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Earth Surface and Interior:
Dynamics and Hazards

INPUT SUMMARY

Earth’s terrestrial surface is the nexus where diverse systems vital to the habitability of the planet con-
verge. Tectonic processes and flow in Earth’s interior drive deformation of Earth’s surface that can lead to
destructive earthquakes, tsunamis, and volcanic eruptions. Climatic processes affect the dynamics of Earth’s
ice sheets and glaciers, and along with local tectonic processes, modulate changes in average sea level.
Long-term climatic trends (e.g., toward increased drought, storminess, or climate extremes) create a key
context within which the intensity, location, and persistence of weather events determine local impacts
(e.g., topsoil loss, channel formation, and coastal erosion). Both ecological and hydrological processes
respond to changes in water abundance, soil quality, and nutrient availability; to climatic and meteorolog-
ical trends; and to societal activities. This ensemble of Earth system processes drives continual change of
Earth’s terrestrial surface. Given that this surface is also the home to humans and to many resources that
sustain society, our greatest task is to understand how Earth’s surface evolves; what controls its response,
resilience, and vulnerability to natural and anthropogenic events; and how to use science and space-based
observations to guide decision making to ensure a sustainable future.

Space-based measurements of Earth’s surface and interior provide fundamental information about the
current state and ongoing dynamics of the planet—critical ingredients for defining and mitigating hazards.
Many major processes affecting hazards and habitability can be observed and compared over Earth’s surface
only from space. Over the coming decade next-generation satellites could finally have sufficient accuracy,
spatial resolution, coverage, and temporal sampling to enhance modeling, forecasting, mitigation, and
response to impulsive events (e.g., earthquakes, volcanoes, or landslides), to long-term trends (e.g., sea-level
rise, ice-sheet decay, or groundwater depletion), and to chronic and event-driven processes (e.g., erosion
and deposition on hillsides, in channels, and along coasts) that impact society and shape our planet.

NOTE: This chapter was written by members of the Panel on Earth Surface and Interior: Dynamics and Hazards and is provided
for reference only. Any study finding or consensus recommendation will appear in Chapters 1-5, the report from the survey steering
committee.
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THRIVING ON OUR CHANGING PLANET

Based on input from the science community, as well as recent planning documents, the Panel on Earth

Surface and Interior: Dynamics and Hazards considered the important science and applications areas that
could be significantly advanced over the next decade using mainly space-based measurements. The panel’s
science and applications priorities, as addressed in its questions and measurement objectives (Table 10.1),
provide a vision for critical advances in understanding Earth processes and hazards.

TABLE 10.1 Summary of Science and Applications Questions and Their Priorities

Science and Applications Questions

Highest Priority Measurement Objectives
(MI=Most Important, VI=Very Important)

S-1

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

(MI) S-1a. Measure the pre-, syn-, and posteruption surface deformation and
products of Earth’s entire active land volcano inventory with a time scale of days
to weeks.

(MI) S-1b. Measure and forecast interseismic, preseismic, coseismic, and
postseismic activity over tectonically active areas on time scales ranging from
hours to decades.

(V1) S-1c. Forecast and monitor landslides, especially those near population
centers.

One objective ranked Important (S-1d).

S-2

How do geological disasters directly impact
the Earth system and society following an
event?

(MI) S-2a. Rapidly capture the transient processes following disasters for
improved predictive modeling, as well as response and mitigation through
optimal retasking and analysis of space data.

(V1) S-2b. Assess surface deformation (<10 mm), extent of surface change (<100
m spatial resolution) and atmospheric contamination, and the composition and
temperature of volcanic products following a volcanic eruption (hourly to daily
temporal sampling).

(V1) S-2c. Assess co- and postseismic ground deformation (spatial resolution of
100 m and an accuracy of 10 mm) and damage to infrastructure following an
earthquake.

S-3

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

(MI) S-3a. Quantify the rates of sea-level change and its driving processes at
global, regional, and local scales, with uncertainty <0.1 mm/yr for global mean
sea-level equivalent and <0.5 mm/yr sea-level equivalent at resolution of 10 km.

(MI) S-3b. Determine vertical motion of land along coastlines at uncertainty
<1 mm/yr.

S-4

What processes and interactions determine
the rates of landscape change?

(MI) S-4a. Quantify global, decadal landscape change produced by abrupt events
and by continuous reshaping of Earth'’s surface from surface processes, tectonics,
and societal activity.

Two objectives ranked Important (S-4b and S-4c).

S-5

How does energy flow from the core to
Earth’s surface?

(V1) S-5a. Determine the effects of convection within Earth’s interior, specifically
the dynamics of Earth’s core and its changing magnetic field, and the interaction
between mantle convection and plate motions.

Two objectives ranked Important (S-5b and S-5¢).

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

(V1) S-6a. Determine the fluid pressures, storage, and flow in confined aquifers at
spatial resolution of 100 m and pressure of 1 kPa (0.1 m head).

Three objectives ranked Important (S-6b, S-6¢, and S-6d).

How do we improve discovery and
management of energy, mineral, and soil
resources?

One objective ranked Important (S-7a).
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Two of the high-priority science and application areas relate to understanding, forecasting, and
responding to geologic natural disasters including volcanic eruptions, earthquakes, and landslides (Ques-
tions S-1 and S-2)." Over the past decade tremendous progress has been made in monitoring and model-
ing volcanoes and earthquake faults from space using high spatial resolution deformation measurements
along with frequent imaging and measurements of gravity change. The objectives over the next decade
are (1) to forecast earthquakes, volcanic eruptions, and landslides on a time scale relevant to society; and
(2) to assess and mitigate the hazards posed by these sudden events by monitoring disaster-prone areas.
Complete imaging and modeling of these geologic systems requires measurements that span time scales
from seconds to thousands of years and spatial scales from meters to thousands of kilometers. When high
spatial resolution maps of deformation generated using Interferometric Synthetic Aperture Radar (InSAR)
are combined with the high accuracy and high temporal resolution of Global Positioning System (GPS)
data, they can fill a large part of this space-time spectrum. Improved, high-resolution global topography
provides a critical component and context for hazard assessment and mitigation. Frequently acquired, high
spatial resolution optical and multispectral imager data are especially important for understanding volcanic
activity, as well as for supporting disaster response and mitigation. Additional measurements (discussed
later) could fuel further advances.

A second high-priority science and application area is to monitor and forecast sea-level change, espe-
cially along highly populated coastlines where millions of people will be affected (Question S-3). This
effort involves two different but important tasks. The first is to monitor the redistribution of water over
Earth between the ice sheets, oceans, and land. Quantifying this redistribution can be done only using very
accurate satellite-based measurements of (1) the volume changes of the ice sheets; (2) the mass changes
of the oceans, ice, and land; (3) thermal changes of the ocean; and (4) spatial and temporal variations in
sea level. These critical measurements are also priorities of other panels, but over the past three decades,
geodesists have been at the leading edge of developing the precise measurement tools, such as satellite
altimetry, gravity (i.e., mass) change, INSAR, and the terrestrial reference frame. The second sea-level task,
not considered by other panels, is to monitor and forecast vertical land motion along coastlines caused by
postglacial rebound, sediment loading and compaction, tectonics, recent glacier or ice-sheet melting, and
anthropogenic processes. Rates of land subsidence commonly exceed rates of sea-level rise, especially in
areas with high sediment compaction (e.g., deltas) or extraction of groundwater or hydrocarbons. The tools
needed to monitor vertical land motion are InSAR, GPS, swath altimetry, and gravity change.

A third high-priority area is to monitor, understand, and predict the complex interactions of the “crit-
ical zone,” which extends from the top of the vegetation canopy to the base of the weathered bedrock
(Question S-4). This zone is the dynamic surface where freshwater flows, soils are created and destroyed,
and terrestrial life flourishes—key features on which modern civilization depends. Over time the critical
zone has achieved a rough equilibrium where water, nutrient, and energy fluxes are in an approximate
balance. However, after centuries of human activity, some of these landscapes may be near tipping points
or thresholds at which relatively modest changes in the governing fluxes can cause abrupt, large-scale,
and irreversible changes. Major challenges include (1) quantifying the fluxes and the resultant “balance”
as reflected in the shape, dynamics, chemistry, and biota of undisturbed landscapes; and (2) predicting and
measuring how perturbations owing to tectonics, weather, ecological changes, or human activities (agri-
culture, construction, fire) have affected (or soon will) the established balance. Progress in understanding
and predicting changes in the critical zone relies on a suite of terrestrial and space-based measurements.
High-resolution, multispectral, and hyperspectral imagery are used to help detect patterns and rates of

TIn this report, a “forecast” is a probabilistic assessment of the likelihood and timing of an event. In contrast, a “prediction” is a
deterministic statement about where and when the event will occur, and it will be either correct or incorrect. Short-term predictions
of some natural hazards may never be possible.
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vegetative, mineralogic (topsoil, nutrients), and surface change. A critical missing ingredient is the mea-
surement of bare-earth topography—a goal attainable now with directed airborne surveys and ultimately
with global coverage from space-based swath lidar.

The fourth high-priority area is to improve understanding of the dynamics of Earth’s mantle and core
(Question S-5). Convection of Earth’s fluid inner core generates the protective magnetic field. Changes
in the field on yearly time scales are best monitored from multiple small magnetometer satellites. Mantle
and core dynamics are mainly studied using terrestrial measurements such as seismology, combined with
advanced modeling of thermal convection. The surface manifestation of mantle convection is plate tec-
tonics, and plate motions are measured using a suite of geodetic tools, such as Very Long Baseline Inter-
ferometry (VLBI), Satellite Laser Ranging (SLR), GPS, and InSAR. These same tools are used to maintain
the terrestrial reference frame to the 0.1 mm/yr accuracy needed to monitor global sea level. Major shifts
in the reference frame, such as those caused by recent megathrust earthquakes, need to be accurately
modeled and removed from the sea-level time series.

The fifth high-priority area is to monitor water traveling underground and how it affects geological
processes and water supplies (Question S-6). Growing reliance on subsurface water requires measuring,
monitoring, and managing aquifer systems in a sustainable way to prevent risks to human health in many
parts of the world. Overproduction of groundwater aquifers not only reduces the amount of immediately
available water but also can lead to loss of storage capacity, such that the aquifer may no longer be able
to be recharged, even if rainfall is abundant. In addition wastewater disposal in oil and gas wells induces
earthquakes in regions where such activity has historically been minimal. Ground deformation is a sensitive
but underutilized indicator of the health of deep groundwater reserves.

Over the coming decade, next-generation satellites with higher spatial resolution, expanded Earth
coverage, and higher temporal sampling promise to enhance observation, quantification, forecasts, miti-
gation, and response to Earth surface and interior processes that affect society and shape the planet. New
spaceborne measurements needed to support the highest priority science and applications objectives are
summarized in Table 10.2. Other important spaceborne measurements and complementary terrestrial
measurements (notably, GPS), and airborne measurements (notably, lidar) are described in the section
"Enabling Measurements.”

TABLE 10.2 Priority Targeted Observables Mapped to the Science and Applications Objectives That Were
Ranked as Most Important (MI) or Very Important (VI)

Priority Targeted Observables Science and Applications Objectives

Surface Deformation and Change Earthquake, volcano, and landslide dynamics, forecasts, and impacts (S-1a, S-1b, S-1¢, S-2a,
S-2b, S-2¢); dynamics of the deep interior (S-5a); sea-level change (S-3a, S-3b); landscape
change (S-4a); and subsurface water flow (S-6a)

Surface Topography and Vegetation Earthquake, volcano, and landslide dynamics, forecasts, and impacts (S-1a, S-1b, S-1c¢, S-2¢);
sea-level change (S-3a, S-3b); and landscape change (S-4a)

Mass Change Megathrust earthquakes (S-1b, S-2¢); ice mass loss and postglacial rebound (S-3a); and
landscape changes (S-4a)

Surface Biology and Geology Volcanic activity and impacts (S-1a, S-2b); and landslide monitoring (S-1c)

Surface Water Height Sea-level change (S-3a); deep Earth dynamics (S-5a); and subsurface water flow (S-6a)

Magnetic Field Dynamics of the deep Earth and its magnetic field (S-5a)

Terrestrial Reference Frame Underpins accurate positioning and navigation of all satellite and aircraft missions; the most

stringent requirements come from monitoring sea-level change (S-3a)
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Surface deformation and topography measurements each support a wide variety of science and appli-
cations objectives. Deformation measurements, such as InSAR, are an important tool for understanding
the dynamics of earthquakes, volcanoes, landslides, glaciers, groundwater, and the deep interior; for
quantifying the rates and driving processes of sea-level change and landscape change; and for supporting
hazard forecasts and disaster impact assessments. High-resolution topography measurements provide the
physical template for the processes that carve the planet and control the critical zone where most terres-
trial life occurs. Reliable, repeated high-resolution (~1 m spatial resolution and 0.1 m vertical resolution)
topography supports the objectives of quantifying dynamic change and processes in landscapes, as well as
making accurate forecasts of how impulsive events (e.g., earthquakes or storms) and long-term trends (e.g.,
sea-level rise or deforestation) affect landscapes and society. Developing such a capability from space is a
high priority. In the meantime, it will be necessary to expand acquisition of airborne lidar.

High-resolution image data are needed to support objectives related to geological hazards and disasters
as well as landscape change. In particular, hyperspectral data from ultraviolet to thermal wavelengths are a
priority for tracking pre-, syn-, and posteruption volcanic gases, ash, and other eruptive products (like lava);
for quantifying the extent and impact of natural and man-made disasters owing to earthquakes, volcanic
eruptions, storms, floods, coastal inundation, and wildfire; for exploring resources; and for documenting
ecological and mineralogical changes that modulate landscape evolution.

Temporal variations in gravity capture shrinkage and growth of key water resources—glaciers, ice
sheets, and subsurface water. Tracking mass changes in both the surface and subsurface using gravity with
an increasingly higher spatial resolution, as with Gravity Recovery and Climate Experiment-Follow On
(GRACE-FO) and successor missions, will permit quantification of spatial changes in glaciers and ice sheets,
seasonal snowpack, and large surface and groundwater reservoirs. Radar altimetry is essential for measuring
an accurate mean sea surface, from which high-resolution (<10 km) ocean gravity can be derived, and for
measuring sea-surface height—a critical aspect of sea-level change studies.

At a deeper Earth scale, a constellation of vector magnetic satellites would provide fundamental new
insights into the dynamics of the deep Earth and its magnetic field.

Underpinning all spaceborne observations is an accurate terrestrial reference frame, which is criti-
cal for accurate positioning and navigation of all satellite and aircraft missions, especially now that it is
necessary to reliably integrate data from constellations of satellites. Notably, ground networks (VLBI, SLR,
and GPS) remain an essential component for reliable, sustained quantification of this terrestrial reference
frame. Consequently, a major Earth observing priority for the next decade is to maintain and improve the
terrestrial reference frame.

Implementing the vision outlined earlier will enable advances in the following scientific and appli-
cations areas:

e Forecasting natural disasters, including the timing and size of earthquakes, the timing and duration
of volcanic eruptions, and the timing and location of landslides.

e Responding rapidly to natural disasters and mitigating their consequences.

e Quantifying global, decadal landscape change owing to surface processes, tectonics, and societal
activities.

e Understanding and forecasting regional variations in sea-level rise.

* Measuring and forecasting vertical land motion along coastlines to assess and mitigate hazards from
relative sea-level rise.

e Monitoring, understanding, and forecasting spatial and temporal variations of Earth’s magnetic field.

e Quantifying mantle convection to understand how it drives plate motions and generates earthquakes
and volcanic eruptions.

Copyright National Academy of Sciences. All rights reserved.
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e Understanding temporal variations of water discharge and subsurface water storage and transport.
e Understanding Earth surface and interior processes caused or influenced by anthropogenic activity.

INTRODUCTION AND VISION

Since the satellite era began, measurements of Earth from space have captured our imagination with
gripping images of downwind ash plumes from newly awakened volcanoes or the swaths of destruction
wreaked by tsunamis, fires, and typhoons. Imagery of the aftermath shows the incremental response,
recovery, or degradation of landscapes, ecological systems, and society (e.g., Figure 10.1). These images
and other remotely sensed data from Earth observing satellites play a key role in helping us understand
Earth’s surface and interior. Fluid motions in the core generate the magnetic field, protecting us from
space radiation. Mantle convection drives plate tectonics and deforms Earth’s surface, creating volcanic
eruptions, earthquakes, tsunamis, and landslides, and sometimes causing great destruction. Erosion and
sedimentation reshape Earth’s surface and affect water and agricultural systems, as well as infrastructure.
Vertical land motions driven by the redistribution of water and ice on the planet change sea levels and
shorelines. Last, human activity has a profound impact on water resources, landscape stability, ecological
diversity and health, and long-term sustainability. These processes operate on diverse time scales, from
continuous (e.g., river erosion) to episodic (e.g., volcanic eruptions) and from minutes (e.g., earthquakes)
to millions of years (e.g., subduction zone tectonics).

Earth’s surface is the critical interface at which many other vital systems (atmosphere, hydrosphere,
biosphere, tectosphere, and human) interact: interactions that determine the planet’s habitability. Nutri-
ent-rich soils sustain global agriculture and healthy ecosystems. Groundwater aquifers are tapped and
increasingly depleted to meet agricultural, industrial, and social needs. Within Earth lie key minerals
and energy resources needed to maintain technologies and quality of life. Both the discovery of essential
resources and the adverse impacts of their extraction, use, and disposal pose persistent challenges for
society. The ability to leverage a growing understanding of these processes and interactions and to answer
still-open questions will strengthen society’s ability to forecast, prepare for, and mitigate the impact of
disruptive change on multiple time scales.

Enhanced understanding of the dynamics of Earth’s surface and interior and their societal relevance
requires both global observations from space as well as diverse and detailed ground and aircraft measure-
ments. Sequential observations over decades enable the definition of long-term trends and the examination
of the impact of events, such as volcanic eruptions or surging glaciers, that engender a chain of subsequent
responses. Such observations also allow the identification of key thresholds that, when crossed, typically
cause disruptive change. For example, what threshold conditions of strain accumulation nucleate destruc-
tive earthquakes? Last, a sustained, high-resolution, remote sensing record provides the critical basis for
reliable analysis of cause and effect. For example, what combination of seismic shaking, hillslope steep-
ening, rainfall, and vegetation change causes catastrophic collapse of mountainsides?

Key goals of sustained, high-resolution, space-based observation of the Earth surface and interior are
(1) to quantify the nature and pace of change, such as melting ice sheets and shifting coastlines; (2) to
characterize the precursors, impacts, and key thresholds of disruptive events, such as earthquakes, volca-
nic eruptions, or wildfires; (3) to delineate incremental change in Earth’s life-sustaining surface (its critical
zone; Brantley et al., 2007) in response both to events and to sustained trends (e.g., increased drought,
permafrost loss, or ecological shifts); and (4) to assess the impact of human activity on resources, environ-
mental quality, sustainability, and habitability.

