
	Societal or Science Question/Goal
	Quantified Earth Science/Application Objective
	Importance (1-10)
	Geophysical Observables
	Measurement Parameters and Associated Requirements
	Example Measurement Approaches
	Complimentary and/or Alternate Sources
	Benefit (0-10)
	Utility (0-1.0)
	Quality (0-1.0)
	Success Probability (0-1.0)
	Affordability (1-10)
	Value (0-100)
	Comments

	1. How can large-scale geological hazards be accurately forecast and eventually predicted in a socially relevant timeframe?
[Dave, Jeanne, and Mike leads]
	1a. Measure the surface deformation and eruptive products of the Earth’s entire active land volcano inventory with an accuracy of 5% and a time scale of days-weeks	Comment by Michael Ramsey: I’m not sure about this number? I was trying to come up with a common quantitative value to say we determine surface deformation and composition.

Tier 1
	9
	Vector surface deformation 
	Vector surface deformation and surface fracturing over length scales ranging from 10 m to 1,000 km and temporal resolution of 1 mm yr-1 at a sampling frequency related to the volcanic activity. Everywhere.

Howard: sampling has to be on a several day or better time scale to catch rapidly ascending magma and increases in pressure.  Spatial scale: 10m, line-of-sight (LOS) accuracy 1cm
	L- or S-band InSAR with ionospheric correction, global
	GPS/GNSS

The planned NISAR mission will achieve the first 3-5 years of this requirement but at poorer time sampling. aA follow-on mission (international constellation) is needed to achieve sampling needs.	Comment by Doug Burbank: Will NISAR actually be able to measure 1 mm/yr? Seems very precise to me..

Complementary C-band InSAR is being provided by ESA as part of the Sentinel-1 series. C-band InSAR decorrelates over vegetated areas so L-band is needed. Current L-band sensors have no ionospheric correction so cannot achieve the 1 mm yr-1 objective.  
	6.5
	1.0
	0.8
	0.9
	
	
	Most active volcanoes lie beneath sea level and are not measured from space.

	
	
	
	Topography
	High spatial resolution (5 m) bare-Earth topography at 1 m vertical accuracy over all volcanoes (swath lidar)
	Spacecraft LIDAR or RADAR
	
	1.9
	0.6
	0.4
	0.9
	
	
	Cloud issues for LIDAR. 

The required RADAR data have been collected by the TerraSAR Tandem-X mission although the data are not publically available. A negotiated data purchase may be less costly than a new NASA mission.

	
	
	
	Ground surface and plume composition, particle size, and changes over time
	Hyperspectral VNIR/SWIR and TIR data at 30-45 m spatial resolution and ~ weekly temporal resolution for periods of weeks to months prior to detect trends and change detection
	ASTER, Hyperion, Landsat (high spatial). OMI, AIRS (high temporal)
	airborne campaigns using MASTER, AVIRIS, etc. As well as the previous DS survey HyspIRI concept.

ground-based atmospheric LIDAR

GPS/GNSS
	3.9
	0.8
	0.6
	0.9
	
	
	ASTER, Hyperion, Landsat do not have an adequate temporal resolution. Conversely, OMI, AIRS do not have the needed spatial scale. Further, UV-based measurements of SO2 (OMI) fail at night and polar winters.

	
	
	
	Thermal output
	Multispectral TIR data (including a 3-5 micron channel) at 100m acquired at a temporal frequency of hours to detect high-frequency changes in thermal output of volcanoes
	ASTER, LANDSAT (high spatial); GOES, MODIS, AVHRR (high temporal)
	ground-based TIR camera and high-temporal frequency airborne/UAV measurements
	7.3
	1.0
	0.9
	0.9
	
	
	ASTER/LANDSAT: good spatial/inadequate temporal resolution. GOES, MODIS, AVHRR: opposite scenario.

