized” program. While the structure described in the
SESWG Report remains relevant, a major theme evident from the CORE Workshop discussions
and white papers was that the overall scientific and technological context in which Earth-science
research takes place has evolved significantly. This is especially true for observing systems
and computational infrastructure and capabilities.

The remainder of this chapter focuses not on technological requirements (as did the SESWG
Report) but on identifying the major successes in the last decade stemming from ESI activities,
ongoing efforts, scientific and technological opportunities for the next decade, and initiatives for
the next decade that were deemed imperative by CORE Workshop participants.
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3.1 Observational strategies
Reference frames, Earth orientation and rotation

Critical to NASA’s Earth science mission, as well as to a vast array of NASA missions and other
scientific efforts, is the infrastructure that establishes the Terrestrial Reference Frame (TRF) and
the Celestial Reference Frame (CRF). The reference frames are maintained by international
organizations that use data acquired by global networks of space geodetic stations. The global
geodetic infrastructure is of great societal benefit, for it supports a range of activities and
missions of NASA and other agencies of the U.S. Government, as well as civilian and
commercial applications. The SESWG Report stressed the importance of maintaining the global
geodetic infrastructure, but the 2010 NRC report Precise Geodetic Infrastructure: National
Requirements for a Shared Resource pointed out that the infrastructure was degrading due
mainly to the aging of network hardware, and that the systems that were designed in the 1990s
or earlier were not designed to deliver the accuracy required for the science problems of the
twenty-first century.

Partly in response to Precise Geodetic Infrastructure, NASA created the Space Geodesy Project
(SGP). The SGP is overseeing development of NASA’s next-generation observational systems,
and is deploying them in a network of integrated “core” stations that also serve as NASA’s
contribution to the Global Geodetic Observing System.

Activities in this area include research on space data analysis techniques and model
improvement; development and maintenance of technological and computational infrastructure;
and participation in and leadership of international services that coordinate reference frame
activities; in particular the IGS, IVS, ILRS. Support for these core infrastructure activities is
unique to the NASA solid-Earth science program, and is required to realize maximum accuracy
of the next-generation observational systems. At the same time, NASA supports research that
utilizes these data to advance the solid Earth sciences. Thus, NASA programs create a
community of researchers involving “science,” “reference frame infrastructure,” and “accuracy
improvement” activities.

Accomplishments since SESWG

e Establishment of Space Geodesy Project to direct and coordinate planning,
development, testing, and initial build-out of next-generation space-geodetic observing
systems and core network
System reviews for next-generation VLBI (VGOS) and SLR (SGSLR) systems
Regularly scheduled observing sessions for VGOS systems at Westford and GGOS
First light and first fringes at Kokee Park VGOS site
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e Detection of seasonal hemispheric Earth surface deformation due to hemispheric water
exchange
Tests of general relativity using SLR and VLBI observations
Continued improvement in terrestrial and celestial reference frames and reference
gravity models

e Submission of first-ever NASA TRF solution to the IERS

Ongoing activities

e Continued build-out of next-generation SLR and VLBI systems
e Validation of combined next-generation geodetic systems

Future plans and opportunities

e Periodically revisit requirements for reference frame and geodetic system accuracy
vis-a-vis evolving science goals

e Develop means to improve geodetic reference frame accuracy through novel
combinations of geodetic data types and by colocation of geodetic systems on Earth and
in space
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Figure 3.1: Four space-geodetic technigues are used to determine the TRF.
Clockwise, from top right: VGOS system at KPGO; DORIS beacon at GGAO;
NGSLRE system at GGAD; GMNSS antenna at Palmer Station, Antarctica. VLBI
provides the link between the TRF and CRF.
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Surface deformation

Studying surface deformation places rigorous requirements on observational systems, because
Earth’s surface deforms over a wide range of length scales and time scales associated with
tectonic, volcanic, hydrologic, human-induced, and other processes. Temporal scales of interest
span seconds to millions of years (twelve orders of magnitude), and spatial scales range from
less than a few meters across fault zones to the motion of tectonic plates and the response of
the entire Earth to changing loads (seven orders of magnitude). A variety of space-based
approaches are therefore used, including GNSS surveying and geodetic imaging by laser or
synthetic aperture radar. The TRF must be maintained to a high degree of accuracy to support
all of these observation types.

In GNSS surveying, there has been significant progress in satellite systems, ground systems,
sensor integration, and processing methods since the SESWG Report. The main emphasis has
been on improved temporal resolution, decreased data latency, integration with collocated
seismic systems and accelerometers. In addition, new analysis approaches have made
possible accurate estimation of subdaily transient motion as well as longer-term transient motion
associated with postseismic deformation and ETS.

Advances in InNSAR have been important but incremental, and have been hampered to some
extent by limited data availability. An INSAR mission dedicated to Earth-science research was
given high priority in the SESWG Report, the 2007 NRC Decadal Survey for Earth Science, and
2012 community report on Grand Challenges for Geodesy. The CORE Workshop attendees felt
that NISAR deserved high priority; the solid-Earth science program has the opportunity of
supporting research that will optimize the success of that observational platform for use in the
solid Earth sciences.

Other recent advances in geodetic imaging include improved processing methods for measuring
surface deformation : for example, the development of persistent scatterer INSAR, improved
methods for INSAR time series with integrated atmospheric models, testing of new imaging
modes like ScanSAR, SweepSAR, and spotlight, and use of optical and SAR pixel tracking.
Continued advances in INSAR data analysis and modeling by the solid-Earth science program
will have important benefits for NISAR.

Seafloor geodesy was described as being a “frontier” in the SESWG Report, and it has evolved
slowly since then. The main technical challenge is the acoustic measurement needed to
position a point on the seafloor from a measurement on the surface, which is well defined within
the terrestrial reference frame. Because of the expense and time involved, there are only a
handful of seafloor monuments offshore South America, Hawaii, Cascadia, and the Japanese
trenches.
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Despite the challenges to be overcome, increasing the accessibility of the seafloor geodesy
technique could have tremendous payoff given the large number of scientific targets relevant to
the NASA solid-Earth science program covered by Earth’s oceans. Exploratory research to
improve existing or develop new technologies should be supported by the solid-Earth science
program, although multidisciplinary approaches will likely be necessary. To the extent it is
possible, interagency coordination could be productive.

Accomplishments since SESWG

Increased use and availability of high-rate, low-latency GNSS data streams and products
Integration of seismic and high-rate GNSS data streams for early warning systems
Improved precision in vertical position and velocity estimates from GNSS

Improved time series analysis for observing transient deformation

Improvement of methods to integrate geometric and gravimetric geodetic systems and
observations

Detailed characterization of ETS phenomenon at the base of the locked portion of many
subduction zones around the planet

Use of GNSS SNR for soil moisture, snow depth, and volcanic plume monitoring

Used precise orbital tracking information to obtain accurate InSAR results without
adjustments or ground control

Use of wide swath/scansar and persistent scatterers to improve the spatial and temporal
resolution of INSAR for earthquake and volcano events.