This section first summarizes some significant improvements in understanding, monitoring, and fore-
casting Earth surface and interior processes using remotely sensed observations over the past two decades.
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FIGURE 10.1 Coastal inundation in the Sendai Bay, Japan, region captured by the Advanced Spaceborne Thermal Emission
and Reflection Radiometer (ASTER) satellite before and after the 2011 Tohoku earthquake and tsunami—the costliest nat-
ural disaster in history. SOURCE: Modified from NASA Earth Observatory, “Tohoku Earthquake and Tsunami: Looking Back
from Space—Closeup of Tsunami Damage, Rikuzentakata,” March 14, 2011, https://earthobservatory.nasa.gov/Features/
Gallery/tsunami.php.
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Next, seven science and application challenges are identified and prioritized where spaceborne data could
lead to major advances for both science and society. Last, a set of new measurements are proposed that
would lead to substantial progress on these science and applications priorities over the next 10 years.

Benefits of Prior Investments in Earth Observing Satellites

Over the past two decades, advances in observational capabilities—including Synthetic Aperture
Radar (SAR) interferometry, time-variable gravity, global and bare-earth topography, laser and radar
altimetry, magnetometry, and hyperspectral imaging—have underpinned new scientific insights. Some
of these insights were based on data from a single satellite, some from a synthesis of data from multiple
satellites, and some from the integration of multiple satellite data with airborne observations. Importantly,
the invaluable terrestrial reference frame that permits reliable integration of nearly all Earth observations
from space was also significantly enhanced during the past decade. Several such advances are summarized
here (Davis et al., 2016).

Land-Surface Deformation

Earth’s surface is constantly changing, and its deformation reveals details of earthquake cycles, plate
motion, volcanic processes, sediment deposition and compaction, and groundwater extraction. Land-
surface deformation is now commonly quantified using a combination of GPS and InSAR. In vegetated
areas where correlation degrades, the use of longer wavelength radar and persistent scatterers (i.e., outcrops
or buildings) has permitted coherent deformation patterns to be observed (Blirgmann et al., 2006). L-band,
which provides superior phase coherence even in the most challenging snow-covered terrain on Earth, will
be used in the NASA-ISRO Synthetic Aperture Radar (NISAR) interferometer. These new capabilities are
bringing novel insights. The first L-band, wide-swath interferogram of a large thrust-fault earthquake (Nepal;
Figure 10.2) showed that the earthquake and subsequent aftershock left an unruptured gap on the fault
surface. This discontinuity suggests that a high seismic hazard exists for the densely populated area abutting
the main rupture. Along the Himalayan front, a spatially nuanced and temporally resolved perspective on
surface uplift and subsidence is emerging from repeat satellite surveys, revealing some fundamentally new
processes and interactions. For example, geodetic and seismic time series, combined with GRACE gravity
data, have revealed surprising connections between annual cycles of water loading by monsoonal rains
and seismicity in the Himalaya (Figure 10.3).

Detection and Compositional Analysis of Volcanic Plumes

Greatly improved temporal and spatial resolution in multi- to hyperspectral data has driven remarkable
new insights on volcanic systems and the plumes they produce. Data from imagers, spectrometers, and
sounders in wavelengths spanning from ultraviolet (UV) to thermal infrared (TIR) enable detection of silicate
ash composition and particle size, sulfur dioxide, and numerous other gases and aerosols. For example,
exploiting multispectral TIR data from ASTER acquired at sub-100 m resolution, Henney et al. (2012) were
able to quantify passive SO, degassing at Lascar Volcano (Chile)—the first time that small (less than 1 km),
low-level, passive plumes were detected from space. This advance allows detection any time of day and is
many times more sensitive than UV-based retrievals owing to the small spatial scales and detection capa-
bility at the vent of the volcano. Such an approach, especially coupled with higher temporal resolution,
could lead to critical improvements in our ability both to monitor and forecast eruptions and to explore how
weakly emitted plumes (both man-made and natural) affect the chemistry of the atmosphere. For example,
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FIGURE 10.2 InSAR image of deformation for the Nepal M7.8 earthquake and M7.3 aftershock from Advanced Land Observ-
ing Satellite (ALOS)-2 interferometry. Repeated SAR acquisitions provide maps of ground displacement used to understand
locations of possible large aftershocks and postseismic activity. This interferogram shows the benefits of using the longer
wavelength SAR technology to be deployed in the NISAR mission for mapping line-of-sight ground displacement in a
region of extreme topography. SOURCE: Geospatial Information Authority of Japan, “The 2015 Nepal Earthquake: Crustal
Deformation Detected by ALOS-2 Data,’ last updated August 4, 2015, http://www.gsi.go.jp/cais/topic150429-index-e.html.
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FIGURE 10.3 In the Himalaya, annual cycles of lower seismicity (A) are correlated with reductions in the rate of north-south
contraction (B) and with water loading in the foreland basin (C), as defined by continuous GPS and gravity data (note the
much greater precision that begins with GRACE gravity measurements in 2003). Water loading in the Himalayan foreland
owing to the annual summer monsoon is interpreted to flex the crust downward, causing extensional stresses that oppose
the tectonically driven north-south contraction. These reduced rates of contraction are interpreted to cause decreasing
rates of earthquakes and can be observed only using satellite-based measurements. SOURCE: Modified from Bettinelli et
al. (2008).

the improving temporal frequency of sensors over the last decade has allowed near-real-time exploration of
the dynamics of plumes. Geostationary sensors deliver these data, but at the expense of spatial resolution,
and so they can detect only the largest activity (e.g., Prata and Kerkmann, 2007). Smaller plume activity
can be explored using polar-orbiting sensors. For example, Gouhier and Coppola (2011) calculated gas
fluxes and lava-discharge rates using the combined data from the Moderate-Resolution Imaging Spectro-
radiometer (MODIS) and Ozone Monitoring Instrument (OMI) sensor for the 2007 eruption of Piton de la
Fournaise (Reunion). Their analysis pinpointed the plume’s location, allowed the gas concentration to be
inferred (Figure 10.4), and quantified a significant difference between the volume of SO, that was erupted
and the volume that was degassed. This discrepancy revealed a large active hydrothermal system below
the summit, a critical indicator of future eruptive activity.
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FIGURE 10.4 MODIS-derived image of SO, emitted during the 2007 eruption of Piton de la Fournaise Volcano. A: SO,
plume from the active lava flow. B: Much larger degassed SO, plume from the vent, following the collapse of the crater,
indicating an extensive, previously unrecognized active hydrothermal system. SOURCE: Gouhier and Coppola (2011).

Sea Level and Global Redistribution of Water and Mass

One of the most important discoveries over the past two decades is that sea-level rise is highly variable
around Earth, with some regions (e.g., the Western Pacific) rising rapidly and some regions (e.g., parts of
the Eastern and South Pacific) actually falling (Figure 10.5). Moreover, sea-level rise along the coast also
depends on vertical land motion owing to tectonics, sediment compaction, extraction of groundwater and
hydrocarbons, and the rebound of the solid Earth in response to ice unloading, as well as to reduced grav-
itational pull owing to ice-sheet melting (Milne and Mitrovica, 2008). Unraveling the complex interactions
of the solid earth, the cryosphere, and the oceans has been enabled through a combination of space- and
ground-based measurements, including (1) satellite radar altimetry to measure ocean volume change; (2)
laser altimetry to measure ice-volume change; (3) temporal variations in gravity (e.g., GRACE) to measure
the redistribution of the mass of water (solid and liquid) over the surface of the planet; and (4) GPS to
measure the viscoelastic rebound of the solid earth (Lange et al., 2014).

Bare-Earth Topography

The shape of Earth’s surface (i.e., its topography: gradient, relief, curvature, convergence) is a catalyst
for numerous surface processes, including water and sediment routing, landslide initiation, coastal inunda-
tion, and ice-sheet dynamics. Topographic data, like those revealing fault displacements or changes caused
by volcanic eruptions, illuminate active tectonic processes and serve as a base upon which many other
geophysical measures depend (e.g., INSAR; Pritchard et al., 2004). Over the past two decades increasingly
higher resolution digital topography has transformed understanding of controls on the topographic struc-
ture of the planet (e.g., Kirby and Whipple, 2012), the way in which watersheds change shape over time
(e.g., Willett et al., 2014), and the effect of anthropogenic forcing on coastal subsidence (e.g., Syvitski et
al., 2007). Accurate elevation measurements in polar regions have demonstrated that elevation drops as
ice-sheet flow accelerates (Pritchard et al., 2009), and have led to the discovery of complex subglacial
water-drainage systems (Chu et al., 2016; Smith et al., 2009). Such discoveries depend on both reliable,
high-resolution topographic data and repeated acquisitions of such data to document the pace and context
of change through time.
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At present, 30 m gridded topographic data are available for the globe (Shuttle Radar Topography Mis-
sion [SRTM], ASTER). TerraSAR-X Add-on for Digital Elevation Measurement (TanDEM-X) is providing 12 m
topographic resolution (global coverage, but limited access), and DigitalGlobe is currently releasing 2-5 m
resolution topography. Many of the digital elevation models (DEMs) built from these data have a common
shortcoming in vegetated regions: the “topography” commonly more closely mimics the average canopy
height than the actual bare-earth surface. Hence, the gravitational stresses at the ground surface owing to
the actual surface slopes remain unknown. Airborne lidar can penetrate to the actual ground surface and
also measure vegetative (carbon) mass above the ground. It also offers higher resolution than space-based
systems—typically, T m or smaller. Data collected from airborne lidar have led to the discovery of major
fault systems and previously unknown large landslides (Haugerud et al., 2003; Figures 4.9 and 10.6). These
data have also illuminated details of surface processes at submeter scales, documented controls on land-
scape thresholds (e.g., the triggers for gully formation or landslide initiation), and significantly improved
quantification and modeling of numerous surface processes that sculpt Earth’s surface (Hurst et al., 2013).

-25 -20 -15 -10 -5 0 5 10 15 20 25
cm

FIGURE 10.5 Sea-level change from January 1993 to December 2014 as measured by the consecutive satellite missions
Ocean Topography Experiment (TOPEX)/Poseidon (1993-2002), Jason-1 (2002-2008), and Jason-2 (2008-2014). The global
mean change over this period was 7 cm. The larger regional patterns are the result of decadal changes in the winds, ocean
circulation, and heat and mass redistribution.
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FIGURE 10.6 Discovering landslides, Nyack, Montana: the role of lidar bare-earth topography. Left panel: Landsat/
GoogleEarth image of the flank of Loneman Mountain. The isolated lake provides a clue to a topography disrupted by
landslides. SOURCE: GoogleEarth. Right panel: Lidar bare-earth, shaded relief topography exposes multiple generations
of landslides with diverse modes of failure and movement, including mass flows, block rotations, and gravitational
collapse. Back rotation in the headward area of the large slide ponded drainages and created the upland lake. Removal
of vegetation and topographic resolution at <1 m reveals nested slides, modes of mass movement, contrasts in surface
roughness related to the relative sequence of landsliding, undercutting by and deflection of rivers, reactivation of older
slides, and changes of channel geometry owing to base-level changes by landslides. SOURCE: Data provided by Ramesh
Shrestha and the National Center for Airborne Laser Mapping.

Vertical Surface Deformation and Mass Change

A new, global perspective on vertical land motion has emerged from the GRACE mission. For example,
GRACE data have been used to estimate great earthquake (M>8) source parameters that integrate all of the
short-term processes that lead to mass change spanning the coseismic and early postseismic period of days
to a month (Han et al., 2013). A unique contribution of GRACE has been the measurement of postseismic
gravity change, which has improved characterization of the rheological structure of Earth over a wide
range of tectonic settings (e.g., Han et al., 2014). Last, GRACE measurements have provided a regional
to global context to interpret the mass changes associated with groundwater depletion in deep aquifers,
long-term deformation owing to the loss of ice sheets at the end of the Pleistocene, the shrinkage of many
alpine glaciers and lake systems over the past 200 years, and modern ice-sheet melting on temporal scales
of days to a decade (Figure 10.7).
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Challenges and Opportunities

Priorities for advancing understanding of Earth’s surface and interior have been documented in recent
studies (Lay et al., 2009; NRC, 2010a, 2010b; NRC, 2012a; Davis etal., 2012, 2016; NASEM, 2017). Those
areas for which space-based measurements can make a significant contribution include geologic hazards
and forecasts, complex interactions of the critical zone, sea-level change along coastlines, dynamics of
Earth’s mantle and core, effect of water traveling underground on geologic processes, and energy and
mineral resources. These topics are discussed in the following section. Here, we identify challenges and
opportunities that influenced the selection and focus of these topics.

Given that more than half of Earth’s population lives within reach of major earthquakes, volcanic
eruptions, or landslides, advance warning of these events could save lives and change the way society
progresses. Advance warning can be within reach if sufficient repeat time of key remote sensing data is
used to supplement land-based observations. Constellations offer a promising strategy in the sensor-web

(Linear Trend in GRACE data (2003-2014))
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Post-glacial depletlon -15km3/yr  -40km3/yr  depletion rebound  -345 km3/yr
rebound .54 km3 /yr

_— — —

T ——

A A e - - e

End of drought 2004 Sumatra Post-glacial Antarctic ice sheet melt Glacier Ioss 2010 Chile
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FIGURE 10.7 A decade of gravimetric data from GRACE illustrates decadal trends in mass changes as a response to seismic
deformation (years of large earthquakes are shown), as well as to mass loss owing to loss of groundwater, surface water,
or ice, and mass gains owing to postglacial crustal rebound, the end of a drought, and increased snow accumulation on
parts of existing ice sheets. Inset shows the decadal gravimetric changes owing to the 2011 Tohoku earthquake. SOURCE:
Han et al. (2015).
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approach. Such systems would integrate (1) surface deformation observations from InSAR, seismic, strain,
seafloor geodetic, and GPS/Global Navigation Satellite System (GNSS) observations for earthquakes and
volcanic eruptions; (2) high-resolution optical and thermal imaging for volcanic eruptions and wildfire; and
(3) topography, vegetation dynamics, weather, and societal infrastructure for forecasting coastal inundation,
landslides, floods, debris flows, and major erosion/deposition events. Challenges include increasing data
spatial and temporal resolution, improving geolocation accuracy, upgrading download capability, and
rapidly processing high-volume, rapid data flow to create high-level data products (e.g., maps). Placing
these data products in the hands of decision makers as quickly as possible is important both for anticipating
and for responding to devastating events.

Merging “big data” and high-performance computing with community analysis and modeling software
has the potential to improve forecasts of natural disasters. For example, advances in experimental and
computational models for volcanic processes, combined with enhanced monitoring (e.g., global InSAR
data with a repeat time of a few days, spatially and temporally enhanced remote sensing of gas emissions,
and ground-monitoring data), would enable model-based forecasting—a paradigm shift for volcano science
(NASEM, 2017).

The availability of higher resolution remote sensing data will help drive advances in a wide range of
applications. For example, as a result of unconventional hydrocarbon production, Oklahoma has had a
higher rate of small to moderate earthquakes than California over the past few years. To understand the
mechanics of inducing earthquakes, direct measurement of the ground deformation accompanying both
oil and gas production, as well as wastewater injection, is needed. Because industrial activity covers vast
tracts and is continually changing, high-resolution satellite measurements (e.g., INSAR and imagery) pro-
vide a key tool to monitor activity, identify the triggering process, and manage the induced earthquakes.

Novel insights can be gained from innovative analyses of existing data. For example, vertical position-
ing data from GPS/GNSS can be used to monitor water changes caused by snowpack, soil moisture, and
groundwater variations, whereas reflected signals from GPS/GNSS can be used to estimate soil moisture,
snow depth, snow-water equivalent, vegetation, firn density, permafrost changes, and sea level (Box 10.1).
Such surface reflections could be particularly valuable for providing inexpensive in situ data on the cryo-
sphere, as well as validation data for spaceborne sensors such as Ice, Cloud, and Land Elevation Satellite-2
(ICESat2), NISAR, and Surface Water and Ocean Topography (SWOT). At present, however, few of these
capabilities are exploited using existing GPS networks.

New sensors are needed to achieve the key goals of higher resolution, shorter temporal spacing, and
improved accuracy. In particular, applications that require topography would benefit from multibeam,
space-based lidar to obtain global coverage of bare-earth topography and of the biomass/canopy at <<5 m
spatial and 0.1 m vertical resolutions. Such a capability could substantially reduce the need for directed
aircraft surveys. A low-cost InNSAR capability with multidecadal duration and the ability to revisit anywhere
on Earth within a few days would be invaluable for responding to and monitoring natural hazards and for
resolving rapid motion, such as surging glaciers, creep events on faults, temporally persistent landslides,
reservoir filling and overtopping, or ice-shelf disintegration. Low-cost hyperspectral imaging sensors with
spatial resolution at the sub-50 m scale and revisit times approaching 3-5 days would both continue the
multidecadal Landsat record and, more importantly, improve Landsat’s detection and mapping capability.
Such a system would allow the capture of higher frequency geological/ecological processes and improve
the response to natural disasters. A critical element for all of these is the infrastructure for downloading
and processing ever-increasing data streams.

Some useful high-resolution data, especially topography and imagery, collected by private companies or
other countries are commonly not available or affordable. For example, scientists have only limited access
to 12 m topographic data collected by TanDEM-X, a German mission. If the National Aeronautics and
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BOX 10.1 WHAT GPS CAN TELL US ABOUT EARTH

The GPS constellation of satellites, better known for its real-time navigation capabilities, is used both to
pinpoint locations on Earth’s surface (with precision better than <1 mm) and to calculate the orbits of other
satellites or aircraft used to analyze Earth's surface. GPS accurately measures deformation at multiple tempo-
ral scales, from plate-boundary deformation and tectonic motions (1-100 mm/yr) to earthquakes (~cm/sec),
volcanic inflation/deflation (~cm/hr), and ice-sheet speeds (~m/day). When real-time telemetry is available,
GPS data are used in earthquake and tsunami warning systems. GPS is also a key component of the terrestrial
reference frame, and on-orbit GPS occultation measurements provide valuable information about atmospheric
temperature and humidity.

Additionally, GPS positions can be used to infer changes in water loads (from ice sheets, glaciers, snow,
lakes, and soil moisture), as illustrated in Figure 10.1.1. Delays in the GPS signal are used to estimate water
vapor in the atmosphere and total electron content. The high temporal sampling of GPS water vapor products
is particularly useful for monitoring extreme weather events. Total electron content changes are used both to
study the ionosphere and for tsunami forecasting.