Would also apply to fires

	
	
	
	Seismicity and tremor
	
	
	Measured by terrestrial methods
	7.3
	0.9
	0.9
	1.0
	
	
	

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

Tier 1
	9
	Vector surface deformation 
	Vector surface deformation and surface fracturing over length scales ranging from 50 m to 1,000 km  and temporal resolution of 1 mm yr-1 at a sampling frequency related to seismic/tectonic activity. Everywhere.
	L- or S-band InSAR with ionospheric correction, global
	GPS/GNSS 

The planned NISAR mission will achieve the first 3-5 years of this requirement but at poorer time sampling. aA follow-on mission (international constellation) is needed to achieve sampling needs.

Complementary C-band InSAR is being provided by ESA as part of the Sentinel-1 series. C-band InSAR decorrelates over vegetated areas ao L-band is needed.  Current L-band sensors have no ionospheric correction so cannot achieve the 1 mm yr-1 objective.  
	6.5
	1.0
	0.8
	0.9
	
	
	Land only

	
	
	
	Surface fractures
	Surface fracturing at 1 m spatial resolution (anywhere - optical imagery)
	Commercial 1 m optical
	
	1.3
	0.4
	0.4
	0.9
	
	
	

	
	
	
	Large spatial scale gravity change
	Gravity change for large events (GRACE and follow-on missions)
	GRACE-II
	
	1.6
	0.5
	0.5
	0.7
	
	
	Large events and postseismic	Comment by Jeanne Sauber: This is current GRACE capability. So maybe comment should be “Currently large EQ coseismic and postseismic”  GRACE/GRACE-FO may measure interseismic gravity change over . GRACE-II may be able to see pre-event gravity change.  

	
	
	
	Reference frame
	Stable terrestrial reference frame at 1 mm/yr accuracy
	VLBI, SLR, GPS/GNSS
	Global partners contribute to this reference frame.
	8.1
	1.0
	1.0
	0.9
	
	
	NASA, in collaboration with global partners must maintain this reference frame.  GPS-alone cannot provide the required accuracy.

	
	
	
	Topography 
	High spatial resolution (1 m), bare-Earth topography at 0.1 m vertical accuracy over selected tectonic areas (aircraft LIDAR)
	Aircraft LIDAR
	Available from other sources. Federal, Commercial
	2.0
	0.5
	0.5
	0.9
	
	
	May not be available for all areas outside of US.

	
	
	
	Land cover change
	High spatial resolution (1 m) stereo optical imagery
	
	
	0.7
	0.3
	0.3
	0.9
	
	
	

	
	1c. Predict and monitor landslides especially those near population centers

Tier 2
	6
	Vector surface deformation
	Vector surface deformation at <50 m spatial resolution and 1mm/yr at a temporal frequency <seasonal (InSAR and GPS/GNSS)
	L- or S-band InSAR, global

	GPS/GNSS, Terrestrial scanning LIDAR
	4.3
	1.0
	0.8
	0.9
	
	
	

	
	
	
	High-resolution topography
	Spatial resolution 1-5 m, vertical 0.5 m
	Aircraft LIDAR
	Available from other sources. Federal, Commercial
	3.5
	0.8
	0.8
	0.9
	
	
	

	
	
	
	Earthquake ground motion
	
	
	Global seismic network
	1.9
	0.6
	0.6
	0.9
	
	
	

	
	
	
	Precipitation
	
	
	GPM
	4.4
	0.9
	0.9
	0.9
	
	
	

	
	
	
	Permafrost melt
	RADAR, optical imaging and InSAR
	RADARSAT-2
Commercial 1 m optical
	GPS/GNSS
	1.2
	0.5
	0.5
	0.8
	
	
	

	
	
	
	High spatial-resolution time series of distribution of vegetation and rock/soil composition
	Hyperspectral VNIR/SWIR and TIR data at 30-45 m spatial resolution and ~ weekly temporal resolution
	ASTER, LANDSAT, Hyperion (none of these are at the needed spatial or temporal resolution)
	airborne/drone and high-temporal frequency ground-based measurements
	2.0
	0.7
	0.8
	0.6
	
	
	

	
	1d. Predict, model, and measure, tsunami generation, propagation, and run-up for major seafloor events

Tier 2
	5
	Seafloor pressure changes
	
	
	High-rate seafloor pressure recording
	3.6
	0.9
	0.9
	0.9
	
	
	

	
	
	
	Topography and shallow bathymetry
	High spatial resolution (1 m), bare-Earth topography at 0.1 m vertical accuracy over selected tectonic areas 
	Aircraft LIDAR
	
	[TBD]
	[TBD]
	[TBD]
	[TBD]
	
	
	

	
	
	
	Sea surface tsunami waves
	Wave height (1-m?), period (seconds, minutes?)
	