INSAR time series with integrated atmospheric models and basic connection to GNSS
frame

More widespread use of optical and SAR pixel tracking for studying solid Earth
deformation

Seafloor geodetic observations of coseismic seafloor motions for 2011 Tohoku-Oki
earthquake

Ongoing activities

Deployment of new multi-constellation GNSS receivers

Assessing the impact of GPS modernization

Dedicated (non-U.S.) INSAR satellites with wide swath and/or spotlight modes

NASA UAVSAR providing higher resolution INSAR imagery that can be oriented to
optimally observe processes

Establishment of free and open data policies for some sensors, including Sentinel and
Landsat

Future plans and opportunities

Exploiting additional GNSS constellations and increased availability of GNSS data from
stations around the globe to improve precision on sub-daily positioning to <1 cm
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e Completion of operational early warning systems integrating surface deformation
observations from seismic, strain, seafloor geodetic, and GNSS observations

e Development of automated processing of large INSAR time series as well as SAR and
optical pixel tracking using precise geodetic techniques

e NISAR and other third-generation of wide swath satellites providing 12-day (or better)
complete global coverage

Deformation imaging

- NISAR Morphology Morphology
Deformation imaging Small UAVs = Spacebome

(UAVSAR)
) Y A

Point motions

Figure 3.2: Study of fault zones requires combining measurements that address different temporal and
spatial scales.
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Figure 3.3: InSAR (colors) measures line-of-site surface deformation with great accuracy over a large contiguous
area, whereas GMSS (arrows) determines three-dimensional curstal deformation at discrete locations.  These

measurements can be combined to study surface deformation.
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High-resolution topography

Topography of the land and seafloor is being imaged at increasing resolution from spaceborne,
airborne, and ground-based sensors, making ubiquitous high-resolution topographic data sets
possible, but with variable spatial coverage. In the last decade, significant progress has been
made toward increasing the resolution of global DEMs using InSAR, ASTER, ICESat and
SRTM. Additionally, a plethora of high-resolution regional DEM using aircraft and commercial
high-resolution stereo-optical satellites with special access given to scientific researchers
(SPOT, Pleaides, WorldView), are now available. High resolution typically refers to sub meter
sampling of the Earth’s surface or overlying canopy and built environment. This fine scale is
where processes of interest operate and important transitions and phenomena occur (e.g.,
hillslope-fluvial transition and surface rupturing earthquake displacements). The next decade is
likely see an increase in resolution over broader extents and with repeat coverage (differencing
new and legacy observations) yielding new insight into Earth processes and hazards. LIST, a
high-resolution land topography mission was recommended in the 2007 NRC Decadal Survey.

Near coastal high-resolution topography and bathymetry are critical for advancing
understanding of many tectonic and volcanic processes, ice sheet variability, landslide hazard
assessment, sea-level change impacts and evaluation of tsunami and hurricane inundation
extent. Acquiring the needed high-resolution bathymetry of the near coastal ocean region from
aircraft, satellites, and ships is a technological challenge as well as a policy-fraught endeavor
due to individual countries’ security policies.

One of the goals for obtaining high-resolution topography from the SESWG Report was to
“automate the measurement of landslide areas and volumes using differences in topographic
observations prior to and after each landslide event.” Whereas we have obtained data for
individual landslides, we have not reached or moved beyond this goal due to the spatial
resolution of most current global topographic datasets. An important priority identified in the last
15 years has been to produce landslide hazard assessment using satellite data. A resolution of
better than 5 m is needed for accurate landslide mapping, especially for area and volume
estimates. A resolution of 1 m is preferred with vertical accuracy of better than 0.5 m (such as
obtained from aircraft Lidar).

INSAR and other imagery sources are providing new insights into deformation mapping for
landslides but the repeat time of any of these sensors is often the limiting factor in true
estimation of pre- and post-landslide area/volume and especially hazard assessment.
Landslide and active faulting as well as fluvial and other hillslope processes require the fine
sub-meter scale to characterize ground deformation and critical process transitions. Repeat
observations are needed for process understanding and hazard response. The launch of
Sentinel-1A in 2014 and 1B in 2016 will provide a 6-day repeat interval in tectonic zones of
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interest to the ESA community at C-band; NISAR will provide full global coverage at a 12-day
cadence and improved L-band coherence.

The solid-Earth science program could support advanced spaceborne radar and Lidar missions.
Lidar missions that provide repeated measurements for monitoring areas in which InSAR
returns are incoherent—such as earthquake rupture and landslide zones, tundra and
marshes—are especially important. SWOT, in particular, will provide improved global
bathymetry. To achieve the vision of repeat and ubiquitous topography and bathymetry for
science, the solid-Earth science program can continue to invest in research in modeling and
analysis, as well as in use of cyberinfrastructure. In particular, as high-resolution topographic
and bathymetric data become ubiquitous, a critical challenge will be to provide processing and
analysis solutions that enable rapid extraction of information from these datasets.

Accomplishments since SESWG

e Produced revolutionary SRTM and ASTER near-global 30-m topography data having
significant impacts on fields of geology, geophysics, hydrology, and geography
DEMs provide significant improvement of topographic corrections for INSAR analysis
Acquired aircraft Lidar data for high-resolution topography in fault zones, coastal
processes/bathymetry, volcano, landslides, and flood plains

e |CESat provided elevations with decimeter-level accuracy of land and glaciers for global
geodetic control and measuring changes in volume

Ongoing activities

e TerraSAR Tandem-X is providing the next generation of global topography at 12-m
resolution
Merging SRTM, ASTER, and ICESat to improve accuracy and coverage
Improved marine gravity maps from CryoSAT-2 and Jason-1 are improving global
bathymetry maps

e |CESat-2 (2017 launch) will continue ICESat’s measurements of change in volume of the
Greenland and Antarctic ice sheets as well as long-term trend analysis of sea-ice
thickness

e GEDI (2018 launch) will expand upon ICESat’s land topography and vegetation vertical
structure profiles

e Sub-meter resolution stereo optical DEMs from commercial sensors such as WorldView
1,2,3 and GEOEYE sensors are becoming available for specific scientific and application
targets

Future plans and opportunities
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e Global lidar or radar missions to map and monitor the 3-D topography and vegetation
cover of the Earth for natural hazard and geomorphic process studies. Rapidly
expanding UAV imaging for commercial recreational uses will produce massive
photogrammetric 3D point clouds with great value for integration with synoptic coverage
from NASA assets.

e SWOT (2020) altimeter mission will provide improved global bathymetry

USGS 10 m/pix NED B4 lidar 0.5 m/pix ] . Drainage > 100 sq. m

USGS 10 m/pix NED

Figure 3.4: High-resolution topographic data can be used to derive geomorphic metrics for surface process
characterization. This figure also illustrates the significance of resolution in representation of critical
landscape elements at the appropriate scale.
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Figure 3.5: Satellite altimeters measure the topography of the ocean surface, an
approximation to the gecid. Adaptive processing of the geoid is used to the predict
the bathymetry of the 83% of the seafloor not surveyed by ships. Combining ship
soundings and satellite altimetry produces high-resolution bathymetry like that of the
Hawaiian Islands and surrounding seafloor, above.
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Variability of Earth’s magnetic field

After the successes of QOrsted, CHAMP, and SAC-C in the 2000-10 timeframe, ESA launched
the three-satellite Swarm mission in 2013. Modeled on the CHAMP spacecraft, Swarm is a
dedicated magnetic field mission that includes measurement of electric fields and plasma, as
well as non-gravitational spacecraft accelerations, in order to improve source separation.