In the past decade it has been demonstrated that reflected GPS data can be used to measure key water
cycle data, including surface soil moisture, snow depth, vegetation-water content, firn density, sea-ice forma-
tion, permafrost changes, and coastal sea level. Such data are based on signals that reflect from the land surface
lying below the GPS antenna and sense a larger area (1000 m?) than most in situ sensors. Notably, because
of the ubiquitous availability of GPS/GNSS data (>14,000 sites with public data streams), many of these new
environmental products can be calculated for very low cost. At present, however, few of these sites are utilized
to yield such high-value water cycle data.
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FIGURE 10.1.1 Ground-based GPS receivers play an important role in Earth science. GPS receivers precisely measure the
latitude, longitude, and height of the receiver—information that is used for tectonic, volcano, and earthquake applications.
Atmospheric researchers use the delays on the GPS signals to infer tropospheric water vapor and total electron content in
the ionosphere. Reflected GPS signals can be used to measure soil moisture, snow depth, vegetation water content, and
sea level. SOURCE: Courtesy of UNAVCO.
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Space Administration (NASA) cannot gain access to these data for the research community, a TanDEM-like
follow-on mission could be important to achieve the needed accuracy and resolution. Likewise, most
high-resolution (<2 m) optical imagery is being provided by the commercial sector. Rather than developing
this capability, NASA and the U.S. Geological Survey (USGS) could negotiate data agreements with the
National Geospatial-Intelligence Agency (NGA) to satisfy research objectives. Such agreements will need
to include specific requirements for subpixel geolocation accuracy.

Given cost considerations, miniaturization using CubeSats, SmallSats, and satellite constellations
could be an efficient pathway to technological development. Particularly promising are (1) a miniaturized
time-variable gravity mission with higher spatial resolution (100-150 km or less) that can reduce the aliasing
of the measurements that results from high-frequency (<10 days) atmospheric, oceanic, or hydrospheric
mass variations; and (2) miniaturized vector magnetometry systems with sufficient accuracy and cadence
to separate time variations in the internal field from those in the external field.

Last, a key challenge is maintaining an accurate global terrestrial reference frame—one that provides
the essential framework for positioning scientific satellites and aircraft, and also underpins our modern
technology and commerce infrastructure. Maintaining the reference frame to a positional accuracy of 1
mm and a rate accuracy of 0.1 mm/yr requires NASA’s continued participation and support of VLBI and
SLR for defining the terrestrial reference frame and its changes with time, and for monitoring Earth rotation
(Davis et al., 2016). It also requires support for the GPS/GNSS global tracking network and maintenance
of the software. The challenge is fivefold: (1) maintaining global participation and funding support with
other agencies/countries; (2) increasing capacity; (3) lowering cost; (4) upgrading older sites (some VLBI/
SLR instruments are more than 30 years old): and (5) improving real-time capabilities for GPS/GNSS.

PRIORITIZED SCIENCE OBJECTIVES AND ENABLING MEASUREMENTS

This section describes the panel’s science questions, objectives, and measurements, which are sum-
marized in the Science and Applications Traceability Matrix in Appendix B.

Science Questions and Objectives

Question S-1: How can large-scale geological hazards be accurately forecast in a societally relevant
time frame?

Over the past century and, in particular, over the past decade, geological disasters—earthquakes, tsu-
namis, volcanic eruptions, and landslides—have taken a deadly and costly toll on society. For example, the
2004 M9.2 megathrust earthquake in Sumatra produced a tsunami that killed more than 230,000 people
in coastal areas surrounding the Indian Ocean. The 2010 Eyjafjallajokull volcanic eruption in Iceland
shut down air traffic in Northern Europe, causing an estimated $5 billion loss to the global economy. The
2011 M9.0 Tohoku earthquake and tsunami in Japan (see Figure 10.1) was the costliest natural disaster in
world history ($309 billion) and also transformed our understanding of the safety of coastal nuclear power
generation. Threats of this scale in the United States occur in the Pacific Northwest (last major earthquake
in 1700 and last major volcanic eruption in 1980), Alaska-Aleutian subduction zones (last great [M9.2]
earthquake in 1964), and San Andreas Fault system (last major earthquakes in 1857 and 1906).

Accurate forecasts of the types of events and their timing can reduce adverse impacts on life and prop-
erty. However, such forecasts remain a major scientific challenge. Some volcanoes erupt with little to no
warning, whereas others produce months of interpretable precursors (e.g., NASEM, 2017). For example, the
1980 Mount St. Helens eruption (Figure 10.8) was preceded by 2 months of earthquakes, volcanic steam

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/24938

Thriving on Our Changing Planet: A Decadal Strategy for Earth Observation from Space

516 THRIVING ON OUR CHANGING PLANET

releases, and large-scale surface deformation, which enabled warnings and limited evacuations (Lipman
and Mullineaux, 1981), although the timing, directionality, and scale of the eruption was not anticipated.
Some catastrophic landslides are triggered by seismic shaking or huge storms, whereas as others lack
clear triggers. The M9.0 Tohoku earthquake and a number of other recent large events were preceded
by a sequence of seismic and aseismic precursors, but short-term forecasts of earthquakes are not yet in
reach. Progress will be made by continuously observing areas prone to earthquakes, volcanic eruptions, or
landslides. A broad array of processes need to be observed to successfully capture events. Advances from
the last decade of space-based measurements suggest that scientists are on the verge of a breakthrough in
natural hazards research if a strategic set of observations are taken now.

Objective S-1a: Measure the pre-, syn- and posteruption surface deformation and products of Earth’s entire
active land volcano inventory with a time scale of days to weeks.

* Priority—Most Important: Volcanic eruptions are likely to pose an increasing threat as more people
move to coasts along subduction zones, where most volcanoes occur. A combination of ground-
based and space-based observations are needed to monitor volcanoes and forecast eruptions.
Space-based observations provide a means to collect data on all volcanoes, and may be the only
practical avenue for collecting data in remote or dangerous areas. Systematic monitoring has led
to accurate forecasts of the timing and duration of some eruptions.

e Relevant quantities: Three quantities need to be measured and monitored. The first is the changing
shape of the volcano measured using InSAR. Expansion or contraction of the summit region pro-
vides an estimate of the changing magma supply volume and depth beneath the volcano, and larger

FIGURE 10.8 Eruption of Mount St.
Helens on May 18, 1980. The eruption
was the most disastrous in U.S. history,
killing 57 people—most outside the
evacuation area—and causing $1.1 bil-
lion in damages. SOURCE: U.S. Geological
Survey.
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scale deformation is linked to deeper magma supply. The second quantity is the composition and
quantity of the gas emitted prior to and during an eruption as well as the composition of any ash,
which provide insight into the drivers and intensity of eruptions. Hyperspectral UV, near infrared,
and TIR data are used to measure SO,, H,S, CO,, and ash emissions; and spaceborne lidar and
radar are used to estimate plume altitude. The third is the temperature of the ground/lake surfaces
to observe shallower changes as the magma reaches the uppermost plumbing system prior to an
eruption. Thermal measurements are made using multi- to hyperspectral data spanning the visible
to shortwave infrared (VSWIR) and TIR region, depending on the temperature of the surface, but
high-quality TIR data are critical for detecting the small-scale temperature changes of the surface
leading up to an eruption (Figure 10.9).

* Length and time scales over which responses should be quantified: Changes in SO,, CO,, and
other gas emission rates (e.g., Carn et al., 2016) and in ground temperature (Figure 10.9) have
been detected from space weeks to months prior to an eruption. Variations in these parameters
occur at a much higher frequency as the eruption proceeds, and require much improved temporal
observations (e.g., minutes) at spatial scales small enough to enable modeling. Detectable changes
in volcano shape, gas emissions, and thermal output prior to a new eruption event occur over time
scales ranging from months to minutes. The relevant length scales are 10 m to 200 km for surface
and plume measurements, with most shape changes occurring over length scales greater than 1
km. The necessary vertical precision (1-10 mm) and the temporal frequency need to be adjusted
to match the activity of a particular volcano. High-repeat/temporal frequency (e.g., hours to days)
image-derived/compositional analysis is critical to capture transient behavior in an ongoing eruption
and to model the vent-scale processes.

Objective S-1b: Measure and forecast interseismic, preseismic, coseismic, and postseismic activity over
tectonically active areas on time scales ranging from hours to decades.
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FIGURE 10.9 Temperature variations at Kliuchevskoi volcano from January 2006 to February 2007, when the eruption
occurred (red line). ASTER detected persistently elevated temperatures as early as 11 months prior to the eruption owing
to its thermal sensitivity and its higher spatial resolution (90 m/pixel) in comparison to Advanced Very High Resolution
Radiometer (AVHRR; 1 km/pixel), which did not detect elevated temperatures until 2 months before the eruption. SOURCE:
Modified from Reath et al. (2016).
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* Priority—Most Important: GPS measurements of surface deformation reveal that earthquake cycles

contain much richer behavior than previously thought. For example, the Cascadia subduction zone
fault is accumulating elastic energy that will eventually be released in a catastrophic earthquake
offshore Washington and Oregon (Figure 10.10). Over the past decade space-based measurements
have revealed that this steady strain accumulation is punctuated by creep events that occur at
the down-dip limit of the locked fault. Similar transient slip behavior has been observed at most
megathrust earthquake zones globally, as well as around the locked zones of the San Andreas fault
system. Measuring the details of these transients over time scales of days and years may provide
insight into the physics of the earthquake cycle and ultimately support forecasts of the timing of a
major rupture on socially relevant time scales.

Relevant quantities: Four main types of measurements are needed. The first is related to the inter-
seismic crustal deformation surrounding a locked fault. INSAR and GPS measurements will reveal
the rate of stress accumulation that will be released by future earthquakes. The length of time since
the last rupture multiplied by the rate of interseismic crustal deformation can be used to assess
the magnitude and probability of the occurrence of earthquakes. Terrestrial measurements from
seismometers and GPS will provide the high temporal sampling needed to observe co- and post-
seismic deformation and ground shaking. Space-based InSAR and high-resolution optical imagery
will provide the high spatial resolution needed to observe the near-fault co- and postseismic defor-
mation. For very large earthquakes, temporal variations in gravity can reveal large-scale offshore
deformation not observable by other methods. Last, high-resolution bare-earth topography along
areas of surface rupture can be used with surface dating methods to decipher the rupture history of
a fault over many earthquake cycles.

Length and time scales over which responses should be quantified: Surface deformation associated
with the earthquake cycle occurs over spatial scales ranging from meters to thousands of kilometers
and time scales ranging from seconds to thousands of years. The relevant deformation scales observ-
able from spaceborne radar interferometry range from 10 m to 1000 km. Interseismic motion needs
to be measured to a precision of 1 mm/yr over lengths scales of 10 m to 100 km. Particularly critical
are measurements of slow slip events (e.g., Figure 10.10) at resolution of T mm/week over scale of
tens of kilometers. Co- and postseismic processes require frequent acquisitions (12 days or shorter)
over seismically active areas. High-resolution bare-earth topography needs to be measured only
once before an event at 5 m spatial resolution and 1 m vertical accuracy for topographic correction
of interferograms as well as for paleoseismic studies. Investigation of near-fault coseismic processes
requires optical or SAR measurements of surface fractures at a spatial resolution of ~1-10 m from
satellites or aircraft.

Objective S-1c: Forecast and monitor landslides, especially those near population centers.

* Priority—Very Important: Landslides typically affect fewer people than large-scale volcanic erup-

tions and earthquakes, yet they regularly cost lives and disrupt economies. Sudden landslides can
be triggered by heavy precipitation, earthquakes, or volcanic eruptions. Steep slopes are the most
important factor in making an area susceptible to landslides, but other key factors include recent
rainfall or wildfire, seismicity and the presence of nearby faults, the strength of bedrock and soils,
deforestation, and the presence of roads. Landslide susceptibility has been mapped using space-
based data (Figure 10.11), and an online tool, Landslide Hazard Assessment Model for Situational
Awareness, has been developed that identifies areas with high or moderate landslide probability
every 30 minutes based on the preceding 7 days of precipitation using the Global Precipitation
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FIGURE 10.10 Upper panel: Cascadia subduction zone is accumulating seismic energy between the surface and about
40 km deep. The last rupture in 1700 caused 2 m of subsidence along the Washington shoreline and generated a large
tsunami that impacted the entire Pacific Basin. SOURCE: USGS. Lower panel: GPS and seismicity measurements at station
ALBH over the past 18 years shows the gradual accumulation of stress on the fault that is punctuated with slow slip events
at 14-month intervals. This episodic tremor and slip occurs at the expected nucleation site of a major earthquake, and so
understanding the phenomena will aid in earthquake forecasting. SOURCE: Personal communication, H. Dragert, Geological
Survey of Canada, March 2017.
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Measurement estimates. An important objective is to detect and monitor slow-moving landslides
and to shorten forecasts of sudden collapse events (e.g., rapidly moving slides) in order to warn and
evacuate local populations.

Relevant quantities: The important quantities to be measured are high-resolution, bare-earth topog-
raphy; land-surface deformation; precipitation; and permafrost melt, combined with hyperspectral
imaging of vegetation and rock/soil composition to improve and augment existing high spatial
resolution land-cover data.

Length and time scales over which responses should be quantified: The relevant length scales range
from meters to tens of km, and time scales range from seconds to years. High-resolution, bare-earth
topography at 1-5 m spatial resolution and 0.1 m vertical precision is needed over all potential
landslide areas to establish a baseline. Subsequently, more frequently acquired data are required
prior to a suspected slide event and then following its occurrence. Land-surface deformation is
needed at better than 50 m spatial resolution, and 1 mm/yr precision at a better than seasonal
cadence for slow-moving landslides. Hyperspectral imaging in the VSWIR and TIR regions at ~30
m spatial scale and ~weekly time scale is required to map land-cover composition and changes.
High spatial resolution images from commercial sources are ideal for linking topography to land
cover and eventually for mapping composition from space.

Landslide Susceptibility

. Very High

Moderate

Very Low

FIGURE 10.11 Global landslide susceptibility map developed using topography data from the Shuttle Radar Topography
Mission (SRTM), forest loss information from Landsat, and other geophysical variables. SOURCE: Stanley and Kirschbaum

(2017).
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Objective S-1d: Forecast, model, and measure tsunami generation, propagation, and run-up for major
seafloor events.

* Priority—Important: Tsunamis are one of the most destructive hazards on Earth, yet satellites are only
peripheral in monitoring their generation and propagation. Mapping ionospheric waves has recently
provided some limited information on tsunami propagation. Improved models of the shape of the
seafloor as well as high-resolution coastal topography are critically needed to improve modeling
of tsunami run-up and its impact on coastal populations. The topography of the deep ocean floor
(>1,000 m) affects the overall velocity, focusing, and amplitude of the wave as it propagates across
an ocean basin. The detailed topography of the shallow ocean floor (<1,000 m) and coastal areas
affects the velocity, amplitude, and inundation of the wave as it flows over the land.

e Relevant quantities: Key measurements are in situ seismicity, ground deformation via GPS, and
seafloor pressure changes. The most important contribution from a space or aircraft mission is
high-resolution (1 m spatial and 0.1 m vertical), bare-earth topography and bathymetry of coastal
areas, which requires aircraft-based lidar and improved seafloor mapping. The large-scale bathym-
etry of the deep oceans is provided by sparse ship soundings (17 percent of the seafloor is mapped
at <1 km resolution) and dense satellite altimeter measurements of the gravity field associated with
seafloor bathymetry (83 percent of the seafloor is mapped at 6 km spatial resolution). New swath
altimetry technology, such as the planned SWOT mission, could dramatically increase the accuracy
and resolution of the global bathymetry.

Satellite altimetry profiles can also provide open-ocean measurements of the tsunami wave that are
important for modeling source and propagation effects. Similarly, high spatial resolution measurements
of the total electron content of the ionosphere provide a means to indirectly map tsunamis. To provide
useful results, the altimeter or GPS array has to be in the right place at the right time.

 Length and time scales over which responses should be quantified: The bathymetry and topography
only need to be measured once, followed by repeat measurements after a significant change.

Linkages of S-1 Objectives to Other Panels and Integrating Themes

Extreme events like volcanic eruptions, earthquakes, tsunamis, and large landslides can have spatially
extensive consequences on hydrology, ecology, weather, climate, and human habitability. Such events
commonly damage or destroy infrastructure, disrupt ecological patterns, rearrange drainage networks, and
abruptly alter the biogeochemistry, nutrient fluxes, water budget, and energy balance in affected areas.
Hence, they bridge numerous integrating themes and panel objectives. Volcanic eruptions spread ash and
nutrients that impact local ecology (Ecology Objective E-2¢) and alter both water (Hydrology Objective
H-3b) and air quality. Directed volcanic blasts and effusive eruptions can cause localized but catastrophic
ecological change (Ecology Objective E-5b) and widespread infrastructure damage. At scales of weeks
to months, large, persistent volcanic eruptions affect local weather and precipitation patterns (Climate
Objectives C-5a, C-5d, and C-7b; Weather Objectives W-5a and W-6a). At scales of minutes, earthquakes,
tsunamis, and landslides abruptly and, typically, nonreversibly alter landscapes, ecological communities,
hydrologic systems, and both energy and nutrient fluxes. All of these “extreme events” commonly have
large impacts on nearby communities and infrastructure, and potentially affect distant sites (e.g., as volcanic
plumes intercept airline routes). The panel’s forecasting emphasis for these extreme events relies in part
on identifying thresholds or triggers related to other panels’ objectives: exceedance thresholds for rainfall
that trigger landslides; particulate fluxes from volcanos that effectively alter weather or climate patterns
and nutrient availability; scales of landslides or volcanic eruptions that significantly disrupt local ecology
or hydrology; and coastal and shallow-marine topography that, when combined with seafloor earthquake
ruptures, determines tsunami impacts on coastal ecology, hydrology, and infrastructure.
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Question S-2: How do geological disasters directly impact the Earth system and society following an
event?

Large geological disasters, such as those discussed earlier, can have major impacts on the Earth system
and society. Satellites can see affected areas and collect data at spatial scales needed to assess the impacts
during and following a disaster, but only if relevant assets are deployed in a timely manner. Examples of
satellite-based emergency mapping of hydrometeorological, geophysical, and biologic disasters are shown
in Figure 10.12.

Objective S-2a: Rapidly capture the transient processes following disasters for improved predictive mod-
eling, as well as response and mitigation through optimal retasking and analysis of space data.

* Priority—Most Important: Rapid capture and delivery of synoptic data by spaceborne assets follow-
ing a disaster can directly mitigate the loss of life and infrastructure. These data can be obtained by
rapidly retasking existing satellites, deploying new satellites dedicated to a specific measurement
objective, or by deploying a constellation of future satellites that provide the temporal fidelity
required. The International Charter “Space and Natural Disasters” was developed by space-faring
nations to reschedule their satellites to observe regions struck by a disaster and to deliver those
data to the decision makers in that region. An example of the international response to the 2015
earthquakes and landslides in Nepal is shown in Figure 10.13.