	GPS/GNSS buoys, ocean altimetry
	3.6
	0.9
	0.9
	0.9
	
	
	

	
	
	
	Ionospheric waves
	Ionospheric imaging at 10 km spatial resolution and 10 minute sampling from GPS/GNSS arrays
	GPS/GNSS
COSMIC
	
	1
	0.5
	0.5
	0.8
	
	
	Only in Japan or Southern California.

	
	
	
	Global bathymetry and seamless nearshore bathymetry
	Global marine gravity from swath radar altimetry (SWOT) 
	Swath altimetry
	
	2.6
	0.8
	0.8
	0.8
	
	
	Factor of 2 improvement from SWOT

	
	
	
	
	High spatial resolution (1-5 m) topography and shallow bathymetry from LIDAR
	Aircraft LIDAR
	
	3.6
	0.9
	0.9
	0.9
	
	
	

	
	
	
	Optical, radar, and InSAR change detection on demand with low-latency processing and distribution
	Enable high spatial resolution spaceborne or aircraft asset that can provide timely information to relief efforts
	Commercial 1 m optical 
	GPS/GNSS
	2.9
	0.8
	0.8
	0.9
	
	
	

	
	
	
	Kristine: shouldn't Rapid characterization of the magnitude of earthquakes be listed here? Seismology is the primary,
but GPS is being used for this as well.
	
	
	
	
	
	
	
	
	
	

	2. How do geological disasters directly impact the earth system and society following an event?

[Mike and Dave, leads]
	2a. Provide high-frequency (minutes to hours), low-latency (minutes after acquisition) data for disaster response and mitigation

Tier 1
	9
	All high resolution satellite imagery and deformation
	Provide rapid acquisitions and interconnectivity to other orbital assets in a sensor-web approach
	Orbital sensor webs such as the Autonomous Sciencecraft Experiment (ACE) and the ASTER Urgent Request Protocol (URP)
	Ground-based seismic, gas, thermal, scanning LIDAR systems
	6.5
	1.0
	0.8
	0.9
	
	
	

	
	
	
	Howard: Add InSAR row here for disaster response.  A system like ARIA provides areas of decorrelation from volcanic products or strong shaking needed to rapidly deploy safety and mitigation efforts. Move here from 2c below
	
	
	
	
	
	
	
	
	
	

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

Tier 2
	6
	Vector surface deformation
	Vector surface deformation and surface fracturing over length scales ranging from 10 m to 1,000 km  and temporal resolution of 1 mm yr-1 at a sampling frequency related to the volcanic activity (InSAR and GPS/GNSS). Everywhere.
	L- or S-band InSAR with ionospheric correction, global
	GPS/GNSS

The planned NISAR mission will achieve the first 3-5 years of this requirement but a follow-on mission is needed.

Complementary C-band InSAR is being provided by ESA as part of the Sentinel-1 series. C-band InSAR decorrelates over vegetated areas ao L-band is needed.  Current L-band sensors have no ionospheric correction so cannot achieve the 1 mm yr-1 objective.  
	1.1
	0.6
	0.5
	0.6
	
	
	Most active volcanoes lie beneath sea level and are not measured from space.

	
	
	
	Volume, composition and temperature of all eruptive products and measure their changes over time
	Hyperspectral VNIR/SWIR and TIR data at 30-45 m spatial resolution and ~ weekly temporal resolution

SAR backscatter data
	ASTER, Landsat, high-repeat time airborne/UAV data
	The notional HyspIRI mission concept or constellation of small-sats making these measurements.