Gradient capabilities to allow crustal field separation, and the ability to separate a plethora of
field contributions, have been demonstrated with Swarm, in spite of the constellation’s relatively
high altitude. Depending on solar variability, the three-satellite aspect of the mission may
extend into the 2020s, ultimately descending to altitudes below 300—400 km with unrivaled
sensitivity to observe lithospheric fields. The higher satellite may last for longer, and depending
on the conditions of the instruments, it may be useful to build out the next generation of
geomagnetic field satellites from this higher satellite.

NASA has two geomagnetic initiatives: a multi-year effort to develop a space-ready Helium
scalar-vector magnetometer package under the auspices of the NASA ESTO, and a more
exploratory program with ONR and NGA to develop a technique to measure mesospheric (~90
km) magnetic fields. @ The Helium magnetometer would allow virtually simultaneous
measurements of the scalar and vector fields, and might, with the addition of a star camera and
a boom, be added in a piggy-back configuration to missions with related interests. The
mesospheric magnetic field measurements rely on atomic sodium from the decomposition of
micro-meteorites. ONR, NGA, and NASA are supporting initiatives to take this technique to orbit,
a process which may take a decade or more.

In the future there should be opportunities for NASA leadership in magnetic satellite missions
involving multiple simultaneous observation platforms. Initiatives for assessing the variability of
the magnetic field might make use of both orbital and sub-orbital assets. For example,
CubeSats, with university involvement, are a burgeoning class of inexpensive orbital assets;
however, because they are small the problem of magnetic cleanliness becomes more important.
The design of a non-magnetic bus would allow these orbital assets to address science
questions related to the variations of the magnetic field. Sub-orbital assets flying at altitudes
from 2—20 km with the scalar-vector helium magnetometer, exemplified by the Global Hawk and
its smaller kin, can address topical questions with magnetic aspects, and do so much closer to
the source. For example, the magnetic and gravity signatures associated with serpentinization
in the lower crust along subduction zones can assist in illuminating factors contributing to the
earthquake process, and those same magnetic measurements can contribute to our
understanding of the magnetic signature of ocean circulation.

Accomplishments since SESWG
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Launch of Swarm in 2013, with a possible 7-10+ year life time.
Accurate prediction of core field variability over 5-10 year period with data assimilation
Global very high-resolution (5 km grid) maps of the lithospheric magnetic field using
satellite, airborne, and marine magnetic data with implications for tectonic, igneous, and
impact processes.

e Determination of high-degree (= 30) core dynamics with high-frequency (sub-decadal)
secular variation

e Successful separation of various near-Earth magnetic field sources such as core, crust,
lithosphere, ionosphere, magnetosphere, and oceanic M2 tide

Ongoing activities

e Airborne testing of scalar-vector Helium magnetometer

e Ongoing efforts for combination of Swarm data sets with other magnetic data sets for
separation of geophysical signals.

e Validating concept of remote sensing of magnetic fields in the mesosphere using
GuideStar technology.

e Long-term (> 100 y) comprehensive magnetic field modeling.

Future plans and opportunities

e Swarm-2 magnetic mission in the 2020’s using SmallSat or CubeSat buses measuring
in-situ fields and gradients, and remotely sensed mesospheric fields.

e Long-term, continuous monitoring (and analyses) of geomagnetic variations related to
climate

\

Figure 3.6: The ESA Swarm mission measures Earth’s magnetic field.
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Variability of Earth’s gravity field

The GRACE (2002-) and GOCE missions (2009-13) have been used to investigate Earth’s
time varying gravity from multiple sources and a spectrum of spatio-temporal wavelengths.
These missions have had a profound impact on scientific understanding of the underlying
processes involved in fluid mass transport at the surface of Earth, as well as on the public’s
awareness of the impact of climate change.

Rigorous data combinations using GRACE with other space and terrestrial data sets hold much
promise for separating physical processes as well as for improving the spatial and temporal
resolution of the combined estimates. By improving the observations of GIA in North America
and Scandinavia using GNSS and other data, the GRACE residual trend may be capable of
resolving water storage trends to less than 5 Gt/yr, for example. Combination of tide-gauge
data, satellite sea-surface altimetry, and GRACE data may be useful in separating spatially and
temporally variable sea-level signals as well as in estimating the GIA contribution to sea-level
change.

The GRACE mission produced a paradigm shift in view of the importance of observing
time-variable gravity data, from that of being a useful and highly interesting scientific experiment
to being a necessity in a period of climate change for the continuous monitoring of global ice
mass changes and the exchange of water among Earth’s systems. In order to reduce the
potential data gap following the end of GRACE, the GRACE follow-on mission (GRACE-FO)
was proposed using essentially the same technology as GRACE; in addition to the K-band
ranging system, GRACE-FO will also test an experimental laser-ranging instrument instrument
using lasers instead of microwaves, with a potential ranging accuracy improvement of a factor of
~20.

Goals for future observational systems that would significantly assist in separating source of
gravity variability include improvements in the accuracy of “background” geophysical models,
errors in which lead to “aliasing;” and improvements in star tracker, and accelerometer.
Planned improvements for the latter should account for a factor of 3—4 reduction in error. Use of
multiple GRACE-like satellite system pairs would also significantly reduce the resonance error
leading to “stripes” in the GRACE fields.

Solid Earth science can benefit significantly from GRACE (and follow on) missions. GIA causes
deformation of the crust that can be measured using GNSS systems; gravity and sea-level
observations provide different views of the same process. The challenge is in separating the
various processes that simultaneously impact deformational, gravity, and even sea-level
measurements. Investigating GIA is therefore useful on several levels. Improvement in GIA
fields leads to insight on Earth’s rheological structure. At the same time, improved GIA
predictions improve our estimates of cryospheric mass loss and other exchanges of water-mass
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among Earth’s systems. While significant advances have been made recently in GIA models,
these models are highly non-unique and observational approaches are still vital.