* Relevant quantities: The relevant quantities are largely defined by the disaster and available space
assets. High-resolution optical (<5 m) and SAR (<30 m) image data can provide information on the
magnitude and extent of damage in the affected areas. Repeated InSAR and high-resolution optical
data can provide information on both the magnitude of the ground motion and the decorrelated
regions where a majority of the infrastructure may be damaged. Hyperspectral UV through TIR data
are especially valuable for monitoring ongoing changes in the temperature, composition, and extent
of erupted volcanic materials, including gases, as well as constraining forecasts of the duration of
the activity. High-resolution topography enables quantified assessments of landscape change owing
to erosion, deposition, and vegetation disturbance. An important objective for all of these data is the
rapid dissemination of higher level products to local emergency responders and the global scientific
community.

e length and time scales over which responses should be quantified: The scales are dictated by the
extent and duration of the disaster. Inundation from flooding (or tsunamis) and the associated erosion/
deposition can persist for days to weeks. In the case of the 2015 Nepal earthquakes (see Figure 10.2),
satellite remote sensing information was most valuable when delivered to the remote mountainous
areas in hours to days (Figure 10.13). However, the threats from additional large aftershocks may
persist for months to years following an event. Volcanic eruptions and their secondary hazards (e.g.,
lahars, remobilization of ash) can last hours to decades.

Objective S-2b: Assess surface deformation (<10 mm), extent of surface change (<100 m spatial resolution)
and atmospheric contamination, and the composition and temperature of volcanic products following a
volcanic eruption (hourly to daily temporal sampling).

* Priority—Very Important: Active volcanoes can erupt intermittently or continuously for decades

or more. Consequently, ongoing data collection is required to determine whether the eruption is
waning, increasing, or transitioning to a new phase. These synoptic data of the estimated 1,500
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FIGURE 10.12 Recent satellite-based emergency mapping (SEM) activations at the global level (A) and regional level (B
and C). Disaster categories are (1) hydrometeorological, including flood, storm, snow, wildfire, and drought events (blue
symbols); (2) geophysical, including earthquake, volcano, and landslide events (red symbols); and (3) biogenic, including
epidemic outbreaks and technical accidents (green symbols). Polygons highlight clustering of activations for the various
disaster categories. All three panels show population density in the background. SOURCE: Voigt et al. (2016).
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FIGURE 10.13 Repeated acquisitions of high-resolution optical imagery provided details on destroyed buildings and other
infrastructure following the 2015 M7.8 Nepal earthquake. The earthquake destroyed centuries-old buildings, killed nearly
9,000 people, and left hundreds of thousands homeless. The shaking also triggered numerous landslides, which contributed
to widespread destruction of many small villages. The International Charter “Space and Natural Disasters” was invoked to
enable space agencies to target space acquisitions in the damaged areas. SOURCE: Pleiades image, European Commission-
Copernicus Emergency Management Service.

active volcanoes around the world can be provided only by spaceborne assets, most critically for
those that lie in remote locations and in poorer countries. For example, the 2012-2013 eruption
at Tolbachik Volcano in Kamchatka (Russia) triggered a response in the Earth Observing Mission-1
(EO-T) and ASTER sensor webs and led to the acquisition of high spatial resolution image data for
the next 6 months of the eruption. Heat flow measured in the SWIR and TIR during the development
of one of the largest lava flow fields in the last 50 years, combined with digital elevation models,
constrained models of future lava flows.

Relevant quantities: The primary quantities are land-surface deformation; volume, composition and
temperature of the eruptive products, including gases (especially SO, and CO,); and mass and energy
fluxes across the solid earth/atmospheric boundary. Changes in the color of volcanic lakes and the
health of nearby ecosystems over time can signal changes in the flux or species of degassing, which
are critical to detect both prior to and following an eruption.

Length and time scales over which responses should be quantified: The data scales (spatial, spectral,
temporal) and wavelength region required are directly related to the measured volcanic property.
Volcanoes with persistent plumes and those in persistently cloudy regions are best imaged by SAR
backscatter data at spatial scales ~30 m or better, which can provide ongoing observations of changes
in the active vent and erupted lava. UV, VSWIR, and TIR multi- to hyperspectral data observations
(both day and night) at ~30 m or better are effective in regions with less cloud cover, and measure the
heat flow and abundance of gas in the column, the composition and particle size of ash in persistent
and passive plumes, as well as the land cover and ecosystem changes near the volcano. Consis-
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tent measurements at time scales no longer than 1-3 days throughout the posteruption period are
required. Data acquired at even higher frequencies are essential for hazard mitigation (e.g., aircraft
interactions with drifting ash clouds, lava/ash flow inundation) and also enable modeling of higher
frequency processes, such as changes in lava and gas production, which are directly linked to the
underlying magmatic system driving the eruptive activity. Repeat pass INSAR data at spatial scales
~30 m or better and time scales of 1-2 weeks are critical for measuring the inflation or deflation in
the volcanic edifice following the eruption, which can signal new or renewed activity. Such data
have been used to measure changes in the eruptive products over time (e.g., the cooling deflation
of a lava flow), with the decorrelated areas indicating the location of newly emplaced products. To
maximize their utility to society, all of these space-based observations need to be rapidly downlinked
following acquisition.

Objective S-2c: Assess co- and postseismic ground deformation (spatial resolution of 100 m and an accu-
racy of 10 mm) and damage to infrastructure following an earthquake.

* Priority—Very Important: Monitoring the ground motion following a large earthquake would improve
understanding of how the crust accommodates the stresses imposed through a combination of
continued slip on faults, viscoelastic relaxation, and flow of crustal fluids. Identifying the correct
mechanism for relaxation is critical for understanding how a fault heals and prepares for the next
event. Coseismic models based on GPS, InSAR, seismic waves, and high-resolution optical imagery
are used to estimate the immediate change in crustal stress surrounding the rupture zone. Frequent
and accurate measurements of postseismic deformation will reveal the rheological properties of
the crust and upper mantle. More importantly, measuring the evolution of the deformation after
an earthquake provides a window into stress increases on surrounding faults. High spatial resolu-
tion optical difference maps as well as InSAR decorrelation maps can be used to identify areas of
destroyed infrastructure associated with coseismic events.

* Relevant quantities: The relevant quantities to be measured are similar to the quantities need for
Objective S-1b. These are crustal deformation surrounding the fault from InSAR, seismometers, and
GPS; temporal variations in gravity, which can reveal large-scale offshore deformation not observ-
able by other methods; and high-resolution, bare-earth topography, which can reveal the repeated
deformations over many earthquake cycles.

e Length and time scales over which responses should be quantified: Postseismic processes are stron-
gest immediately following an earthquake and typically decay logarithmically with time. In the
first days to weeks following a rupture, the near-field (ideally <100 km from the fault plane) crustal
deformation measurements will need to be acquired continuously with ground GPS and at least
weekly with InSAR from at least two look directions. Over the time period of 6 months to 10 years
following a major rupture, far-field (100-500 km from the fault) and synoptic gravity measurements
become more important for monitoring viscoelastic processes.

Linkages of S-2 Objectives to Other Panels and Integrating Themes

Responses to disruptive, extreme geological events like earthquakes or volcanic eruptions require
both rapid quantification of event characteristics and timely dissemination of those data. Efficient and
accurate observation and prompt communication are critical ingredients underpinning effective societal
responses. Weather forecasters, climate modelers, and air-traffic controllers improve their predictions
by incorporating fluxes of volcanic gases and aerosols into their models (Weather Objectives W-5a and
W-6a). The same space-based sensors for aerosols and gasses are proposed by the Climate Panel and this
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panel. Accurate forecasts of intense storms (Weather Objectives W-2a and W-4a) improve preparedness
and response for landslides, flooding, and hillslope, river, and coastal erosion. Holistic assessment of the
effects of earthquakes, volcanic eruptions, or tsunamis (e.g., spatial extent and character of infrastructure
damage; fragility of residual infrastructure; landslide size, spatial frequency, and characteristics of affected
slopes, ecology, and hydrology; and inundation or dam failures) enables effective emergency responses to
these extreme events. Topographic characteristics, coupled with better understanding of long-term, ongoing
ecological and hydrological change (Ecology Objectives E-1b and E-1d; Hydrology Question H-4), enables
improved prediction of the impact of extreme events, including estimates of hillslope stability, vulnerability
to erosion, and both estimation and development of mitigation strategies for fluxes of sediment, water,
and contaminants.

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

Over Earth’s history, sea level has fallen during glacial periods, when seawater is transferred to the
continents and stored as ice, and risen during intervals of warm global temperatures (interglacial periods).
During the last Glacial Maximum (26,000 years ago), sea level was approximately 125 m lower than it
is today (Peltier and Fairbanks, 2006). During one of the warmest periods in Earth’s history (100 million
years ago), the North American continent was split by a vast seaway created by a combination of sea-level
rise and tectonically induced subsidence. Global sea level has risen an average of 1.7 mm/yr over the
past century, and 3.2 mm/yr from 1993 to 2010 (Church et al., 2013). Sea-level rise over the next several
decades is a major concern for society at large. Whereas the coastal zone represents just 2 percent of Earth'’s
total land area, it generates more than 10 percent of the world’s gross domestic product, and ~600 million
people are coastal dwellers. Even moderate sea-level rise over the next century will lead to significant
increases in coastal flooding and storm surge, as well as saltwater intrusion into aquifers.

Although a number of missions measuring aspects of sea-level rise are flying or are in development
(e.g., Jason-3, SWOT, GRACE-FO, ICESat-2), several important geophysical observables are not being ade-
quately measured. These include observations of (1) vertical land motion, (2) ice-sheet and glacier-surface
melt (the first-order product of the warming atmosphere), and (3) the location and properties of the base
of the ice sheet (i.e., bedrock topography and seawater intrusion). Lack of knowledge of these important
parameters continues to hamper our ability to project future sea-level rise.

Objective S-3a: Quantify the rates of sea-level change and its driving processes at global, regional, and
local scales, with uncertainty <0.1 mm/yr for global mean sea-level equivalent® and <0.5 mm/yr sea-level
equivalent at resolution of 10 km.

* Priority—Most Important: Sea-level change arises from a combination of ocean volume changes
(thermal expansion or contraction of seawater), mass input from the cryosphere, ocean and atmo-
sphere dynamics, gravitational changes, and vertical land motion. The global ice sheets contain
the greatest potential for rapid sea-level rise in the coming decades. Over the decade from January
2005 to December 2014, ice sheets and other glaciers contributed approximately 70 percent to

2Current altimetry missions, such as Jason-3, have a mission goal of T mm/yr, in order to accommodate the inherent measurement
uncertainty and the effects of seasonal and interannual variations. The current uncertainty in the global mean sea-level rise rate over
the last 25 years has been 0.3-0.5 mm/yr (e.g., Leuliette and Nerem, 2016; Ablain et al., 2017), with acceleration rates estimated to be
0.084+0.025 mm/yr? (Nerem et al., 2018). As a result, the goal for future systems is to achieve an accuracy as high as 0.1-0.3 mm/yr,
with differing opinions among experts about where it should fall in that range in order to adequately capture not only the current
rates of sea-level rise but also changes in these rates.
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observed global mean sea level by increasing the mass of the ocean, and thermal expansion of
seawater contributed about 30 percent (Figure 10.14). The most rapid accelerations in sea level
over the last decade derive from ice sheets, particularly Greenland. Change in Antarctica has the
greatest potential to cause sea-level rise in North America in the coming century. To project future
sea-level rise, it is necessary to first quantify the current rate of global mean sea-level rise as well
as the relative contributions of the driving processes. Achieving this objective requires both obser-
vations of the global sea-surface height and the changing ice sheets. The sea-surface height varies
regionally at significantly higher rates than the global mean for periods of several years to several
decades owing to changes in the winds and ocean circulation (e.g., Savage and Thatcher, 1992).
* Relevant quantities: Sea-surface height has been measured using satellite radar altimeters (e.g.,
TOPEX/Poseidon, Jason-1, and Jason-2) since 1993. Precise sea-surface height measurements also
require geodetic-quality GPS receivers for orbits, microwave radiometers to correct for water-vapor
path delays, dual frequencies for ionospheric corrections, and a stable and well-defined terrestrial
reference frame (GPS, SLR, VLBI). Maintaining the global tide gage network is required to detect
biases and drift.
Observations needed to understand ice-sheet contributions to sea level include ice thickness
(the difference between the ice-sheet topography and the bedrock topography) for ice-sheet mod-
els, seasonal and interannual ice velocities, time-variable gravity, ice topography and its change,
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FIGURE 10.14 Total global mean sea-level change from January 2005 to December 2014 as measured by the consecutive
Jason-1 and Jason-2 missions (black line), as well as the mass component (orange line) measured by the GRACE mission, and
thermal expansion (blue line) measured by Argo and in situ temperature recorders. SOURCE: Data for plot from Chambers
etal. (2017).
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three-dimensional (3D) surface deformation, snow density, coastal sea-level data, and surface
melt. Observations of ice-sheet change needed for projections of sea-level rise include ice-surface
topography measurements from satellite laser altimetry or lidar, ice velocity using both InSAR and
GPS, mass estimates using both GRACE and GRACE-FO, and the basic geometry of the base of
the ice sheet through airborne radar campaigns. An unresolved issue is that sea-level and ice-mass
changes relative to a terrestrial reference frame are sensitive to geocenter motion, but satellite gravity
measurements are not. Thus, independent measurements of geocenter, such as those obtained from
SLR, are required.

Length and time scales over which responses should be quantified: Sea surface height is measured
with good precision (2 cm root mean square [RMS] accuracy at 100 km resolution). The current
temporal and spatial resolution for altimetry in the deep ocean is sufficient, but improving the res-
olution to 10 km in coastal waters would better enable the study of dynamical sea-surface height
changes, which are different in shallow, coastal waters than in the deep ocean owing to interactions
with bathymetry. Measurements over ice sheets (ice thickness, ice velocity, ice topography change,
surface melt) need to be made continuously over decades to detect and understand potentially rapid
changes. The time sampling can be monthly (or less), and the spatial resolution will depend on the
measurement objectives. The spatial resolution of ice thickness near the grounding line needs to
be less than 250 m, the spatial resolution of ice-topography change needs to be better than 100 m,
and the spatial resolution of ice velocity needs to be better than 250 m.

Objective S-3b: Determine vertical motion of land along coastlines at uncertainty <1 mm/yr.

* Priority—Most Important: The influence of vertical land motion on local sea-level rise is profound but

poorly constrained. Vertical land motion is driven by natural and anthropogenic processes ranging
from changes in the mass load, isostatic (and nonisostatic) adjustment of the solid Earth in response
to changes in loading (ice, water, sediment), sediment compaction, extraction of fluids (oil, gas, and
water) from underground reservoirs, and tectonics. Currently, vertical land motion is not regularly
measured in most areas. Where it has been measured, we now know that land subsidence can be
more than an order of magnitude greater than sea-surface elevation changes owing to ocean mass
changes and thermal expansion or contraction (Figure 10.15). Thus, in many areas of the world,
land subsidence is the leading contributor to coastal sea-level rise. Conversely, coastal areas being
uplifted owing to tectonics (e.g., Pacific Northwest) are experiencing a lower rate of sea-level rise
than the global average (NRC, 2012b).

Relevant quantities: The most critical measurement needed to quantify vertical land motion is
land-surface deformation, typically measured with GPS, but increasingly with InSAR. Global mea-
surements made once to produce a high-resolution (1 m horizontal, 10 cm vertical), bare-earth
topography model are needed, especially for predicting inundation effects. Such global topography
measurements would aid in modeling the pathway of water in future sea-level rise scenarios and
storm-surge modeling.

Length and time scales over which responses should be quantified: The processes that drive vertical
land motion in many areas (water extraction, sediment compaction) are nonlinear, which means
that long-term (>10 years) measurements at monthly or shorter time sampling is required. Because
significant changes in vertical land motion (>15 mm/yr) occur at small scales (Figure 10.15), a spatial
resolution of 10 km or better is required.
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FIGURE 10.15 Upper panel: Vertical land motion (VLM) determined from GPS stations for the Gulf of Mexico coast. Positive
values indicate uplift; negative values indicate subsidence. The inset shows the expected relative sea-level rise for the Mis-
sissippi Delta using a projection of global mean sea level (bottom curve) and a projection that also includes the observed
vertical land motion over the past decade (top curve). SOURCE: Map from Donald Argus, Jet Propulsion Laboratory, California
Institute of Technology (Argus and Shirzaei, in preparation, 2018). The sea-level projection is adapted from Figure 13.11
(RCP 8.5 scenario) in Church et al. (2013).

Linkages of S-3 Objectives to Other Panels and Integrating Themes

Improved quantification of the rate and cause of local and global sea-level rise or fall is closely aligned
with objectives of all other panels. Ongoing, incremental coastal inundation affects both terrestrial and
nearshore ecology and hydrology (Ecology Objectives E-1b, E-1d, E-2b, E-3a, E-4a, E4b, and E-5b; Hydrol-
ogy Questions H-2 and H-4). The extent and thermal state of the ocean’s surface boundary layer can, for
example, influence the intensity and tracks of hurricanes and typhoons (Weather Objectives W-1a, W-2a,
and W-3a), as well as modulate long-term climate change (Climate Question C-1; Climate Objectives C-4a,
C-4d, C-7c, and C-7d). Potential destabilization of ice sheets owing to global warming and sea-level rise
would have catastrophic impacts for coastal nations, even if such an extreme event were to occur over
decades. Along with local tectonics, mass loss from ice sheets and glaciers is driving localized coastal
uplift and sea-level fall (or conversely, in other locations, sufficient subsidence to accelerate sea-level rise),
with related impacts on both ecology and hydrology, as well as infrastructure. Ice loss is closely related to
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integrating themes of water and energy budgets, and when considered at longer time scales, of extreme
events. Notably maintaining and upgrading the terrestrial reference frame to achieve stringent geodetic
objectives is an implicit, shared linkage among all panels.

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

Earth’s landscapes serve as the interface between Earth’s interior, atmosphere, hydrosphere, cryosphere,
and biosphere, and they define the habitable Earth. Landscapes facilitate mass and energy transfers among
these components of the Earth system, and they are shaped by processes facilitating these transfers over
a broad range of spatial and temporal scales. Over time scales ranging from decades to millions of years,
processes acting to shape Earth’s landscapes play a central role in controlling atmospheric chemistry and
climate (Kump et al., 2000), modulating crustal deformation in active mountain belts (Molnar and England,
1990; Willett, 1999), and shaping and filling the sedimentary basins that host water and hydrocarbon
resources (DeCelles and Giles, 1996). Climate changes operating over millennia alter the distribution of ice
and the transport of sediment, which together produce long-wavelength deformation of Earth’s surface and
modulate sea level (Kopp et al., 2009). Weather events commonly amplify coastal and river erosion and
can trigger abrupt processes such as landsliding, which disaggregate and transport rock within landscapes
and produce measurable changes in Earth’s surface (Hilley et al., 2004). Seasonal melt in or adjacent to
snow- or glacier-clad mountain belts can both cause flooding and sustain agriculture during dry seasons.