Ground-based measurements of topography, composition, temperature
	5.4
	1.0
	0.9
	1.0	Comment by Doug Burbank: This seems optimistic unless a airborne system is at hand and everything works just right..
	
	
	

	
	
	
	Mass and energy fluxes across the solid earth/ atmospheric boundary
	Hyperspectral VNIR/SWIR and TIR data at 30-45 m spatial resolution and ~ weekly temporal resolution

High-rate SNR GPS/GNSS data
	ASTER, Landsat, high-repeat time airborne/UAV data
	The notional HyspIRI mission concept or constellation of small-sats making these measurements.

Ground-based measurements of topography, composition, temperature
	2.9
	1.0
	0.7
	0.7
	
	
	

	
	
	
	Geospatial and numerical model development of future/continued hazard potential
	Hyperspectral VNIR/SWIR and TIR data at 30-45 m spatial resolution and ~ weekly temporal resolution	Comment by Doug Burbank: Somewhere in here it seems you need precipitation and/or snowmelt if you are dealing with lahar initiation and run-out.

> 30 m (or better) spatial resolution.

SAR backscatter data.

Bare-Earth topography

High-rate SNR GPS/GNSS data.

Synergy to past/future Landsat-style systems.

Expanded GIS and integration with current databases. 
	ASTER, Landsat, high-repeat time airborne/UAV data

current plume dispersion, lahar and lava flow modeling
	
	3.0
	0.8
	0.7
	0.9
	
	
	

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

Tier 2
	6.5
	Vector surface deformation 
	Vector surface deformation at 100 m spatial resolution and 1 mm yr-1 at a temporal frequency related to the tectonic activity (InSAR and GPS/GNSS). Need more than 10 years of interseismic observations
	L- or S-band InSAR with ionospheric correction, global
	The planned NISAR mission will achieve the first 3-5 years of this requirement but a follow-on mission is needed.

Complementary C-band InSAR is being provided by ESA as part of the Sentinel-1 series. C-band InSAR decorrelates over vegetated areas ao L-band is needed.  Current L-band sensors have no ionospheric correction so cannot achieve the 1 mm yr-1 objective.  

GPS/GNSS
	[TBD]
	[TBD]
	[TBD]
	[TBD]
	
	
	

	
	
	
	Large spatial scale gravity change
	Gravity change for large events (GRACE and follow-on missions)
	GRACE-II
	
	1.1
	0.5
	0.5
	0.7
	
	
	Large events and postseismic

	
	
	
	Reference frame
	Stable terrestrial reference frame at 1 mm/yr accuracy
	VLBI, SLR, GNSS
	Global partners contribute to this reference frame.
	5.9
	1.0
	1.0
	0.9
	
	
	NASA, in collaboration with global partners must maintain this reference frame.  GPS-alone cannot provide the required accuracy.

	
	
	
	Topography 
	High spatial resolution (1 m), bare-Earth topography at 0.1 m vertical accuracy over selected tectonic areas (aircraft LIDAR)
	Aircraft LIDAR
	
	[TBD]
	[TBD]
	[TBD]
	[TBD]
	
	
	

	
	
	
	Optical imaging
	map surface rupture, liquefaction features and damage at spatial scales better than 5 m.
	Worldview, aircraft/drone imaging
	
	[TBD]
	[TBD]
	[TBD]
	[TBD]
	
	
	

	
	2d. Assess deformation, surface change, and damage to infrastructure due to landslides at 50 m spatial resolution and 10 cm accuracy

Tier 3
	3
	Vector surface deformation
	Vector surface deformation at 50 m spatial resolution and 10 mm yr-1 at a temporal frequency related to the landslide activity
	L- or S-band InSAR with ionospheric correction, anywhere
	GPS/GNSS
	[TBD]
	[TBD]
	[TBD]
	[TBD]
	
	
	

	
	
	
	Repeat high resolution topography
	Spatial resolution 1-5 m, vertical 0.5 m
	Aircraft LIDAR
	
	[TBD]
	[TBD]
	[TBD]
	[TBD]
	
	
	

	
	
	
	Optical imaging
	determine landslide inundation at spatial scales better than 5 m.
	Worldview, aircraft/drone imaging
	
	[TBD]
	[TBD]
	[TBD]
	[TBD]
	
	
	

	
	2e. Assess surface change and damage due to tsunami inundation to 50 m spatial resolution.