Accomplishments since SESWG

Launch of GRACE in 2002 and extension of the GRACE mission through 2015
Observations of co- and post-seismic gravity variations constrain seismic source
parameters

e Improvement of models of Earth’s viscosity structure from earthquake and GIA
observations
Observation of global seasonal water exchange
Estimation of mass loss in major glaciated regions of Earth: Greenland, Antarctica,
Patagonia, Alaska, and others
Discovery of accelerated mass loss in Greenland and Antarctica
Observation of mass loss due to droughts, California, for example
Observation of seasonal mass exchange between continents and oceans

Ongoing activities

e GRACE-FO (Follow-on) scheduled for launch in 2016
e Ongoing efforts for combination of GRACE and other geodetic data sets for separation of
geophysical signals

Future plans and opportunities
e GRACE-Il (20207?)

e Extend mission time to several decades to observe non-secular changes in gravity
e Fly multiple satellite pairs to achieve better spatial and temporal resolution.

(a) Observed gravity change (b) Seismic model

three-year mean difference
before and after the earthquake

130° 140° 150° 160° 130° 140° 150° 160°
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Figure 3.7: Rapid gravity changes are associated with seismic events. Shown: Combined co-seismic and
partial post-seismic deformation from the 2011 Tohoku-Oki earthquake using (a) GRACE data and (b) a
co-seismic rupture model.
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Figure 3.8: Gravity anomaly trends due mainly to GIA have been observed using GRACE in (a) Canada
and (b) Fennoscandia.
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Imaging spectroscopy

Imaging spectroscopy (or “hyperspectral imaging”) provides a means of identifying the
composition of near-surface minerals and gases for a wide range of applications, including
determining the availability of mineral resources, and assessing the susceptibility of a region to
certain hazards like landslides, volcanic eruptions, coastal erosion. (The SESWG Report
provides a detailed discussion of applications.) Temporal variations in these measurements
allow for assessment of natural and human-induced changes like dust clouds, soil moisture, and
ecosystem health.

An important trade-off in spaceborne remote sensing spectroscopy measurements relates to the
spectral, spatial and temporal resolution of the measurements. The higher the spectral
resolution, the weaker the signal from the ground, and vice-versa. In addition, for a given
instrument in a sun-synchronous orbit, the image width controls the revisit time with a wider
image providing a more frequent revisit but higher data volume. In the future, data volume will
increase further as the spatial and spectral resolution increase, and can become so large that it
is not possible to downlink all the data in a timely fashion. These technological challenges
have, in part, limited the development of spaceborne imaging spectroscopy missions and led to
a focus since the SESWG Report on airborne spectroscopy missions. Recent orbital missions
include the U.S. EO1-Hyperion (currently past its nominal end of life) and the 1ISS-based HICO
mission (2009-2014).

The technological challenges described above have now been largely overcome with the
development of more sensitive detectors, new optical approaches, and onboard processing, and
there are now several spaceborne imaging spectrometer missions in development. These
include the German EnMAP mission, the Japanese HSIU mission, the Italian PRISMA mission
and the U.S. HysplIRI mission (see below). All of the aforementioned missions operate in the
Visible to Short Wavelength Infrared (VSWIR) part of the electromagnetic spectrum. At present
there are no spaceborne missions planned that operate in the mid-infrared (MIR) or thermal
infrared (TIR) spectral regions. Longer wavelength observations provide greater compositional
discrimination for surficial materials. Such missions are now possible due to recent technological
advances that have been demonstrated on airborne instruments.

The HysplIRI mission is a major initiative of potential great benefit to the solid-Earth science
program. Carrying an imaging VSWIR spectrometer and multispectral MIR and TIR imagers,
HyspIRI will be used on a large range of science and applications, including surface mineral
mapping, studying the impacts of climate change on terrestrial and aquatic ecosystems, and
land use changes. The main relevance of HysplRI to solid Earth science will be for volcanic
studies, since its multispectral instrumentation is uniquely suited to allow identification of
changes in surface composition, temperature, and gas and aerosol emission that will improve
our understanding of and perhaps even predict volcanic eruptions and lava flow hazards. For
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example, HyspIRI's TIR and VSWIR instruments will enable us to monitor the temperature,
area, and color of volcanic crater lakes to quantify energy and chemical fluxes that provide
indirect evidence of the activity of the underlying magma bodies.

Accomplishments since SESWG

Operation of AVIRIS, AVIRIS-NG and HyTES on airborne platforms

Operation of Hyperion, and HICO on spaceborne platform

Recent advances in detectors, optics, and electronics, have enabled imaging
spectroscopy throughout the optical region (0.4-12 um).

Demonstration that hyperspectral imaging can identify the composition of surface and
atmospheric gases (e.g., methane and sulfur dioxide leaks)

Mineral discrimination and detection over visible to thermal infrared wavelength range

Ongoing activities

Continued development of international spaceborne VSWIR platforms to be launched in
the 2018-2023 timeframe: EnMAP (Germany), HISU (Japan), PRISMA (ltaly)

Planning for the HyspIRlI mission recommended by the 2007 Decadal Survey that
would include hyperspectal imaging in VSWIR, and unique multi-spectral capabilities in
the MIR, and TIR for an orbital platform

Continued flights of AVIRIS, AVIRIS-NG and HyTES for geologic and other studies,
including first joint flights of AVIRIS and HyTES on NASA ER-2

Future plans and opportunities

Development of imaging spectrometers spanning multiple wavelength regions
Systematic mapping of the entire land surface of Earth by HyspIRI

Development of a spaceborne TIR imaging spectrometer for study and forecast of
volcanic behavior

Development of a spaceborne VSWIR and TIR imaging spectrometer for mineral

mapping
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Figure 3.9: Hyperspectral data can be used to measure the cooling rate of lava flows. Here, Hyperion

observations of cooling of an active lava flow at Mount Etna, Sicily.
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Figure 3.10: Hyperspectral imaging has many societal benefits. Here, a methane plume from a storage

tank is detected with HyTES.
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3.2 Science Enablers

In this section, we review activity in several areas that contribute significantly to the solid-Earth
science program. Two of these areas—one involving analysis of large data sets and use of
high-performance computational assets, the other involving low-latency or near-real-time
data—were at a much more nascent stage at the time of the SESWG Report. All topics in this
section are linked to rapid changes in technology, and are thus “moving targets” that
nevertheless could have large payoffs for solid-Earth science.

Technology development

Advancing the scientific research goals described in this document depends critically continued
technology development. Many of the observational systems discussed above utilize
cutting-edge technology or even require the development of new technology. This is especially
true as we gain an increasing appreciation of the complexity of interactions within the Earth
system and seek simultaneous improvements in the spatial resolution, temporal resolution, and
accuracy of observational systems.