Our species and the processes that shape Earth’s surface are inextricably bound to and co-evolve with
one another. Modern civilization depends on the water and soil resources hosted in landscapes and is
impacted by the ways in which they change, including posing risk to humans in the form of landslides,
coastal erosion, and flooding (Zoback et al., 2013). The widespread and efficient expansion of human
enterprises now affects many of Earth’s surface processes and resources that provide critical support for
civilization. Consequently, it is in our vital interest to understand the ways in which Earth surface processes
have shaped the development of the planet, operated prior to industrialization, and changed in the face
of a rapidly growing population.

A promising path forward is in the progressive quantification of surface processes through the merger
of theory with diverse observations of cause and effect of surface processes within landscapes. Success in
this effort will help define how and why landscapes evolve, what conditions and interactions set the pace
of landscape change, and what roles are played by natural and anthropogenic forcing.

Airborne and space-based observations have played a central role in advancing this understanding
(Figure 10.16). For example, long-term satellite observations quantify natural changes in coastal and river
erosion, hillslope stability, wildfire pathways, and ecological domains, as well as ways in which humans
utilize and alter landscapes and their resources (Harris et al., 2012). Airborne imaging of the nutrient con-
tent of vegetation canopies reveals ways in which landscapes facilitate elemental transfers between rocks
and the biosphere (Porder et al., 2005).

Objective S-4a: Quantify global, decadal landscape change produced by abrupt events and by continuous
reshaping of Earth’s surface from surface processes, tectonics, and societal activity.

* Priority—Most Important: Enhanced understanding of the processes that change landscapes and how
they relate to other elements of the Earth system requires a robust image of the landscape change
itself. Hence, the magnitude of change, the processes and interactions driving change, the rates of
change, and the limitations on those process rates all need to be quantified.
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FIGURE 10.16 A: A shaded-relief image of a portion of the Dragon’s Back Pressure Ridge derived from the 30 m resolution
National Elevation Dataset (NED) fails to resolve basic landscape attributes, such as watershed boundaries, ridgelines,
and channels. SOURCE: Data set from the USGS. B: High-resolution (1 m), bare-earth topography of the same area clearly
shows the location of the active San Andreas Fault and discriminates fundamental landscape elements. SOURCE: Data from
www.opentopography.org. C: A close-up clearly reveals the transition between gullies, hillslopes, and channels, as well as
changes in the geometry of these landforms that result from variations in the rates of surface processes and fault-related
uplift. SOURCE: Modified from Hurst et al. (2013).

Disruption of Earth’s surface materials, as happens during landslides (Figure 10.16), may transform
surface properties while changing elevations, as material is transported and deposited elsewhere or
formerly buried materials are exposed at the surface. Similarly, large volcanic eruptions can man-
tle the terrain with fresh debris that can feed destructive lahars for decades after the eruption has
ceased. In contrast, ground elevations can sometimes change without disrupting the attributes of the
surface itself. In these cases, deformational processes, such as viscous creep owing to gravity acting
on soils on hillslopes or poroelastic deformation that attends groundwater pressure changes, result
in surface warping but not in change of its physical and chemical characteristics. Capturing quan-
titatively impulsive and persistent temporal processes and both modes of topographic change—in
which elevation changes may or may not be accompanied by changes in slope or composition of
surface materials—is necessary to ultimately understand the processes that drive landscape change.

® Relevant quantities: Earth’s landscape comprises the rock, soil, water, ice, snow, and biomass
extending from the base of the vadose zone to the top of the vegetative canopy (the critical zone). A
fundamental quantity for understanding global landscape change is change in the bare-earth topog-
raphy, as derived from swath lidar. From such topography, attributes such as local slope, curvature,
and topographic convergence or divergence can be derived and interpreted in terms of their controls
on both continuous and impulsive fluxes of water and sediment through the landscape (e.g., soil
creep, landslides, debris flows, and channel incision). Another important quantity is the baseline
and changing composition of Earth materials, including the water and soil carbon content of the
surface zone, the mineralogical composition and spatial configuration of rock and soil, the fraction
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of water that is ice, and the standing water present on Earth’s surface, all of which are relevant for
quantifying the nature, rates, and processes driving changes in the character of the surface.
Length and time scales of surface change: The scales over which landscapes change vary over orders
of magnitude, depending on the process at work. Changes in ice-sheet volume and resultant crustal
loads produce long-wavelength (hundreds of km) bending of the surface, and flow of deep-earth
materials (e.g., subduction) alters this bending over similar length scales for tens of thousands of years
following loading or unloading. In contrast, earthquakes disrupt the surface over tens of seconds
at scales of centimeters to meters, but can produce permanent warping of landscapes over tens of
kilometers around the fault rupture and can affect areas for hundreds of kilometers. The landslides
generated by earthquakes commonly initiate during a few minutes of the shaking and cover areas of
less than a few square kilometers (Figure 10.17). Accelerated channel incision at the base of a slope
can take centuries to induce responses along slopes subjected to soil creep, or seconds on steep
slopes subject to landslides. Floods can modify river channels and surrounding floodplains from
event to event (months to years), whereas a large rainfall event can reroute the channel over days.
Abrupt vegetation disturbance by fire or deforestation or gradual vegetative migration in the face of
climate change commonly modify landscape stability and susceptibility to erosion during storms,
seismic shaking, or other impulsive events. Overall, understanding landscape change requires a
high-resolution, baseline depiction of Earth’s topographic, ecological, and compositional land-
scapes, as well as the ability to capture changes that occur over short time scales (days to months),
particularly in areas where changes have occurred or are likely to imminently occur and in areas
where humans and their infrastructure are threatened.

Objective S-4b: Quantify weather events, surface hydrology, and changes in ice/water content of near-sur-
face materials that produce landscape change.

* Priority—Important: The primary observables for this objective would be used to understand the

driving factors responsible for landscape changes. Given that quantifying landscape change itself
(Objective S-4a) was deemed the highest order objective, quantification of the processes driving
these changes was regarded as a vital but slightly lower priority set of observables.

Relevant quantities: The observables needed to quantify drivers of landscape change include the
spatial and temporal distribution of rainfall and snowfall, the total (and changing) amounts of rain and
snow present near the landscape surface over time (drivers of root-zone and soil-moisture content),
seasonal temperatures that may modulate the fraction of ice and water in the surface and subsur-
face, freeze-thaw cycles, and human activities (e.g., construction, excavation, or land use change)
that alter hillslope character and, thus, sensitivity to precipitation and, ultimately, susceptibility to
erosion.

Length and time scales over which driving factors should be quantified: The appropriate scales of
observation depend on the particular process that is interrogated. Minutes-long cloudbursts can drive
hillslope failure, but so can passing a saturation threshold after a week of persistent rainfall. Both
primary surface changes owing to anthropogenic land-cover change (direct human intervention) and
secondary changes (natural response to human intervention) can occur over time scales of months
to decades, but many of these drivers act over length scales of meters to kilometers. For example,
a river channel may be reconfigured during a flood over hours or days, but the flood is produced
by regional storms that affect the hydrology of large areas. For large rivers imaging of these types of
processes likely requires high temporal sampling, but could permit coarser spatial resolution. At the
most challenging extreme, landslides are generally small features, ranging in dimension from several
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FIGURE 10.17 Before and afterimages of Langtang village, Nepal, which was buried by a landslide during the 2015 Gorkha
earthquake. The M7.8 earthquake triggered more than 4,000 landslides. SOURCE: D. Breashears, Glacier Works, “Panorama
Images of Langtang Village Taken Before (October 2012) and After (May 2015) the Nepal Earthquake,” October 2012, http://
www.icimod.org/before-after/langtang/.
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meters to several kilometers. Hydrologic triggers are locally mediated (e.g., by proximal slopes,
vegetation cover, and previous history), and so observations of factors that control this hydrology
need to be at the scale of individual landslides. Furthermore, rates of landslide motion vary over
seven orders of magnitude, from seconds-long rapid failure or mobilization of rock and soil in a
debris flow to continuous landslide creep that can persist for decades.

Objective S-4c: Quantify ecosystem response to and causes of landscape change.

* Priority—Important: Understanding the coevolution of landscapes and ecosystems is a central and
vibrant locus of inquiry in landscape development. Achieving this objective strongly relies on the
quantification of the landscape change (Objective S-4a) associated with variations in ecosystem
characteristics.

e Relevant quantities: Ecosystem response and causes refer to the extent, biogeochemical composi-
tion, and health of the aboveground biomass; its species composition; interaction among species; its
mechanical characteristics (such as root strength and surface roughness); and its soil-generation and
transport characteristics, and how these factors vary with landscape position, changing landscape
properties, and time. Relevant quantities for characterizing this response include nutrient composi-
tion/status of the ecosystem, distribution of the carbon stock (as a function of aboveground elevation)
in the biomass, biomass water-cycling characteristics, species composition of the aboveground
biomass, surface shear strength imparted by vegetation communities, biogeochemical fluxes from
the biomass to the soil, and the history of wildfires (Lamb et al., 2011; see also Figure 10.18).

e Length and time scales over which responses should be quantified: Length scales should be matched
to those required to image different landscape elements (i.e., from meters to entire landscapes: hun-
dreds of km?). Baseline observations need to be collected throughout the year to adjust for seasonal
variations in biomass properties. Imaging change over time needs to be flexible, depending on the
processes leading to landscape changes under investigation. High-impact events such as wildfires
impose abrupt changes, whereas persistent groundwater drawdown creates incremental impacts.
Thus, a means of acquiring global baseline measurements at high spatial resolution that could be
revisited for specific areas at different return frequencies is necessary.

Linkages of S-4 Objectives to Other Panels and Integrating Themes

Landscapes are situated at the interface between the geosphere, atmosphere, hydrosphere, cryosphere,
and biosphere. The physical shape and composition of the land surface, its soils, and its ecology are crit-
ical controls on the ways in which water, carbon, nutrients, and energy cycle through the critical zone,
making this interface a nexus for many integrating themes. Along with soil characteristics, surface water,
snowmelt, and groundwater (Hydrology Objectives H-1c, H-3b, H-4a, H-4b, and H-4c; Ecology Objective
E-1d; Climate Objective C-2e; and Weather Objectives W-1a, W-3a, and W-4a) are fundamental controls
on erosion and deposition at the surface and on the structure of the ecosystem. They also modulate soil
and rock resistance to failure (in part through vegetation properties). Climate change, temporal variabil-
ity in land use (Hydrology Objectives H-2a and H-4d), and societal activity affect the shape, structure,
vulnerability, and resilience of landscapes and associated ecological and hydrological systems (Ecology
Objectives E-1b, E-Te, E-3a, and E-5b), including water and air quality, groundwater recharge, and food
production. High-resolution, lidar-based topography and its changes through time provide a critical and
spatially nuanced template for predicting and assessing fluxes of sediment, energy, water, nutrients, and
carbon through landscapes (Weather Objectives W-3a. W-4a; Hydrology Obijectives H-1a, H-2a, H-4a,
and H-4b; and Ecology Obijectives E-4a, E-5a, E-5b, and E-5¢). Lidar enables more reliable quantification
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FIGURE 10.18 DigitalGlobe false-color composite image of a California wildfire (September 2014) made from three short-
wave infrared bands that are able to see through the fire’s smoke. Vegetative and soil quality change owing to fire strongly
affect postfire erosion rates. SOURCE: Courtesy of DigitalGlobe.

of the likely impacts of changes in climate, weather, forestry, agriculture, or other societal uses, and also
illuminates the 3D structure of both aboveground ecosystems and carbon inventories. The variables, such
as surface slope and shape, rainfall rates, vegetation cover and type, and soil character, that control the
rates and character of surface processes will also determine how the landscape, including its hydrologic
and ecologic character, responds to and recovers from both incremental and extreme events, either natural
or anthropogenic.

Question S-5: How does energy flow from the core to Earth’s surface?

Earth has a liquid core, which slowly cools by energy transfer through the mantle to the surface. A solid
inner core has crystallized out of the core fluid. In the remaining fluid of the outer core, thermal and chem-
ical convection with speeds of tens of kilometers per year generate Earth’s magnetic field (Figure 10.19),
which prevents Earth’s atmosphere from being depleted by the solar wind and shields society from harmful
radiation. Core motions and waves are responsible for prominent changes in Earth’s magnetic field, as seen
in features such as the movement of the geomagnetic poles and the South Atlantic magnetic anomaly.
Angular momentum exchange with the overlying mantle further leads to subtle variations in Earth rotation,
which are manifested in changes of the length of the day, precession, and nutation of the rotation axis.
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FIGURE 10.19 Schematic of the generation of Earth’s magnetic field by vigorous convection in the fluid outer core. The
core field changes orientation and amplitude over time scales ranging from years to millions of years. SOURCE: Courtesy
of the European Space Agency.

Heat transfer from the core to the surface also drives convection and flow of Earth’s viscous mantle.
Cooling at the surface generates rigid lithospheric plates that slide across the viscoelastic asthenosphere.
These geodynamic processes are evident in plate motions, variations in geoid height, and dynamic topog-
raphy. New tectonic plates are created at volcanic midocean ridges and are recycled back into the mantle
at subduction zones, generating both earthquake and volcanic activity. These plate tectonic processes
cycle CO,, water, and other fluids through Earth’s interior and atmosphere, helping to create and maintain
a habitable planet.

Although plate tectonics explains the occurrence of earthquakes, volcanoes, mountain belts, and
geologic features, fundamental questions remain. Specifically, what is the nature of plate boundary defor-
mation; what fraction of the strain rate is elastic, to be released in future earthquakes; and what fraction
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is inelastic, forming diffuse deformation far from the plate boundary (Figure 10.20)? We do not know how
much water is trapped in the deep interior. How much does this water affect mantle viscosity and the
initiation of plate tectonics? We know that density and temperature variations lead to circulation of Earth’s
mantle, but does this circulation extend through the entire mantle or is it partitioned with depth? How
does this circulation influence surface topography, plate motions, and the evolution of plate boundaries?

Objective S-5a: Determine the effects of convection within Earth’s interior, specifically the dynamics of
Earth’s core and its changing magnetic field, and the interaction between mantle convection and plate
motions.

e Priority—Very Important: Better characterization of deep Earth dynamics and its drivers is key to
understanding deep Earth phenomena such as geomagnetic field variations, mantle convection,
and plate motions. Because Earth’s deep interior cannot be probed directly, our understanding is
largely based on indirect measurements and observations. The primary challenge in reaching a better
understanding of deep Earth dynamics is overcoming the present sparsity of observations and the
nonuniqueness in their interpretation. Opportunities for improving the observational basis include
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FIGURE 10.20 Color contours of the strain rate along the boundaries of the major tectonic plates derived from 22,500 GPS
velocities. Most major earthquakes occur in these high strain rate areas, and so refined mapping is needed to improve the
accuracy of the global earthquake hazard maps as well as to better understand the physics of plate boundaries and the
extent and physics of intraplate deformation. SOURCE: Kreemer et al. (2014).
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(1) multisatellite simultaneous measurements of the magnetic field to separate internal contributions
and relate them to motions in the core, and (2) establishing more accurate terrestrial reference frames
for monitoring Earth rotation parameters, deformation, and mass transport.

Relevant quantities: Accurate global monitoring of the magnetic field provides valuable insights
because the magnetic field of the core passes almost unobstructed through the mantle. Other helpful
measurements include changes in the gravity field and earth-rotation parameters. Core and mantle
structure can be inferred from imaging by seismic waves. Models of mantle convection require
knowledge of the physical parameters of Earth’s interior—specifically, density and viscosity. The
thickness of the elastic lithosphere and viscosity structure of the asthenosphere can be constrained
using long time series of GPS measurements combined with time-dependent gravity measurements.
The distribution of density within the mantle, determined from seismic models, can be constrained
using gravity and topography data. Improved understanding of the nature of deforming plate bound-
aries—specifically, the level of coupling between the rigid crust and mantle and the convecting
asthenosphere and how that coupling relates to surface faulting—requires both temporal and spatial
measurements of strain accumulation. Continuous time series measured by GPS and repeat INSAR
images provide the temporal resolution needed to assess levels of transient behavior, earthquake
processes, aseismic deformation, long-term tectonic motions, and accommodation of relative plate
motions across continental boundaries.

Length and time scales over which responses should be quantified: Earth’s core magnetic field
changes on subannual to decadal time scales and thus needs to be monitored continuously from
space. Exchange of angular momentum between core and mantle from changes in earth-rotation
parameters also requires continuous monitoring.

Objective S-5b: Determine the water content in the upper mantle by resolving electrical conductivity to
within a factor of 2 over horizontal scales of 1,000 km.

 Priority—Important: Significant quantities of water, perhaps several times the volume of the surface

oceans, may be stored in Earth’s deep interior, distributed as point defects in the nominally anhydrous
minerals that make up the bulk of the mantle. The actual volume and distribution remain highly
uncertain, but water (or more precisely, hydrogen) modifies both rheological properties and melting
relationships, with potentially significant impacts on the dynamics and geochemical evolution of
Earth. Quantitative understanding of Earth’s deep water cycle and the distribution of volatiles in the
interior would clarify key aspects of the dynamic Earth, ranging from the initiation and maintenance
of plate tectonics to the nature of the asthenosphere and the stability of ancient cratons.

Relevant quantities: Conductivity imaging with electromagnetic induction methods is likely the
best probe for constraining the distribution of water in the mantle on a global scale. For plausible
variations in water content, conductivity can vary by orders of magnitude. Satellite magnetometers
have a unique potential to provide new 3D global views of upper mantle and transition zone water
content—in particular, shedding light on large-scale variations between continental and oceanic
domains.

Length and time scales over which responses should be quantified: Mantle conductivity changes
over geological time scales and is best determined over spatial scales of hundreds of kilometers
globally. This scale requires a constellation of polar-orbiting satellites taking simultaneous magnetic
vector measurements over multiple years.
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Objective S-5¢: Quantify the heat flow through the mantle and lithosphere within 10 mW/m?.

* Priority—Important: The heat flow from Earth’s interior is of primary importance for understanding
the dynamics of deep Earth processes, and it also has a role in basal heating under the large ice
sheets. However, accurate measurements of heat flow are challenging because (1) the interior heat
flow is much smaller than the solar energy, and (2) observable geophysical parameters, such as
acoustic velocity and electrical conductivity, are related only weakly to temperature.

e Relevant quantities: Methods for determining heat flow include direct downhole measurements,
hyperspectral surface imaging, and mapping Curie isotherm depth from magnetic anomaly surveys.

e Length and time scales over which responses should be quantified: Lithospheric heat flow changes
over geological time frames and, therefore, has to be measured only once. Relevant length scales
are of the order of tens of kilometers.

Linkages of S-5 Objectives to Other Panels and Integrating Themes

Earth’s magnetic field plays a critical role in shielding the biosphere and society from harmful radiation
and enabling global communication, and so an improved understanding of its character and temporal
variability could prove invaluable. A significant increase (or decrease) in radiation would have a notable
impact on weather and climate (Weather Objectives W-1a, W-3a, and W-10a; Climate Objectives C-2a,
C-2g, C-2h, C-6¢, and C-7¢) and on hydrologic and ecologic systems, as well as global fluxes of energy
and (likely) carbon and water. Given the importance of hydrology at the base of ice sheets, improved
understanding of the thermal flux from Earth’s interior to their bases would improve estimates of ice-sheet
stability and vulnerability as related to sea-level rise (Climate Objectives C-1a to C-1d).

Question S-6: How much water is traveling deep underground and how does it affect geologic processes
and water supplies?

Water flowing beneath Earth’s surface helps sustain life. Growing populations and climate change
are rapidly claiming surface-water supplies, which are the easiest and cheapest to manage and exploit.
Consequently, it is becoming increasingly important to measure, monitor, and manage aquifer systems in
a sustainable way or else risk human health in many parts of the world. Furthermore, deep groundwater
is central to geological processes including earthquake generation, rock formation, and landscape evolu-
tion. High pore pressures are an often invoked yet seldom measured catalyst for tectonic and hydrologic
processes, such as faulting, volcanic eruptions, and subsurface flow dynamics. As a result the geological
challenges and societal needs for deep groundwater monitoring are well aligned. Synoptic global obser-
vations from space play a key role in addressing this worldwide challenge.

Objective S-6a: Determine the fluid pressures, storage, and flow in confined aquifers at spatial resolution
of 100 m and pressure of 1 kPa (0.1 m head).

* Priority—Very Important: Overproduction of groundwater aquifers not only risks loss of immedi-
ately available water but also can lead to permanent loss of storage capacity. If drawdown leads to
irreversible permeability and porosity changes, the aquifer may no longer be able to be recharged,
even if rainfall is plentiful.

e Relevant quantities: The relevant measurements include vertical surface deformation from InSAR and
GPS, as well as estimates of surface water (including snowpack) and surface-to-groundwater fluxes,
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as observed in large basins using gravity (see Figure 10.3). For predictive measurements, forecasts
of water use, precipitation, and runoff are required.

Length and time scales over which responses should be quantified: Broad areal coverage that spans
watersheds at a scale fine enough to resolve inhomogeneities in aquifer structure (km scale) are
needed. Temporal sampling needs to resolve any seasonal effects. In areas prone to InSAR decor-
relation weekly or better sampling is needed to identify reliable scattering points.

Objective S-6b: Measure all significant fluxes in and out of the groundwater system across the recharge area.

* Priority—Important: Groundwater flow is coupled to recharge and withdrawal forcings: when it

rains, water is commonly captured in underground reservoirs; it is later available for use in drier
periods. Modeling flow throughout the water cycle for any region requires measuring or estimating
all relevant fluxes between the various elements of the system (e.g., Jasechko et al., 2016).
Relevant quantities: The relevant measurements include precipitation, streamflow, recharge and
extraction rates, water use by humans, plus any natural discharges, evapotranspiration, and soil
moisture.

Length and time scales over which responses should be quantified: Areal coverage that spans
watersheds at a scale fine enough to resolve inhomogeneities in aquifer structure, plus areas of
precipitation catchment or surface flow relevant to aquifers are needed. For most of these charac-
teristics, 100 m to km scale is sufficient. Monitoring individual producing wells requires sampling
at 10 m postings or less. Stream gauges need to be deployed in streams with flow rates that are not
constant or predictable over an annual cycle.

Objective S-6¢: Determine the transport and storage properties in situ within a factor of 3 for shallow
aquifers and an order of magnitude for deeper systems.

* Priority—Important: Remotely sensed hydraulic head data, combined with observations from in situ

wells, are needed to solve for aquifer conductivity and storage parameters. Once the calibrations
are known and flow is determined to be in an elastic range, detailed spatially resolved aquifer
descriptors can be retrieved. These parameters then form the basis of the groundwater model.
Relevant quantities: The relevant measurements include vertical surface deformation from InSAR and
GPS, plus ground-based head data at multiple wells in the watershed. Such measurements require
production records from some wells and drawdown tests at several.

Length and time scales over which responses should be quantified: Areal coverage that spans
watersheds and basins at a scale fine enough to resolve inhomogeneities in aquifer structure are
needed. Monitoring individual producing wells requires sampling at 10 m postings or less. For the
drawdown tests, data are needed on the scale of hours over days to estimate conductivity. Basin-
wide temporal sampling needs to resolve any seasonal effects.

Objective S-6d: Determine the impact of water-related human activities and natural water flow on
earthquakes.

* Priority—Important: Wastewater disposal and water injections for enhanced geothermal systems

(e.g., Figure 10.21) induce earthquakes in regions where such activity has historically been mini-
mal. Determining whether natural or anthropogenic subsurface flow can raise earthquake hazard
potentials in seismically active areas requires a means to estimate pressure changes at depth and
to relate those changes to stress distributions.
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FIGURE 10.21 Surface uplift detected by InSAR and associated with deep fluid injection by a geothermal power plant near
Landau, Germany. Fluid extraction and injection during geothermal production also produces earthquakes. The uplift shows
where the fluid pressures are high and helps constrain the specific forces that are leading to the earthquakes. SOURCE:
Heimlich et al. (2015).

* Relevant quantities: The relevant measurements include vertical surface deformation from InSAR
and GPS, as well as the locations of any preexisting faults that might be triggered by changes in
pressure. For predictive measurements wastewater reinjection estimates are required.

e Length and time scales over which responses should be quantified: Areal coverage that spans pro-
duction zones and basins at a scale fine enough to resolve inhomogeneities in reservoir structure
are needed. Monitoring individual producing wells requires sampling at 10 m postings or less.
Temporal sampling needs to resolve any production or reinjection effects.

Linkages of S-6 Objectives to Other Panels and Integrating Themes

Water is clearly an integral part of multiple Earth systems, and it is central to the hydrology, climate,
weather, and ecosystems panels. Although surface water fluxes are moderately well characterized, deep
water is one of the most difficult components of the water cycle to measure (Hydrology Objective H-3b). As
has become apparent in the past two decades satellite-based measurements, particularly data from InSAR
and GRACE that measure deformation and water loads, respectively, shed light on the deep, confined
reservoirs in Earth’s interior—information that can advance a wide range of science objectives (Hydrology
Obijective H-4c). Although the spatial resolution of GRACE is currently limited, repeat gravity measure-
ments can quantify seasonal to annual changes in the total mass of water in large groundwater basins (e.g.,
Figure 10.3), as well as estimate the snow-water equivalent at the end of the snow-accumulation season
(Hydrology Obijective H-1c). Higher resolution geodesy and gravity measurements will enable better
quantification of groundwater change, help address Hydrology and Ecosystem objectives (H-1c, H-4c,
E-1d, E-2b, and E-5b), and are clearly related to water fluxes and extreme events, particularly drought
(Hydrology Objective H-4c).
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Question S-7: How do we improve discovery and management of energy, mineral, and soil resources?

Extraction of natural resources, including ores and water, is critical for providing food, energy, and
industrial raw materials needed for modern civilization. Moreover, the quality of soils (their geochemistry,
nutrients, permeability, thickness, and durability) are determinative ingredients for agriculture and ecol-
ogy, and thereby modulate sustainability. The surface expressions of the chemical compositions of many
resources, including soils, are visible in the spectrum of reflected and emitted energy signatures. These
signatures can be effectively monitored with high spatial resolution data collected from spaceborne instru-
ments. Production of subsurface resources (e.g., water or hydrocarbons) can cause surface deformation
that can be monitored from space using InSAR. In situ calibration wells provide important verification
points. For example, discovery and management of offshore hydrocarbon resources benefit from frequent
high-resolution images of sea-surface oil slicks (Figure 10.22).

The primary need is for high-resolution sensors in the optical, thermal, and infrared portions of the spec-
trum. Once the raw measurements are corrected for atmospheric influences, it is possible to infer surface
chemical composition by comparing the reflectance spectra to a library of known materials. Challenges
include having sufficient spectral information (bands) at fine enough resolution to permit the identification
of target minerals, despite the interference of the atmosphere, while fitting within bandwidth limits.

2] 5 eismie data s howring the possible corduit for seep
b Slicks from SAFR

c) Raw Backscatter

4] Processed Backscatter

e] Merged Backscatter and Multbeam B athymetr

) Final location fior drop core survey.

FIGURE 10.22 Natural seeps of oil from the seafloor (A) migrate to the sea surface, where they produce slicks that, under
the right conditions of wind speed and sea state, can be observed with high-resolution SAR (B) and multispectral optical
images. These reconnaissance data provide an important starting point for exploration. B: Persistent slicks on the ocean
surface against the backdrop of multibeam bathymetry. C and D: Sonar backscatter and filtered backscatter, respectively,
overlain on bathymetry (panel E). The source location of the seeps was identified using a seismic line (panel A) and a drop
core (red dot in panel F). The workflow of using SAR imagery, multibeam, seismic, and drop core is generally considered
the best way to identify naturally occurring seeps in the marine environment. SOURCE: Dolan et al. (2004).
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Objective S-7a: Map topography, surface mineralogic composition and distribution, thermal properties,
soil properties/water content, and solar irradiance for improved development and management of energy,
mineral, agricultural, and natural resources.

* Priority—Important: Resource management is an important application area that is furthered through
the use of government-collected data sets.

e Relevant quantities: The relevant measurements include 1 m spatial resolution optical visible data,
30 m or better hyperspectral VSWIR imaging, and TIR data. Because many satellites provide meter-
scale optical/infrared spectrum data, this objective can likely be met through simple data sharing
agreements among data providers. However, development of hyperspectral VSWIR and TIR data
is required. Additional needs include 30 m or better resolution bare-earth topography and vertical
surface deformation from InSAR and GPS.

e Length and time scales over which responses should be quantified: The length and time scales of
most of these measurements are highly variable, depending on the circumstances. Deformation rates
can be rather high in areas of active production (>10 mm/yr), although the aerial extent of reservoirs
is usually less than a few hundred meters. Consequently, 5-50 m spatial resolution is needed for
deformation monitoring. Temporal variations in land cover and infrastructure development generally
occur over weeks to years, and so the 30-60 m multi- and hyperspectral data need to be acquired
at least biweekly.

Linkages of S-7 Objectives to Other Panels and Integrating Themes

Earth materials provide a vital framework for the biosphere and human society. The composition,
hydrological properties, and geobiochemistry of soils are fundamental to the health of ecosystems and
hydrologic networks. These properties determine runoff, infiltration, erosion, nutrient fluxes, and much of
the structure of plant and animal communities—key components of the integrating themes of energy and
water cycles (Hydrology Objectives H-Ta and H-4a; Ecology Objectives E-1b, E-3a, and E-5b). The irreg-
ular spatial distribution of key mineral and energy resources and their subsequent extraction commonly
introduces localized challenges related to water, energy, ecosystem quality, and sustainability—important
attributes of both the Hydrology and Ecosystem panels’ objectives.

Enabling Measurements

A wide variety of spaceborne measurements are needed to help achieve the science and applications
objectives described earlier. Some of these measurements support multiple objectives, although require-
ments may differ for each objective. A description of each measurement type—including how the measure-
ment is made, the maturity of the measurement technology, trade-offs (e.g., temporal and spatial resolution,
technological approaches), and extent to which the measurement is new—appears in the following sections.

Terrestrial Reference Frame (1 mm Positional Accuracy; 0.1 mm/yr Rate Accuracy)

The Terrestrial Reference Frame serves as the reference frame for all Earth science satellite observations.
The terrestrial reference frame includes motion of the geocenter relative to the frame.

e Measurement basis: In the United States terrestrial reference frame activities are organized by NASA

and strongly supported by international partners and the International Earth Rotation Service. The
networks used for the terrestrial reference frame are a sparse global network of VLBI and SLR stations
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that are collocated with GPS/GNSS instruments. A much denser, well-distributed global GPS/GNSS
network (~200 sites) is needed for precise orbit determination with low latency. GPS/GNSS is also
used to tie the global tide gauge network to the reference frame. A precise determination of the
terrestrial reference frame requires the complementary measurements from all three systems (VLBI,
GPS, and SLR). However, only SLR has a demonstrated capability to measure geocenter motion at
monthly time scales.
Measurement maturity: VLBI, SLR, and GPS were developed over many decades by NASA and its
partners. They are mature, but many existing facilities that support VLBI, SLR, and GPS tracking are
aging and require upgrades or replacements to be able to reach the required accuracy and stability
goals. In addition, investment is needed for extending analysis from its current emphasis on GPS
to include signals from the other GNSS constellations: GLONASS, GALILEO, and BEIDOU. This
expansion requires investment in both new receivers (which track all GNSS signals) and software
development.
Trade-space definition: 1t will be important that the VLBI/SLR/GNSS sites have a good global dis-
tribution with an adequate number of southern hemisphere stations; this is a current shortcoming
of the legacy networks. Running a network with an adequate number of stations every day would
reduce the impact of individual station problems and maintain better accuracy of global parameter
estimates like Earth orientation parameters. On the precision side simulations indicate that polar
motion and Earth orientation from a 30-site, next-generation network will be 2-3 times more precise
than the best research and development experiment (“CONT”) campaigns (14-17 stations).
Continuity versus new: The accuracy of the terrestrial reference frame requires long time series at
globally distributed VLBI/SLR/GPS stations. Because of the dynamic nature of processes from Earth’s
surface and interior, continuity of the measurements is implicitly necessary. The equipment at the
existing terrestrial reference frame sites has to be maintained and, in many cases, upgraded. This
requirement is true for all three techniques. For VLBI and SLR the majority of the development cost
for building new ground stations has been expended. Completion of the deployment of the new
systems and funding for ongoing operational costs will be required to achieve the goals as defined
earlier. Note that the great majority of VLBI and SLR sites are operated by international collaborators.
New work is needed to tie the three ground systems together, in terms of both modeling the mea-
surements and making new in situ measurements. Many of the GPS/GNSS sites were installed when
daily downloads were state of the art. New real-time telemetry is needed, with higher sampling rates,
so that the GPS/GNSS data can be used in early warning systems for earthquakes, volcanoes, and
tsunamis, as well as to image atmospheric water-vapor events. Support for new GPS/GNSS stations
in undersampled regions, such as Africa and South America, as well as new hardware providing
access to the signals from the European, Russian, and Chinese systems are also needed. New efforts
are required to tie tide-gauge records into the terrestrial reference frame. These efforts could include
the use of reflected GPS/GNSS signals for water-level sensing when possible (see Box 2.1).

Land-Surface Deformation

Surface deformation requirements for the panel’s science objectives are highly variable (Table 10.3).

Some applications require spatial resolution of <5 m with measurement precision of <10 mm and weekly
or more frequent sampling. Other applications need lower spatial resolution of 100-500 m with seasonal
or better sampling. Very frequent observations are sometimes needed to capture the rapid deformation
following some earthquakes and volcanic eruptions. These event-dependent requirements can sometimes
be achieved by tasking all relevant international space assets.
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e Measurement basis: Two different but complementary technologies can be used to measure sur-

face deformation. Ground-based GPS receivers can be deployed in point locations to continuously
measure three components of surface deformation at mm accuracy at decadal scales. A prominent
example is the U.S. Plate Boundary Observatory (Holt and Shcherbenko, 2013), which consists of
about 1100 permanent sites deployed at 10-100 km spacing over western North America. Typically,
the receiving units provide samples every 15 seconds, but they can acquire data at up to 20 Hz to
function as strong motion seismometers (Box 2.1). Over 10,000 other continuous GPS sites around
the world are operated by governments and organizations. These sites provide the measurements
of global plate motions needed both for scientific studies and for defining the moving reference
frame. The GPS receiving units (and satellites) are tied to the terrestrial reference frame, and so they
can achieve better than 1 mm position and T mm/yr velocity accuracies, respectively. All of the
measurement requirements listed in Table 10.3, except the spatial resolution, could be achieved
with GNSS.

The second technology used to measure surface deformation is repeat-pass INSAR deployed on a
satellite, an aircraft, or fixed on the ground. A single interferogram represents the deformation of the
surface of Earth in the line of the boresight of the radar between the reference and repeat acquisition
times. The best spatial resolution of the measurement is half the length of the antenna (~5 m). The
single InNSAR accuracy is mostly limited by the two-way delay (20-200 mm) of the microwaves as they
propagate through the troposphere. Any small-scale disruption of the surface owing to, for example,
vegetation growth will decorrelate the measurement. Hence, the time between the reference and
repeat acquisitions is limited to years or weeks depending on the properties of the surface. Other
large-scale error sources associated with orbital and ionospheric effects produce errors >100 mm
at length scales >100 km. The ionospheric errors can be corrected using a two-frequency radar as
planned for NISAR. Therefore, a single interferogram represents a scalar, relative deformation mea-
surement. Two or more components of deformation can be achieved by observations from ascending
and descending orbits. High precision of T mm/yr can be achieved through 50 or more repeated

TABLE 10.3 Land-Surface Deformation Requirements for Different Science Objectives

Objective Spatial Resolution Precision Frequency Duration
S-1a 10m 10 mm Event dependent

S-1b 10m 10 mm 12 days 10+ yr
S-1c 50m 1 mm/yr <Seasonal

S-2a 10m 10 mm Event dependent

S-2b 10m 1 mm/yr Event dependent

S-2c 100 m 1 mm/yr Event dependent 5+yr
S-3a 100 m 10 mm/yr <Seasonal

S-3b <50 m 5-10 mm Weekly 10+ yr
S-4a <5m 5-10 mm Weekly 10+ yr
S-5a 100 m 10 mm

S-6a 5m 10 mm Weekly

S-6b 5m 3 mm/yr Weekly

S-7a 5m 10 mm Weekly

NOTE: Requirements for the Most Important objectives are marked in bold.
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measurements taken over a year. The radar can also be mounted on an aircraft or on the ground to
monitor motions of intermediate scale (<10 km) and small (<5 km) scale, respectively.
Measurement maturity: GPS is a mature 3D measurement technique. Improvements over the next
decade will come from the inclusion of new GNSS signals and availability in real time. GPS relies on
a well-defined terrestrial reference frame. However, GPS/GNSS networks are supported by multiple
U.S. agencies and international partners, and so their long-term existence cannot be guaranteed.