Development of technology significantly impacts science, but often with a time delay.
Investment in technology today may have a modest impact initially, and a profound impact
several years later. The specific role for the solid-Earth science program in the development of
a particular technology may vary greatly; coordination between NASA directorates, divisions,
programs, and missions is crucial to identifying specific opportunities and possible benefits.
These benefits have been two-way. The solid-Earth science program has benefited from
technologies developed for other areas, and the reverse is also true: technologies developed
specifically for solid-Earth science have been critical to advances in other areas. For example,
the technology used in the GRACE mission emerged from technology and techniques
developed for solid Earth geophysics and has impacts that cross disciplinary boundaries, such
as enabling scientists to map changes in groundwater reservoirs, especially during droughts.
Likewise, Earth reference models based on seismic observations are required for accurate
interpretation of space based observations. These interactions benefit from a culture of openly
available data and the existence of robust data centers that facilitate information exchange and
computational facilities that enable modeling.
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Figure 3.11: Investment in technology development leads to future scientific advances.



Big data, high-performance computing, and community software

One of the most significant technological developments of the past two decades is the
accelerating acquisition and availability of high-resolution 4-D observational data, together with
increased computational power both for data analysis and for modeling and simulation of Earth
processes. Sizes of data sets relevant for solid-Earth science research have grown by orders of
magnitude due to increases in the number and variety of ground, airborne, and spaceborne
observing platforms and stations, increases in sampling rates, and improvements in telemetry.
Future Earth science missions will produce terabytes of data per day. The volume and
complexity of Earth science data increasingly requires enhanced computational capability at all
stages, including onboard processing during acquisition, high-rate and high volume data
telemetry, easy and sustained access to data and data-products by the scientific community,
automated data mining, modeling, analysis, and visualization of data, computing capability for
integration of diverse data and models, and sustained curation of data to enable long term
studies of changes in Earth’s surface and interior.

Many of the science objectives stated in this document rely on space-based technology, the
software used to analyze the data, and the computational models required to interpret the
observations. Well-vetted community scientific software is essential to the goals of ESI science.
These needs include code for converting low-level data into higher level products useful for
extracting scientific information, and scientific modeling software. For example, community
codes, such as the large assemblage of programs supported by the NSF-funded CIG, enhance
continued scientific advancement from the broad community.

Acquisition of space-based observations and the software required to process these data
generally involves complex and exacting calculations. Small errors or bugs have resulted in
inaccurate and sometimes incorrect scientific publications. In addition, the accuracy of the
space-based observational systems often challenges the models used to analyze the data.
Improvement in the models, often at great effort exerted over a long time-period, has greatly
improved the higher-level data products. These issues have occurred with nearly every
observational system.

In addition to calibration and validation of data from well-documented ground sites, an essential
way to ensure the data are correctly processed is to have multiple groups process the same
data sets using a variety of software and algorithms. This approach also requires that the
different groups have a complete understanding of the inner workings of their algorithms and
software so that modules can be repaired and updated.

At the CORE Workshop, discussions surrounding the need for community software yielded
several specific conclusions regarding this issue:
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1. Advancing the science goals in this report will benefit greatly from having at least two
open software packages developed using best practices (i.e., version control, etc.) for
each data type, (to enable benchmarking and testing), and from having access to
documentation, training, tutorials, and standard workflow examples.

2. The science has also benefited from research in which multiple groups using several
software approaches compare results, resulting in improved and validated code.

3. There is an ongoing need for a source of stable funding for the most heavily used
software packages including the staffing of qualified developers and user support.

4. As packages and processing methods mature, analysis packages should evolve to
cloud-based computing to accommodate more users who do not want to be experts.

As with technology development, opportunities for support of particular efforts by the solid-Earth
science program will depend crucially on coordination between agencies and programs.
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Low latency data and data products

‘Low latency data” refers to data sets that are de facto real-time (available within a few
seconds), or to data available more quickly than typical standard data or data product streams.
There has been a dramatic increase since the SESWG Report in the availability of low latency
data, and the communication, computational, and modeling infrastructure to support their
exploitation for a variety of applications. Such data are scientifically useful and contribute to
monitoring, forecasting, and response activities.

Low latency data are critical for a broad range of monitoring and forecasting needs and clearly
demonstrate the relevancy of our space-based observations for society. Low latency data
acquisition after a geophysical event helps inform appropriate and timely deployment of limited
resources in order to capture rapidly evolving processes. Low latency data serve multiple
purposes: they enhance our understanding of the of short-term or transient deformation at plate
boundaries; they provide feedback between basic research and applied sciences; and they are
useful for study and mitigation of hazards like earthquakes, tsunamis, and landslides. In
addition, development of low latency data products, models, and forecasts drives improvement
in the quality and accuracy of both the data and models, which advances the solid-Earth
science program more broadly.

Low latency data are key to several current NASA projects, including READI, which focuses on
developing a prototype earthquake and tsunami early warning system based on high-rate GNSS
observations, and ARIA, the goal of which is to produce high quality geodetic imaging data and
data products, including INSAR-derived ground deformation images and damage proxy maps.
Coordination of research in the solid-Earth science program with these and similar projects, as
well as with the USGS, is essential.
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3.3 Comparative planetology

Comparative planetology is most often used to study the terrestrial planets by comparison with
Earth, but the reverse process is also valuable. Smaller terrestrial planets have evolved at
different rates and to different stages than Earth, and the processes that shaped and continue to
shape the surfaces and interiors of those bodies are often easier to understand and model than
comparable processes on the rapidly changing and complex planet Earth. The value of
comparative planetology and its relevance for the solid-Earth science program were strongly
voiced at the CORE Workshop and are articulated here.

There are a number of areas that present immediate opportunities for study. For example in
research on the origin and evolution of planetary magnetic fields, observational evidence from
the other planetary bodies may at the very least serve to limit or constrain models of the
long-term evolution of the Earth’s field. Other opportunities for comparison include planetary
volcanism, tectonics, gravity, and landscape evolution. The context offered by many planets of
differing sizes and masses is vital to understanding to what extent the products of the Earth’s
long history are unique. The clues to what might have been, and how Earth might have evolved
differently, can certainly be imagined; the records seen on other worlds provide the realistic
constraints that limit unbounded speculation.

Constraints in planetary evolution are useful also when considering the growing field of
exoplanets. There are likely limits to what the many “super Earths” now being discovered can
actually be, because although there is diversity in rates of evolution and ultimate states of
terrestrial planets in our system, the basic geologic processes at their most basic physical and
chemical levels are the same. It is reasonable to ask how those same processes might operate
in a system in which rocky planets can be several times larger and more massive than the
largest in our system, and as a result how quickly and to what end state those planets will
evolve.

In addition, synergies can arise from shared methodologies. The success of the GRACE
mission on Earth has been extended to the Moon as the GRAIL mission, which has revealed the
lunar gravity field in previously unobtainable detail. Future manned exploration of Mars would
benefit from a satellite constellation analogous to GNSS for navigation and communications.
Benefits derived from shared methodologies can flow in both directions. For example, the
extremely high resolution of the GRAIL data required development of new mathematical
approaches that can now be used in the development of Earth gravity and magnetic models.
Models for atmospheric radio refraction were initially developed for Mars missions, but were
improved for space geodesy (and can now be used on future Mars missions). Occultation
measurements in which the passage of a spacecraft behind a planet provided information on
the temperature and density profile in the atmosphere (as well as a measure of the planetary
radius at the occultation point) now have a modern counterpart in the use of GNSS occultations
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to probe Earth’s atmosphere and ionosphere. Impact cratering was an advanced planetary
science long before it was fully appreciated how that process must also have affected Earth,
both early in its history and sporadically throughout its history.

More broadly, the leadership role of NASA in planetary missions can be harnessed to guide
collaborations relevant to both the solid-Earth science program and NASA'’s planetary science
programs. There is an opportunity to advance this goal in the near future through workshops on
themes with appeal to multiple communities, such as planetary seismology. Identifying shared
interests and aligned goals is the first step in leveraging existing strengths within NASA.

210° 240° 270° 300° 3307° 0

Figure 3.12: There is an opportunity for new collaborations between scientists studying the Earth and other
planets. Here, the topography of the Tharsis region of Mars from the NASA MOLA mission is shown.
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Figure 3.13: Many techniques developed for studying Earth have planetary applications, and vice versa.
Here, a lunar gravity map from the NASA GRAIL mission, based on methodologies derived from the GRACE
mission.
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3.4 The increasingly interconnected world

Technology connects humanity around the world as never before. Social interaction as well as
awareness and sensing of Earth processes and events are immediate and at a very large scale.
Integration of shared human experiences via smart phones and related technology along with
social media represent important opportunities for the solid-Earth science program. Massive
networks of smart phones and other connected devices potentially enable a rich but simple
measure of phenomena. In addition, experiences are now shared globally via social media. As
such, they represent potentially important additional observations as well as essential
educational and communication opportunities. Finally, social media enables communities to
come together around common interests such as Earth and space science. It thus opens
connections for dissemination of knowledge and may be a gateway to more formal education.

The direct sensing of geophysical phenomena by scientifically oriented networks of
seismometers and GPS receivers has improved by coordinated arrays of sensors, but many of
us have primitive sensors of acceleration and position in our smart phones, as well as numerous
other connected devices. This “internet of things” and people organically organizes around
events such as earthquakes, volcanic eruptions, landslides, floods, changing sea level and
global temperature. While not designed with the intention of measuring such Earth processes,
the near ubiquity of connected simple sensing of acceleration, position, temperature, etc.,
represents a large suite of data streams to be harnessed for scientific, emergency, and
educational purposes. USGS scientists recently prototyped “crowdsourced earthquake early
warning” using smartphone GNSS. Combinations of positions using Kalman filters on these
consumer grade accelerations and GNSS positions are sensitive enough to record and provide
advance warning for M6—7 earthquakes.

Experiences of both minor and major events are now shared globally via social media. The
experiences include direct observations such as the sensing mentioned above, imagery and
movies, as well as information from other connected devices (such as activity sensors). Such
measures bridge a gap between the objective, quantitative, and typically sparse geophysical
network or space-based characterization of the event with the direct, qualitative experience of
thousands (or more!) of people. In addition, people express their observations and feelings.
Sifting social media for example has enabled effective early earthquake characterization from
tweets.

The use of crowd-sourcing and social media for science is a relatively new area of research is a
relatively new area of research, but its success depends greatly on the use of cutting edge
Earth science, models, and analysis approaches. Opportunities for supporting pilot projects, as
well as workshops that facilitate communication among solid Earth-scientists, communication
technologists, social scientists, and members of federal agencies responsible for hazard
mitigation and response, could have a significant payoff.
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Figure 3.14: Personal devices like cell phones can assist in quickly sensing and locating an earthquake to
provide information on early warning. Here, a simulation of a crowdsourced sensing of an earthquake on
the Hayward fault near San Francisco was able to determine within 5 seconds the earthquake epicenter with
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3.5 Societal benefits

Advances in solid Earth science have fundamental and direct value for society. Benefits to
society from combinations of space-based and terrestrial measurements include the potential to
predict and mitigate losses due to natural disasters by understanding the processes on Earth’s
surface and in its interior that lead to earthquakes, volcanic eruptions, sea-level rise, floods,
landslides, and other hazards, as well as by developing technology that leads to improved
monitoring of these hazards.

Our ability to measure and distinguish a wide range of simultaneously occurring natural and
anthropogenic signals has steadily increased, due to continual improvement in accuracy of
Earth observing systems; deployment of complementary observing systems with enhanced
resolution and coverage in both time and space; and refinement of mathematical models and
techniques used to analyze, visualize, and interpret the observations.

Benefits to the society of the science and technology developed through the solid-Earth science
program are broad and deep, extending beyond hazards. Geodetic observing systems support
a wide array of military, civil, and commercial activities, including autonomous navigation of
aircraft and ground vehicles, civil surveying, precision agriculture, and groundwater. They also
support scientific activities and satellite missions relevant to many other fields of endeavor.
Improved models for the geomagnetic field improve the navigation capabilities of cell phones.
Imaging spectroscopy can be used to identify natural resources.

The impact of humans on the environment continues to increase. Developed areas are growing
in size and population density, extending the impact. The environment of urban megacities
interacts significantly with their natural context (see Section 2.7); human activity induces
changes to the hazards impacting these areas. For example, the impact of resource production,
distribution, and utilization have significant consequences for Earth systems. One
consequence of this activity is crustal deformation associated with fluid management of aquifers
and oil fields, remarkable pictures of which have been provided by Earth observations. This
impact has been acknowledged by the use of the term “Anthropocene,” the age of humans.
Increasing the scientific understanding of the interactions between human activity and natural
Earth processes was recognized during the CORE Workshop to be a major opportunity for the
solid-Earth science program.
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Figure 3.15: These ASTER images reveal changes to the landscape near two coastal cities in northeastern
Japan after the tsunami generated by the M9.0 Tohoku earthquake on March 11, 2011. The image on the
right was obtained nearly three years before the event; the image on the left, a few days after. Vegetation
(shown in red) is no longer present in many coastal areas after the tsunami. Unvegetated areas, including
cities, are shown in shades of blue-gray.
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3.6 Professional development

Realizing the full scientific and societal benefits of the solid-Earth science program relies
critically on developing the scientific and technical capabilities of an emerging generation of
students and post-doctoral scientists, and sustaining high-skill mid-career geoscientists. Salient
challenges include:

1. A national shortage of well-trained geoscience graduate students and post-doctoral
scholars with the quantitative skills and geoscience grounding needed for expert
analysis and the exploitation of the anticipated data sets

2. High barriers that limit non-expert access and use of large and complex data sets

3. Alack of basic public science literacy, and awareness of NASA’s Earth Science research
infrastructure and mission

These challenges are severe, and in fact their impact has been felt for some time. Indeed, the
2007 NRC report Rising Above the Gathering Storm: Energizing and Employing America for a
Brighter Economic Future explored the economic impact of such challenges, noting that these
problems are acute within the U.S., while at the same time other nations are making
investments in fundamental science that is critical to economic leadership.