Radar interferometry is a mature measurement with well-established processing workflows and

decades of scientific results to demonstrate its utility. Spaceborne radar interferometry has been
performed using a number of non-U.S. platforms; a joint U.S.-Indian mission (NISAR) is scheduled
for launch in 2021. Additionally, less accurate airborne InSAR is part of the NASA portfolio of mea-
surements. The international constellation of radar satellites approaches the needed postings and
vertical precisions specified earlier, but not at the temporal sampling needed to reduce atmospheric
propagation artifacts. The newer Sentinel-1 series satellites are beginning to offer a typical cadence
of 24 days in tectonically active areas and could provide 6-day repeated measurements in the case
of a major geological disaster. NISAR has a much more capable radar that can achieve high spatial
resolution over a wide swath on a 12-day cadence with two look directions. In addition, it offers
a second channel for ionospheric correction, which will dramatically increase the accuracy of the
measurements over length scales greater than 20 km. NISAR is designed for a 3-year lifetime, but
no engineering barriers prevent collection of 10 years of usable data. Some recent radar satellites
have operated successfully for 2 decades, whereas others have lasted only 6 years.
Trade-space definition: Most of the preceding needs can be met by continuing existing capabilities
but at denser temporal sampling. A NISAR follow-on mission is required to maintain a set of contin-
uous L-band observations. A follow-on mission should offer as fast a repeat (more frequent than 12
days) and as high a spatial resolution as possible. NISAR’s 12-day repeat was driven by the need to
cover the equatorial regions for ecosystems (cryosphere requested a 1-day repeat). If that equatorial
restriction could be relaxed, more frequent (even 3 day) L-band repeat could be obtained, which
is ideal for fast-moving targets like ice streams and frequent revisit for earthquakes. A follow-on
mission would be cheaper than the original NISAR owing to technology inheritance and reduction
of risk.

An alternative to a NISAR follow-on is to fly a constellation of SAR satellites with a simpler and
cheaper architecture and, hence, perhaps less capability (e.g., no polarimetry, narrower swath),
in order to provide global coverage, fast repeat, left/right looks, and free data access. The optimal
configuration for science users would be a constellation that allows rapid repeats, both for quick
response and for minimizing phase errors through multiple observations. This strategy would likely
mean abandoning global coverage every orbit so that each platform could operate with a lower
duty cycle and, hence, produce less total data. No other existing mission comes close to that goal,
although Sentinel-1 could if its data acquisition policy is changed.

For groundwater-related topographic change, airborne laser elevation maps can be added as

needed. Especially in sparsely vegetated areas, most applications would benefit from the availability
of the TanDEM-X digital elevation model (DEM)—a matter of cost/negotiation.
Continuity versus new: The NISAR mission scheduled for launch will provide the requisite resolution.
However, continuation of these types of measurements past the NISAR mission will be necessary
to establish the appropriate baselines for understanding continuous landscape deformation. Addi-
tionally, the Uninhabited Aerial Vehicle Synthetic Aperture Radar (UAVSAR) mission is currently
active, although increased spatial and temporal coverage could be enabled by a constellation of
autonomous imaging vehicles on a site-specific basis.
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The surface deformation needs are the enhanced capabilities promised by NISAR, but with
increased temporal sampling. Development of an international constellation of similar or identical
satellites operated as an array is needed.

High-Resolution Bare-Earth Topography

Global maps of bare-earth topography serve multiple critical roles, including (1) providing a pre-event
(e.g., earthquake, volcano, landslide, tsunami) reference surface; (2) imaging changes owing to these pro-
cesses (Objectives S-1a, S-1b, S-1c¢, S-1d); (3) assessing areas of potential landslides and volcanic lahars
(Objective S-2¢); (4) forecasting coastal inundation or emergence owing to local sea-level change (Objec-
tive S-3b), and (5) relating topographic forms to the processes (e.g., erosion, landslides) that created and
modified them (Objective S-4a). However, high-resolution, bare-earth topography is currently available
for less than 1 percent of the terrestrial surface. Moreover, nearly all high-resolution topographic maps
have been created with airborne lidar, which imposes significant practical limits on the extent of coverage.
Although lidar-based topographic mapping from space on a contiguous and high-resolution grid poses a
major technological challenge, it is a necessary and logical next step that promises to transform under-
standing of landscape evolution and the interactions of processes that shape them.

e Measurement basis: The topographic depiction needs sufficient spatial resolution to discriminate
landscape-forming elements from one another, such as hillslopes, river channels, floodplains, and
landslides. Moreover, the baseline depiction needs sufficiently high resolution to allow changes in
the distribution of these landscape elements and related surface processes to be measured. Numer-
ous studies over the last two decades have shown that digital topography with spatial resolution of
considerably less than 5 m (and preferably ~1 m with ~10-fold greater vertical resolution) is required
to resolve these differences and quantify these changes. However, changes in Earth’s landscapes
occur at vastly different rates. Thus, the most practical and cost-effective strategy for acquiring
the necessary time series may be the acquisition of a global, baseline high-resolution data set that
would be revisited as necessary in select areas (e.g., following a major flood, earthquake, volcanic
eruption, or wildfire). Because high-resolution data cannot yet be acquired efficiently from space,
an airborne platform is currently used. The rapid development and (now) widespread deployment
of drone-based technologies could enable the autonomous collection of these high-resolution data,
potentially by a constellation of vehicles. However, collecting 1 m topography using drones at a
global scale faces obstacles of sovereignty.

* Measurement maturity: Airborne lidar is a mature technology that has been commercially deployed
and is commonly used. Data processing workflows have been developed and refined, particularly
for bare-earth topography, canopy structure, and aboveground biomass, although some human
intervention is necessary to achieve research-grade data sets. Autonomous vehicle maturity lags
behind that of the measurement itself, but widespread commercial and scientific applications will
likely continue to produce rapid advances in this area in the coming decade. Space-based, global
coverage remains an important but unrealized goal at present.

» Trade-space definition: Resolution requirements for these data are determined by the scale of the
individual landscape elements that are changing, the magnitude of those changes, and the noise
characteristics of the data. Many studies suggest that changes in landscape processes are resolvable
only at meter scales, such that 10 m data (10 m x 10 m pixels) are insufficient. Furthermore, many
landscape metrics, such as hillslope or channel gradients, are derivative quantities sensitive to sys-
tematic data noise. Last, all global elevation data sets contain elevation information contaminated
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by the effects of aboveground vegetation. In most places the lack of a true bare-earth description
of Earth’s landscapes inhibits quantification of change across landscapes and between landscape
elements. For these reasons, the value of the proposed topography degrades appreciably both at
spatial resolutions exceeding several meters and with the inclusion of confounding elements such
as vegetation.

e Continuity versus new: Technology development is needed to permit sustained, high-resolution (<5
m horizontal, =Tm vertical), bare-earth topographic mapping from space. This mapping needs to be
spatially continuous (interpolation between highly resolved, but narrow strips is inadequate), and it
also needs to be locally to regionally repeatable/refreshed based on anticipated or actual disruptive
events.

Moderate-Resolution Topography (10 m Horizontal, 1 m Vertical; Low Earth Orbit)

Topography is needed to be able to calibrate many geophysical data sets (Questions S-1, S-2, S-3,
S-5), provide a coarse description of spatially variable change of Earth’s surface (Questions S-2, S-4), and
predict surface-water flow patterns (Question S-6).

* Measurement basis: Water-flow predictions require knowing where water is and how it is routed
across landscapes. Such data are important for measuring surface topography, which retains the
surface water that ultimately feeds aquifer systems. Topographic data with 30 m postings at several
meter accuracy provide a useful starting point.

* Measurement maturity: Several technologies have been deployed that are capable of generating the
requisite data resolution.

e Trade-space definition: The TanDEM-X DEM is not available for general scientific use. This lack
of availability is a matter of organization and collaboration, rather than fundamental scientific
and engineering capabilities. The trade-offs in topographic accuracy are relatively straightforward.
Notably, topographic data, such as TanDEM-X, provide the topography of the vegetation canopy,
which is only a coarse approximation of Earth’s actual surface. Commercial optical stereo data could
provide a freely available DEM (e.g., Arctic DEM) with resolution and accuracy that exceeds that of
TanDEM-X, albeit with the same limitations of failing to resolve the bare Earth wherever vegetation
is present.

e Continuity versus new: The relevant data exist.

Hyperspectral UV/VNIR/SWIR/TIR (~ 30 m Spatial Scale; Revisit Between 1 and 7 Days)

Hyperspectral image data support Objectives S-1a, S-1c, S-2a, S-2b, S-4a, S-4c, and S-7a. Current
Landsat-class observations are made in 7-10 wavelength bands. However, imaging spectroscopy with spec-
tral resolutions of 10-20 nm (i.e., hundreds of wavelength bands) is possible with current technology and
is critical for discriminating mineral, rock, gas, and vegetation species. This level of imaging spectroscopy
is required in the full wavelength range from the UV to the TIR (0.3-12.5 microns). For general mapping
and change detection, acquisition of these data at the 7-day time scale is adequate. To capture higher
frequency events and phenomena, high spatial resolution data are required at the 1-3 day time scale. The
higher spatial resolution, coupled with the higher temporal frequency, will provide the ability to monitor
many transient events at volcanoes, capture small-scale phenomena proximal to the vent, and detect
trends and precursory activity. These data will fuel a fundamental leap forward in the ability to understand
volcanic activity and forecast future eruptions. Furthermore, the compositional information derived from
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data at finer spectral and temporal scales will support a variety of science and applications objectives—for
example, (1) determining the gas species and ash patrticle size distribution in volcanic plumes; (2) mapping
resources and surficial deposits related to natural processes, geologic disasters, and anthropogenic activity;
(3) determining the magnitude and surface change resulting from landslides; (4) estimating the scale of river
avulsion and erosion/deposition events; and (5) assessing the impact of human activities.

e Measurement basis: NASA has a long history of multi- to hyperspectral imaging of Earth’s surface.
The Landsat program of satellites has provided data at the sub-100-m spatial scale in the visible/
near infrared (VNIR) and shortwave infrared (SWIR) since the 1970s. TIR imaging at approximately
the same spatial scale became possible in the 1980s, although with only one or two wavelength
bands. The ASTER sensor, launched in 1999 and still operating, provides improved spatial and
spectral resolution in the VNIR/SWIR region and, for the first time, five spectral channels in the TIR.
This multispectral TIR capability allows derivation of compositional information and improved tem-
perature detection. Other sensors such as Hyperion, a hyperspectral VNIR/SWIR instrument on the
EO-1 spacecraft, showed that collection of useful hyperspectral data from Earth orbit was possible.
The Sentinel-2 multispectral spacecraft series with 13 spectral bands (4 VNIR bands at 10 meters,
6 SWIR bands at 20 meters, and 3 TIR bands at 60 meters spatial resolution) provides 5-day repeat
coverage and thus fulfills several of the measurement requirements. Last, the previous decadal sur-
vey recommended a data continuity mission called Hyperspectral Infrared Imager (HysplIRI), which
combines hyperspectral VNIR/SWIR with multispectral TIR. The mission would greatly expand the
current imaging capabilities of ASTER and Sentinel-2 and replicate any data planned for future
Landsat missions. However, the mission concept was not approved for Phase-A development.

* Measurement maturity: The UV/VNIR/SWIR/TIR measurement capability is mature in general and
relatively low cost. New developments in optics and detector technology enabled by the NASA
Instrument Incubator program and the Planetary Science Division has made deployment of such
sensors on small satellites possible, thus enabling a constellation solution. Three or four satellites
in opposing polar orbits with Landsat-like resolution would image the equator every 4-5 days and
the polar regions less than once a day. If the sensors had the capabilities of HysplIRI, those numbers
would decrease to ~1 image every day at the equator and every 2 hours closer to the poles. Sat-
ellites in geostationary orbits provide even greater temporal resolution data (~15-60 min), which
is useful for detecting larger events with much shorter time scales and to support rapid responses
to new eruptions. However, the spatial resolution is poor (many km pixels), which limits detection
capability. Furthermore, spaceborne detection of CO, and water vapor in volcanic emissions remains
a challenge.

e Trade-space definition: A thorough study of the trade space for a sensor class having capabilities
approaching these requirements has been completed by the HyspIRI Study Group. Data from such a
class of sensor would not only provide Landsat-quality data but would also improve all derived science
data products. HyspIRI’s TIR sensor would have greatly improved temporal revisit times (5 days at
the equator versus 16 days for ASTER and Landsat), but not enough to detect high-frequency change
or mitigate the obscuration of clouds in persistently cloudy regions. The multispectral TIR is slightly
improved from that of ASTER, but it would not provide the spectral resolution of VNIR and SWIR
data: the resolution required for detailed measurements of specific minerals or gas constituents, or to
unravel complexly mixed temperatures. Furthermore, these sensors could be decoupled and placed
on smaller satellites in opposing orbits, thus allowing the improved temporal resolution required.

* Continuity versus new: Except for Sentinel-2, the legacy instruments currently acquiring multispectral
data are well past their design lifetimes. Landsat 8 is operational, but the TIR sensor is already
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degraded. ASTER continues to operate 10-plus years past its planned 5-year mission, although the
SWIR sensor failed in 2009. Commercial sensors are improving spectral capability (e.g., the latest
Worldview-3 satellite or those operated by Planet Lab), but they do not provide TIR data, have the
repeat time needed for longer term monitoring and postevent observation, or have a global mapping
scope. These same issues pertain to planned hyperspectral missions such as Environmental Mapping
and Analysis Program (EnMAP) and Hyperspectral Imager Suite (HISUI). Therefore, a critical gap
is looming for moderate spatial resolution (~30 m) multi- to hyperspectral image data. These data
bridge scales between the low spatial resolution imaging sensors designed primarily for weather
observations and the high spatial resolution commercial imagers. The measurements made by the
Landsat class of sensors will continue, but these data are not adequate to enable the needed step-
change forward in the science. Global imaging spectroscopy from space with much higher temporal
fidelity and spectral resolution than planned would provide this capability.

High-Resolution (Sub-m) Global Optical and Multispectral Observations

High-resolution optical data provide the most cost-effective means of determining where landscape

change is happening or is likely to happen (Questions S-1, S-2, S-3, S-4).

e Measurement basis: Acquisition of high-resolution (<5 m horizontal-spacing postings) optical

imagery can assist in mapping the extent of damage in areas where natural hazards have adversely
affected humans and infrastructure (Question S-2). In areas devoid of vegetation, stereo high-res-
olution optical/multispectral satellite observations may be used to construct elevation models (<2
m horizontal-spacing postings) that can be used to quantify landscape change, including coastal
inundation (Questions S-3, S-4). Both change detection and stereo applications require subpixel geo-
location accuracy. Additionally, near-infrared observations may divulge important, spatially dense
(<1.5 m multispectral resolution) information about the extent of vegetation cover and properties
of the surface, such as relative vegetative health over seasonal repeat times. Such broad coverage,
high-resolution data could be used to guide repeat, high-resolution surveys to areas where landscape
change is most apparent. Such resurveys can also be used to quantify changes in the location and
activity of humans. Localized activity could then be associated with imaged landscape changes to
determine the impact of human activity on landscapes across global-scale watersheds.
Measurement maturity: High-resolution spaceborne optical and near-infrared imaging is demon-
strated and mature. Commercial satellites already in place (WorldView-2/3, WorldView-4) meet the
operational requirements.

Trade-space definition: The required technology is operational and has been commercialized.
Continuity versus new: Continuity is an important requirement, but commercial viability likely will
lead to future continuity of these data.

Time-Variable Gravity—Mass Change

Time-variable gravity measurements are important for revealing deformation associated with seismic

activity (Objectives S-1b, S-2b), quantifying the rates of sea-level change and its driving processes; Objec-
tive S-3a), documenting seasonal snow- and ice-loading and melt losses in large catchments and mountain
ranges (Objective S-4a), and quantifying significant fluxes in and out of large groundwater systems across
the recharge area (Objectives S-6b, S-6¢).
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e Measurement basis: The GRACE (2002-2017), and Gravity Field and Steady-State Ocean Circulation
Explorer (GOCE; 2009-2013) missions have been used to investigate Earth’s mean and time-vary-
ing gravity across a spectrum of spatiotemporal wavelengths. GRACE vyields time-variable gravity
at a resolution of approximately 300 km at the equator and with an accuracy of about 2 cm water
equivalent. At higher latitudes the resolution is approximately twice as good owing to the spatial
convergence of the satellite tracks. Although this resolution and accuracy is sufficient to quantify
large-scale mass changes (i.e., ice-sheet mass balance, global ocean mass, water storage in the larg-
est hydrological basins), it is rather coarse for most water problems, because most watersheds are
too small to be resolved with 200-300 km resolution. Moreover, the time-variable gravity data from
GRACE is insufficient to detect mass changes of individual glaciers on the Greenland and Antarctica
ice sheets. Improving spatial resolution to 100-200 km at the equator and reducing error from 2 cm
to 1 cm water equivalent thickness would allow its application to studies of smaller hydrological
basins, smaller glaciers, and smaller magnitude earthquakes.

e Measurement maturity: Deriving gravity by precisely measuring the change between satellite posi-
tions has become a mature measurement approach. The measurement accuracy of GRACE-FO is
anticipated to be slightly better than GRACE because it will use better accelerometers, star track-
ers, refined geophysical background models, and an experimental laser interferometer that has the
potential to improve ranging accuracy by 20 times or more. However, the limiting error source in
time-variable gravity is aliasing of gravity signals that vary faster than the monthly averaging, and
that cannot yet be modeled accurately.

Achieving spatial scales of 100-200 km and an accuracy of <1 cm water equivalent RMS would
require additional GRACE-FO satellite pairs or new technology such as an advanced gravity gradi-
ometer. This innovation would allow the gravity fields to be resolved at higher temporal resolution
in order to measure (not model) the high-variability mass signals. Flying at lower orbits may also be
required, but technology (i.e., a drag-free thruster system) would have to be developed to reduce
contamination from atmospheric drag. Flying in such a low orbit would also reduce the lifetime of
such a mission.