Lowering barriers to data discovery, access, analysis, and interaction is potentially one part of
the solution. Use of observations relevant to the solid-Earth science program, while enabling
scientific advances, is characterized by a steep learning curve for non-engineer, non-expert
users. Most data handling, processing, and analysis tools are maintained with very few targeted
resources, resulting in a lack of documentation that hampers new or infrequent users in the
adoption of the most current algorithms and processing approaches. Community-driven online
tutorial resources can significantly advance wider adoption of solid-Earth science technology
and lead to better exploitation of large data archives. Short courses expose graduate students
and early career investigators to relevant analysis tools. These short courses could build upon
existing educational platforms such as the UNAVCO-hosted short courses by NASA and
academic scientists, a CIDER-like workshop, field-based multi-method short courses, or
one-day workshops prior to professional meetings.

Activities that increase public awareness of the solid-Earth science program could also be of
benefit. To the extent possible, the solid-Earth science program could consider integration of
public outreach into science projects. Many other avenues could be used to support increased
awareness of geoscience missions, data sets, and research. Development of a distinguished
lecture series, for example, could expose the solid-Earth science program to a range of
academic communities and public venues such as museums. Program support for
dissemination of visualizations and tutorials using social media and standard online modes is
another avenue for outreach.
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3.7 International and interagency cooperation

There are many U.S. and international agencies that share overlapping objectives with the
NASA solid-Earth science program. Coordination and collaboration takes place on many levels,
from interagency agreements that are needed for space missions, to coordination of
multi-agency funding for investigator-led Earth-science projects. In several cases, NASA is part
of a multi-agency coalition that supports community-based solid-Earth science projects,
facilities, and infrastructure, like EarthScope, WIinSAR, UNAVCO, and SCIGN. There are a
number of opportunities for the solid-Earth science program to expand the list of co-funded
activities (for example: CIDER, CIG), thereby leveraging funding from other federal agencies
and enabling these groups to become more relevant to NASA solid-Earth science
investigations.

NASA plays a leadership or other primary role on some space missions (GRACE and NISAR,
for example). In other cases, internationally led efforts play a critical role for enabling NASA
investigators to meet scientific objectives (Swarm and Sentinel-1, for example). NASA-led
INSAR and magnetic satellite missions have been noticeably absent in the last decade. NISAR
will fill the INSAR gap, and there is an opportunity for the solid-Earth science program to support
activities that lead to a satellite mission related to magnetics. It may also be possible to take
advantage of NASA platforms that have proliferated since publication of the SESWG Report,
such as CubeSats, as the basis of such a mission.

For example, participation of U.S. scientists in international services that coordinate global
geodetic infrastructure—IVS, IGS, ILRS, and IDS and many other services—is difficult without
NASA support. NASA, and especially the solid-Earth science program, has played a unique
role among federal funding agencies in providing support for such activities, the benefits of
which accrue to many areas of Earth science and to other federal agencies. Given the
importance of the SGP within these networks, it may be useful for the solid-Earth science
program to have a more proactive, strategic plan for these investigator-led activities.

There is considerable overlap among federal agencies that support research in fundamental
Earth science and its broader applications. A number of programs and initiative are relevant to
the NASA solid-Earth science program. A partial list includes:

Assessment of earthquake and volcano hazards (USGS)

Water-resource monitoring (states and the USGS)

Tsunami warning and monitoring coastal processes (NOAA)

Sea-level rise monitoring, prediction, and impacts (NOAA, USGS, state and local
agencies)

Support for basic solid-Earth science research and applications (NSF, USGS)

Use of high-resolution optical imagery and topography, gravity (NGA)
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e Hazard warning/mitigation and disaster preparedness (USGS, DHS, USAID/OFDA, state
and local agencies)
Developments of magnetic and gravity maps, including seafloor bathymetry (DOD)
Topography, monitoring of subsidence, gravity (NGS)
Earth rotation and terrestrial reference frames (USNO, NIST, NGA)

Each agency (and even each program within any agency) has a particular mission. The NASA
solid-Earth program will continue to benefit from opportunities for collaborative efforts at both
the agency and investigator level and by leveraging existing resource.

As this report clearly reveals, to an increasing extent cutting-edge research in the solid-Earth
sciences is performed using multiple observing systems that provide information about multiple
Earth systems. Such studies often cross the traditional boundaries among programs within
NASA, among agencies of the federal government, and even among national agencies. This is
an issue of programmatic and organizational structure as much as it is one of scientific
discipline. It would be to the great benefit for the solid-Earth science program to facilitate such
boundary-crossing research and to play a leadership role whenever possible and appropriate.
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Appendix A: Charter of the NASA CORE Workshop
Committee

Purpose and Duties

The NASA Challenges and Opportunities for Research in ESI (CORE) Workshop Committee
(the “Committee”) will structure and lead implementation of a workshop for NASA’s Earth
Surface and Interior focus area (ESI), and write a report documenting workshop content.

The purpose of the CORE workshop and report is to assess progress towards meeting the
goals of the 2002 Solid Earth Science Working Group report Living on a Restless Planet, and to
revisit challenges and opportunities for NASA solid-Earth science in light of scientific progress
and new capabilities realized over the past decade.

The Committee will participate in organizational meetings, moderate workshop sessions, and
function as editors of input from workshop participants in co-authoring the workshop report.

Membership

The NASA Earth Surface and Interior Focus Area will solicit participation of Committee
Co-Chairs, who will then lead the identification of remaining Committee members. Membership
will be selected to assure a balance of relevant expertise and diversity in geography,
connections to NASA ESI research, as well as those who can provide outside perspectives.

Schedule

The Committee will convene in September 2015 to begin workshop planning. The workshop will
be held in November 2015. Report writing will commence in November 2015, with periods of
public review and editing December 2015-May 2016. The final report will be made available to
the public in June 2016, at which point Committee membership will lapse. The Committee
Co-Chairs may continue to support ongoing communications and outreach of report content.
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Appendix B: CORE Workshop agenda

NASA Challenges and Opportunities for Research in ESI (CORE) Workshop

November 2-3, 2015
DoubleTree by Hilton Crystal City
300 Army Navy Drive, Arlington, Virginia, 22202, USA, +1-703-416-4100

Day 1
7:00 am

8:00 am

8:30 am

9:30 am

9:45 am

10:15am

10:45 am

11:15am
12:00 pm

1:00 pm

November 2, 2015
Registration
Welcome Benjamin Phillips (NASA HQ)

Workshop overview and goals Jim Davis (LDEO) & Louise
Kellogg (UC Davis)

Plenary Session | — The 2002 Solid Earth Science Working Group (SESWG) Report

The SESWG Report: Rationale and Sean Solomon (LDEO)
Recommendations

Coffee break

Plenary Session Il — Foundations

Solid-Earth research in the NASA Earth Science Jack Kaye (Associate Director for
Division Research, ESD, NASA HQ)
NASA ESI technology directions Pam Millar (Earth Science

Technology Office, NASA)

NRC Board on Earth Sciences and Resources and the Anne Linn (BESR, NRC)
2017-2027 Decadal Survey for Earth Science and
Applications from Space

Plenary Session Il — White papers
Summary of what we learned from the white papers Committee
Lunch

Charge to breakout groups:
@ Identify key advances in ESI science since the 2002 SESWG Report
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@ Address how results suggest rethinking, reframing, or adding to report goals
@ Identify additional themes from the white papers
@ |dentify other themes that ESI should address

Breakout Session | — SESWG science over the last decade

1:10 pm @ Plate Boundaries (SESWG challenge #1)
@ Solid-Earth—Sea Level (SESWG #3)
@® Magnetic Field (SESWG #6)
2:10 pm Break
Breakout Session Il — SESWG science over the last decade
2:15 pm @ Surface Processes (SESWG #2)
@® Magmatic Systems (SESWG #4)
@® Mantle-Crust (SESWG #5)
3:15 pm Break
Plenary Session IV — Present and Future NASA mission contributions to SESWG
science
3:20 pm Gravity Don Chambers (USF)
3:35pm Space Geodesy Stephen Merkowitz (GSFC)
3:50 pm SAR Paul Rosen (JPL)
4:05 pm LIDAR David Harding (GSFC)
4:20 pm Spectroscopy Simon Hook (JPL)
4:35 pm Geomagnetism Terry Sabaka (GSFC)
Plenary Session V — Report from breakout groups
4:50 pm Reports Breakout leaders
6:00 pm Adjourn
Day 2 November 3, 2015
7:00 am Registration
Breakout Session Il — Update of SESWG science opportunities
8:00 am Introduction to the roundtable brainstorming activity
8:20am Roundtable sessions
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12:10 am

1:15 pm

4:50 pm

5:00 pm

Morning roundtable topics:
Anthropogenic forcings
Cross-disciplinary research
Comparative planetology & ESI
Opportunities & threats for ESI
Opportunities for low-latency data
Computing & big data science

Lunch
Breakout Session IV — Other thematic discussions
Roundtable sessions

Afternoon roundtable topics:
Accuracy goals for observations
Ground & space-based data
International & interagency
Need for community software
Professional development needs
Societal benefits of ESI science

Plenary Session VI — Wrap up
Wrap up

Adjourn
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Appendix D: Acronyms used in the report

ARIA
ASTER
CHAMP
CIDER
CIG
CORE
CRF
DEM
DHS
DOD
DOE
DORIS
EnMap
ESA
ESI
ESTO
ETS
GDEM
GGAO
GGOS
GIA
GNSS
GOCE
GPS
GRACE
GRAIL
HICO
HyspIRI
HyTES
ICESat
IERS
IDS
IGS
ILRS
INSAR

Advanced Rapid Imaging and Analysis

Advanced Spaceborne Thermal Emission and Reflection Radiometer
Challenging Minisatellite Payload

Cooperative Institute for Dynamic Earth Research
Computational Infrastructure for Geodynamics
Challenges and Opportunities for Research in ESI
Celestial Reference Frame

Digital Elevation Model
Department of Homeland Security

Department of Defense

Department of Energy

Doppler Orbitography and Radiopositioning Integrated by Satellite
Environmental Mapping and Analysis Program

European Space Agency

Earth Surface and Interior

Earth Science Technology Office

Episodic Tremor and Slip

Global DEM

Goddard Geophysical and Astronomical Observatory
Global Geodetic Observing System

Glacial Isostatic Adjustment

Global Navigational Satellite Systems

Gravity field and steady-state Ocean Circulation Explorer
Global Positioning System

Gravity Recovery and Climate Experiment

Gravity Recovery and Interior Laboratory

Hyperspectral Imager for the Coastal Ocean
Hyperspectral Infrared Imager

Hyperspectral Thermal Emission Spectrometer

Ice, Cloud,and land Elevation Satellite

International Earth Rotation and Reference Systems Service
International DORIS Service

International GNSS Service

International Laser Ranging Service

Interferometric Synthetic Aperture Radar
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ISRO
ISS
IVS
KPGO
LIST
LVIS
M

MIR
NASA
NCALM
NGA
NGS
NSF
NISAR
NIST
NOAA
NRC
OFDA
ONR
PBO
PRISMA
PSI
READI
SAC-C
SAR
SCIGN
SESWG
SGP
SGSLR
SLR
SMAP
SPOT
SRTM
SWOT
TIR
TRF
UAV
USAID
USGS

Indian Space Research Organization
International Space Station

International VLBI Service

Kokee Park (Hawaii) Geophysical Observatory
Lidar Surface Topography

Land, Vegetation, and Ice Sensor

Moment Magnitude

mid-infrared

National Aeronautics and Space Administration
National Center for Airborne Laser Mapping
National Geospatial Intelligence Agency
National Geodetic Survey

National Science Foundation

NASA-ISRO SAR

National Institute for Standards and Technology
National Oceanic and Atmospheric Administration
National Research Council

Office of U.S. Foreign Disaster Assistance
Office of Naval Research

Plate Boundary Observatory

PRecursore IperSpettrale della Missione Applicativa
Persistent Scatterer INSAR

Real-time Earthquake Analysis for Disaster
Satellite de Aplicaciones Cientifico B

Synthetic Aperture Radar

Southern California Integrated GPS Network
Solid Earth Science Working Group

Space Geodesy Project

Space Geodesy SLR

Satellite Laser Ranging

Soil Moisture Active Passive

Satellite Pour I'Observation de la Terre

Shuttle Radar Topography Mission

Surface Water and Ocean Topography

thermal infrared

Terrestrial Reference Frame

Unmanned Aerial Vehicle

US Agency for International Development

U.S. Geological Survey
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UNSO
VGOS
VLBI
VNIR
VSWIR

US Naval Observatory

VLBI Global Observing System
Very Long Baseline Interferometry
Visible and Near Infrared

Visible to Short Wavelength Infrared
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