* Trade-space definition: Flying a gravity mission similar to GRACE-FO toward the end of the next
decade would incrementally improve spatial and temporal resolution of gravity measurements.
Such a mission would allow both the continued observation of Greenland and Antarctica total
mass balances and the quantification of their contribution to accelerating sea-level rise. Enhanced
resolution would both allow measurements of water-storage change in very large (>500,000 km?)
hydrological drainage basins, including snow and ice in major mountain ranges, and contribute to
measurements of very large (>M8) earthquakes. However, to make significant improvements that
would advance studies of earthquakes, glacial isostatic adjustment, and glacier-scale processes
would require constellations of gravity satellites, development of new gradiometer technology, or
both (Pail et al., 2015). One potential way to advance would be to fly a large gravity mission like
GRACE-FO with more advanced instruments, along with several lower-cost CubeSat missions in
order to form a constellation.

e Continuity versus new: Future gravity missions are needed to maintain at least the continuity of the
GRACE/GRACE-FO gravity measurement, primarily for global mean sea-level change studies. How-
ever, investing in constellations of gravity missions in optimal complementary orbits or improved
gradiometers would likely reduce errors and resolution, increase temporal resolution, and allow
time-variable gravity measurements that would considerably improve our understanding of earth-
quakes and glacial isostatic adjustment as well as cryospheric and hydrologic change.
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Radar Altimetry—Sea-Surface Height

Radar altimetry is essential for measuring sea-surface height, which is critical for sea-level change
studies (Objective S-3a). It is also important for measuring surface water distribution (Objective S-6a), and
for measuring an accurate mean sea surface, from which high-resolution (<10 km) ocean gravity can be
derived (Objective S-5a).

* Measurement basis: Radar altimeters operating in the Ku-band (with an additional C-band to esti-
mate ionosphere path delays) have been used to measure sea-surface height with good precision (2
cm RMS accuracy at ~50 km resolution) since 1993. More recently, improved accuracy has been
demonstrated for a series of Ka-band altimeters flown over the same ground track with overlapping
missions (TOPEX/Poseidon, Jason-1, Jason-2, Jason-3). This approach has proven vital for linking
records for climate studies. However, this level of accuracy also requires precise GPS receivers for
orbit determination and microwave radiometers to correct for water vapor path delays. The planned
SWOT mission will use Ka-band interferometric radar to improve accuracy to less than 1 cm over
a swath with 2-5 km resolution. Coupled with topography, this resolution would allow definition
of the surface forcing term for the water-flow model in a watershed, as well as detection of surface
water area at smaller scales than is possible with traditional radar altimetry.

* Measurement maturity: Nadir Ku-band has been flown since the early 1990s, and the first Ka-band
radar altimeter was launched in 2013. Thus, the measurement is mature. Radar interferometry is
also mature, although its use for observing sea-surface height and surface water is still experimental
and needs to be demonstrated with SWOT.

e Trade-space definition: Until SWOT demonstrates the predicted level of accuracy and resolution,
traditional Ku- or Ka-band radar altimeters will be needed to maintain the observations necessary
for quantifying global and regional sea-level change. Improvements in reducing the radar and radi-
ometer footprints to get similar accuracy over the deep ocean all the way to the coastline would
be a benefit. A continuation of the global tide-gauge network is also required to detect biases and
drifts that have been common in the historical record. Many of these bias changes and drifts are
the result of problems with the microwave radiometer correction. Adding an internal calibration
mode in the radiometer loop would improve the stability of the sea surface height measurement.

To utilize SWOT for hydrological studies, remote measurement of the forcing terms require
instruments observing precipitation, runoff, soil moisture, and evapotranspiration. Many satellites
feed the precipitation models, and these can often provide forecasts of incoming fluxes. Streams
are often monitored with gages that yield surface runoff.

e Continuity versus new: At a minimum, continuity of at least one nadir-pointing altimeter with an
accuracy at least as good as Jason-3 is critical for global and regional sea-level change studies. If
SWOT science goals are met, then future missions based on that design would lead to significant
improvements.

Magnetic Field Vector (Low Earth Orbit)

Measurements of the magnetic field at satellite altitude are sensitive to spatial and temporal variations
in the core field (Objective S-5a), electrical conductivity of the mantle (S-5b), and the large-scale crustal
field (Objective S-5¢). Higher resolution technology under development has the potential to map smaller
scale structures of the crustal field down to about 100 km wavelength (Objective S-5c).
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e Measurement basis: In situ magnetic field vector with 0.1 nT per component precision and 0.5
nT per component absolute accuracy at length scales of 100 km to global. To achieve the science
objectives the next generation of magnetic satellites has to carry accurate vector instrumentation at
low enough cost to enable a constellation of satellites to meet science objectives. A 1-hour local
time sampling of 12 satellites (each covering 2 local times) achieves optimal separation of internal
and external magnetic fields. Science objectives include (1) identifying core dynamics with shorter
temporal and spatial scales, (2) mapping electrical conductivity and water content of the mantle
and lithosphere, (3) monitoring magnetic variations of tidal and steady ocean flow, (4) mapping
the Curie isotherm depth to determine lithospheric heat flow, and (5) improving the accuracy of
geomagnetic reference models for navigation, attitude control, and resource management. This
constellation would also address ionospheric, magnetospheric, and heliospheric science objectives.
New technology under development (guidestar laser measurements from polar orbiting satellite)
will potentially offer much higher precision.

e Measurement maturity: After the successful Oersted, Challenging Mini-satellite Payload (CHAMP),
Scientific Application Satellite-C (SAC-C), and Swarm magnetic missions, spaceborne vector magne-
tometry can be considered a mature technology. Accurate monitoring systems require vector mag-
netometers with omnidirectional accuracy, precise attitude determination, and an absolute reference
for calibration. For a constellation of magnetic satellites the primary technological challenges lie in
miniaturizing the systems, including the large star camera baffles, eliminating thermomechanical
distortions in the attitude determination systems, and minimizing stray magnetic fields from ther-
moelectric currents and adjacent instruments.?

* Trade-space definition: A single polar orbiting satellite would enable the secular variation of the
geomagnetic field to be monitored with sufficient accuracy for global geomagnetic reference mod-
els for navigation, attitude control, and resource management. A constellation of vector magnetic
satellites would also enable progress in the science objectives listed earlier.

e Continuity versus new: Geomagnetic field models require continuous time series of measurements
to track the secular variation of the geomagnetic field. The study of core processes also requires
continuous coverage. The 3-year gap between CHAMP and Swarm caused a significant degradation
in the accuracy of geomagnetic field models and limited our ability to understand processes and
waves in Earth’s core. Ideally, at least one geomagnetic satellite would be in orbit at all times. A
one-time constellation of satellites with limited life span would enable progress toward additional
science objectives.

Magnetic Field Intensity (Suborbital)

Mapping small-scale magnetic field variations caused by crustal magnetization is important for deriving
the compositional and thermal structure of the continents (Objective S-5c). Over the oceans a complete
mapping of the magnetic field would reveal the magnetic reversals over the past 200 million years as well
as the plate tectonic history of the old ocean basins where shipboard surveys are sparse.

e Measurement basis: In situ magnetic field intensity with 0.01 nT precision and 10 nT absolute
accuracy at length scales ranging from 1 km to 1,000 km.

* Measurement maturity: Magnetic intensity measurements have been made from aircraft for over 70
years. Unmanned aerial vehicles present a new opportunity for magnetometry.

3New technology in development at NASA is discussed at https:/arxiv.org/abs/1610.05385.
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e Trade-space definition: The objective of airborne magnetic surveys is to map the crustal magnetic
field, which does not change over time. The primary challenge is to survey remote areas, in partic-
ular the southern oceans.

e Continuity versus new: The crustal magnetic field has to be surveyed only once. Repeat measure-
ments offer limited benefit.

Soil Moisture

The amount of water in the soil and on the surface as snow is a key part of the water balance and has
major ecological impacts (Objectives S-4b, S-6b). Remote sensing estimation of these terms is also needed
to develop the water-flow model.

e Measurement basis: The SMAP radar failure makes it difficult to achieve the spatial resolution needed
to adequately estimate the surface forcing term for hydrologic models. A spaceborne radiometer
without an active sensor that allows upscaling of the soil moisture measurements cannot achieve
adequate resolution. Hence, an active radar with km resolution at daily sampling is needed. Daily
sampling is needed to capture precipitation events.

* Measurement maturity: The technology has been developed, but needs to be made reliable and
available.

e Trade-space definition: The amount of water stored in the soil (soil moisture) and the amount lost
through evapotranspiration are relatively difficult to estimate. Soil Moisture Active-Passive (SMAP)
would have yielded soil moisture, and other microwave radiometers can give soil moisture at 10
km resolution. Recent work using radar backscatter to augment the SMAP radiometric data suggests
that soil moisture may be determinable at the km scale, a much more helpful measurement than
the coarser radiometric-only satellites.

e Continuity versus new: Soil moisture approaches could consist of flying a reengineered SMAP
mission that combines both active and passive L-band instruments operating at L-band. An orbital
P-band radar, more equivalent to the Airborne Microwave Observatory of Subcanopy and Subsurface
(AirMOSS) aircraft system, might be advantageous for capturing root-zone soil moisture, once that
system is shown to be sufficiently accurate. This approach would likely entail a dual polarization
on the receive system to compensate for the Faraday rotation from the ionosphere, which could
compromise the active radar calibration accuracy.

Ice Thickness

Knowledge of ice thickness for outlet glaciers around Greenland and Antarctica is essential for docu-
menting where ice sheets are vulnerable to change in coming decades. Thickness is also vital for models
used to forecast potential impacts of grounded ice melt/discharge to sea-level rise (Objective S-3a).

* Measurement basis: The only way to meet the required accuracy/resolution (250 m horizontal
resolution near grounding line, uncertainty <10 m vertical) is from suborbital (aircraft) radar that
penetrates the ice and is reflected off the bedrock.

* Measurement maturity: Systems to measure ice thickness are robust, and many are already flown.
However, more coordinated flights are necessary to observe important regions.
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e Trade-space definition: Any measurement of a region never observed is an improvement over no
measurement. At the very least, measurements need to be made over areas where demonstrated
glacier thinning is occurring.

* Continuity versus new: No new technology is needed, just coordination of observations to cover
the edges of both Greenland and Antarctica.

Ice Velocity

Knowledge of ice velocity for the Greenland and Antarctica ice sheets is vital for computing the ice
discharge from the outlet glaciers (Objective S-3a).

* Measurement basis: Ice velocity with a 250 m resolution (less than the width of most glaciers) and
an accuracy of better than £1 m/yr RMS can be measured from space using optical and SAR pixel
tracking for fast-moving ice streams, and InSAR to provide higher precision for slower moving ice.
This capability has been demonstrated in the past, although INSAR measurements have not always
been available at the monthly time scale required. Moreover, because many of the sensors have
inclinations of =81 degrees, they cannot sample the main ice streams in Antarctica.

* Measurement maturity: Optical and SAR pixel tracking as well as InSAR are robust and mature
measurement types.

e Trade-space definition: Continuous observations are necessary, and so one-off missions or long gaps
between missions will reduce measurement usefulness. The Sentinel-1 series of SAR measurements
will provide multidecadal measurements of ice-stream velocity over the lower latitude areas of
Greenland and the Antarctic peninsula, although they lack the high-latitude coverage of the major
Antarctic ice streams. Because the signal-to-noise ratio is low over ice sheets, small CubeSat SAR/
InNSAR missions with very short (1-day) repeat intervals may be able to meet the requirements and
provide sufficient temporal resolution to monitor grounding line retreat as well as to detect rapid
velocity changes.

e Continuity versus new: NISAR should meet the low-latitude requirements when it is launched, but
future InSAR missions are necessary to ensure continued and higher latitude observations.

Ice Topography and Change

Although similar to the bare-earth topography measurement, knowledge of topography change over
the Greenland and Antarctica ice sheets and other ice caps and glaciers is different in that a time series,
not a single estimate, is required to estimate ice-sheet mass balance (Objective S-3a).

e Measurement basis: Satellite laser altimetry or lidar, such as from the previous ICESat or the future
[CESat-2 mission, can likely achieve the required resolution and accuracy—spatial resolution on
the scale of the area of a glacier (100 m x 100 m), accuracy in the mean of better than 10 cm
RMS—and be able to resolve yearly changes with an accuracy better than 25 cm/yr.

e Measurement maturity: ICESat-2 is being flown to test the capability of a photon-counting lidar
system. Airborne lidars have been used for much of the last decade over Greenland and Antarctica
as part of Operation Icebridge.

e Trade-space definition: Extended time series of observations are necessary, and so one-off missions
or long gaps between missions will reduce the usefulness of the data. Lidar-based ice-topography
change has higher resolution than satellite gravity, making it a better tool for observing the mass
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balance of individual glacier systems. However, this calculation requires an estimate of snow den-
sity and the amount of firn on the ice in order to deduce mass change from the surface topography
change. The trend in ice topography is also sensitive to errors in glacial isostatic adjustment models.
Continuity versus new: A mission beyond ICESat-2 is required to meet the goals of continuous
observations of ice topography change in order to study glacier-scale dynamics. Improved systems
to reduce error in height and improve spatial coverage would be beneficial.

Snow Density

Snow density is required to correct ice topography change measurements in order to derive ice mass

change (Objective S-3a).

* Measurement basis: Snow density can currently be estimated from passive microwave radiometers

and models with a resolution of several hundred kilometers and an accuracy of 4-5 cm RMS in
terms of snow-water equivalent. Experiments have also used SAR data to obtain snow density with
an accuracy of 0.03 g/cm? averaged over broad regions of the Himalayas.

Measurement maturity: Estimation of snow density from passive microwave radiometers and models
is mature, but is only accurate at spatial scales larger than ice topography measurements. Use of
SAR data is still mainly experimental, but shows promise of higher accuracy and smaller horizontal
resolution.

Trade-space definition: To be most useful for ice topography data, the resolution needs to be close
to that of the satellite lidar systems (~10 km x 10 km). However, if snow and firn is isotropic on the
ice sheet, lower spatial resolutions could be used.

Continuity versus new: No specific satellite instruments are needed; the calculations can be made
from instruments used for other objectives.

Surface Melt

Surface melt is useful for determining where the surface of the ice sheet is melting (Objective S-3a).

e Measurement basis: The areal extent of surface melt can be deduced from visible imagery from

space, but provides no quantitative information on the amount of mass lost.

e Measurement maturity: Current optical imagery is sufficient to detect and measure extent of surface

melt. Thus, the technique is mature.

e Trade-space definition: A high-resolution image (~1 m pixel size) would be most useful. Daily

observations of the ice sheet would be useful, but at least weekly would be sufficient.

e Continuity versus new: No new instruments are needed, just continuation of optical sensors or

accessibility to commercial optical data.

RESULTING SOCIETAL BENEFIT

Implementing the program outlined earlier would create numerous societal benefits. At short time

scales the greatest benefit likely derives from hazard mitigation: a goal that requires the ability to forecast,
quantify, and lessen the impact of major impulsive events. At longer time scales, the ability to characterize
the evolution of Earth’s surface as a function of interactions among topography, weather, climate, ecology,
hydrology, and society provides a basis to delineate the combinations of initial conditions and external
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forcing (natural and anthropogenic) that drive both abrupt and incremental landscape change, ranging from
landslides and floods to topsoil loss and groundwater depletion. The observations proposed here promise
to lead to a marked improvement in quantifying the processes that drive landscape change and impact
habitability. Notable societal benefits for implementing each major science question include the following:

e Forecasting natural disasters, including the timing and size of earthquakes and any associated tsu-
namis, the timing and duration of volcanic eruptions, and the timing and location of landslides. The
most costly natural disaster in world history was the 2011 M9.0 Tohoku earthquake and tsunami,
but even smaller events, such as the 2010 Eyjafjallajokull volcanic eruption in Iceland, take a toll
on society. Satellite-based measurements are the only practical means for monitoring geological
hazards around the world: key information for making forecasts.

e Responding rapidly to natural disasters and mitigating their consequences. The “library” of high-res-
olution space-based observations of disaster-prone areas permits rapid quantification of the impacts
of geological disasters on landscapes and societal infrastructure, both during the event and in its
aftermath. Detectable impacts may be caused by impulsive events, such as earthquakes or volcanic
eruptions, or by more sustained events, such as drought or extensive wildfires.

* Understanding and forecasting how sea level will change along coastlines, where ~600 million
people currently live. Sea-level rise on the coast is a product of changes in ocean volume and mass,
as well as vertical land motion. Remote sensing measurements of sea-surface height and ice-sheet
characteristics are essential for understanding the drivers and rates of sea-level change. Space- and
land-based geodesy permit quantification of the amount and rate of uplift or subsidence of the land
surface. When these data are combined with high-resolution coastal topography, the magnitude of
both incremental inundation and storm-driven flooding can be forecast and potentially mitigated.

e Quantifying global, decadal landscape change and how that change affects the groundwater, soil,
and biological resources on which society depends. Most landscapes are shaped incrementally by
fluvial, hillslope, coastal, cryospheric, and ecological processes. The use of high-resolution time
series underlies the ability to delineate trends of change and to develop societal strategies to mitigate
or arrest changes that threaten societal health and sustainability.

* Monitoring, understanding, and forecasting spatial and temporal variations of Earth’s magnetic field.
Global navigation and protection from excessive cosmic radiation depend on the shape, strength,
and persistence of Earth’s magnetic field. A constellation of satellites with vector magnetometers can
measure spatial and temporal variations in the magnetic field needed to update global geomagnetic
field models.

e Quantifying mantle convection to understand how it drives plate motions and generates earthquakes
and volcanic eruptions. Mantle tractions drive lithospheric strain accumulation that loads faults,
causes earthquakes, and triggers volcanism. Space- and land-based geodetic measurements, com-
bined with seismic models, are used to predict mantle motions. A more accurate terrestrial reference
frame and a detailed long-term land surface deformation field serve to quantify the level of mantle
coupling. Together, this information will underpin improved forecasts of crustal deformation and the
resultant seismic and volcanic hazards, and inform strategies to enhance resilience to destructive
earthquakes and eruptions.

e Understanding temporal variations of subsurface water storage and transport. Global population
growth and increasing extraction of groundwater for agricultural, municipal, and industrial uses
are depleting this truly vital resource. Both geodesy and gravity measurements enable systematic
tracking of the location and pace of groundwater extraction, which is growing in importance,
given the mismatch between the rapid rate of withdrawal and the slow infiltration that replenishes
groundwater supplies.
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e Improving the discovery and management of energy, mineral, and soil resources. The chemical
composition of these resources can be mapped using high-resolution spectral imaging, and data
from moderate-resolution multispectral satellites and SAR satellites can be used to detect and mon-
itor surface oil spills, dispersal plumes, contaminants, soil loss, nutrient depletion, and ecological
change.

Overall, many Earth surface and interior processes are caused or influenced by anthropogenic activity.
Today, tectonically inactive areas are riddled with earthquakes owing to wastewater injection, and invasive
species and wildfires are adversely affecting landscape stability, nutrient availability, and overall sustain-
ability. Together, detailed topography, temporally dense time series of high-resolution imagery, and highly
resolved geodetic measurements are key elements for defining rates of change, forecasting developing
hazards, and creating new strategies to reduce harmful societal impacts.
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