Tier 3
	3
	Optical imaging
	map tsunami inundation at spatial scales better than 5 m.
	Worldview, aircraft/drone imaging
	
	[TBD]
	[TBD]
	[TBD]
	[TBD]
	
	
	

	
	
	
	Repeat high-resolution near-shore topography and bathymetry
	determine bathymetric changes following a tsunami
	Aircraft LIDAR
	
	[TBD]
	[TBD]
	[TBD]
	[TBD]
	
	
	

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

[Don and Robin leads]
	3a. Quantify the rates of and processes that cause global, regional, and local sea-level change change, with uncertainty < 0.1 mm  yr-1 for global mean sea-level equivalent and <0.5 mm yr-1 sea-level equivalent at resolution of 10 km

or 
3a. Quantify the rates of sea-level change and its driving processes at  global, regional, and local scales, with uncertainty < 0.1 mm  yr-1 for global mean sea-level equivalent and <0.5 mm yr-1 sea-level equivalent at resolution of 10 km

Tier 1.5
Howard: I’m not sure how to reword this.  From an SE perspective, we want two items that contribute to this:

1. Changes in earth topography that contribute to sea level rise, including GIA and local loading effects

2. Influence of local gravity on water distribution and measurement of sea level a la Mitrovica.

These would require say GPS and InSAR, where each is analyzed by long-period integration to get precision to sub-mm levels.  Easy for GPS by using standard methods, for InSAR we need many many passes to make the atmospheric and ionospheric corrections.

	8
	Ice elevation
	Monthly or less, uncertainty < (10 cm for mean, 25 cm yr-1 for change) over areas of 100 km2
	Laser altimetry (e.g., IceSAT2, IceBridge)
	
	5.8
	1.0
	0.9
	0.8
	
	
	

	
	
	
	Ice velocity
	Monthly or less, uncertainty <10 cm yr-1 over areas of 100 km2
	InSAR
	
	7.2
	0.9
	1.0
	1.0
	
	
	

	
	
	
	Surface melt
	Weekly during melt season, 1 m horizontal resolution
	Imagery
(e.g., LandSat, WorldView)
	
	5.8
	0.8
	0.9
	1.0
	
	
	

	
	
	
	Ice thickness (near coast?)
	250 m horizontal resolution near grounding line, uncertainty <10 m vertical
	Radar
(suborbital)
	
	5.6
	1.0
	1.0
	0.7
	
	
	Assumes suborbital radar only; success based on covering entire coastlines of icesheets

	
	
	
	Snow density
	Resolution? Uncertainty?
	
	
	[TBD]
	[TBD]
	[TBD]
	[TBD]
	
	
	

	
	
	
	Gravity
	Monthly, uncertainty 1 cm water-equivalent thickness at resolution of 200 km at equator	Comment by Doug Burbank: Can we really get 1-cm uncertainty for ice thickness when we don’t really know the isostatic component? This certainty reflects on the “1” in the “quality” and “success” columns
	Satellite gravity
(e.g. GRACE-FO)
	
	7.2
	0.9
	1.0
	1.0
	
	
	Resolution is half-wavelength at equator. Assumes some post-processing.

	
	
	
	3-D surface deformation vectors on ice sheets
	Monthly, cm yr-1 accuracy, 100 m resolution
	InSAR
	GPS/GNSS
	3.1
	0.8
	0.7
	0.7
	
	
	Primarily for understanding GIA which is critical for using satellite gravity data and ice elevation change 

	
	
	
	Sea surface height
	Monthly, 2 cm height accuracy at 100 km resolution
	Radar altimetry (e.g., Jason-3, Jason-CS, SWOT)
	Global network of tide gauges
	8
	1.0
	1.0
	1.0
	
	
	

	
	
	
	Terrestrial reference frame
	Stability at <0.1 mm yr-1
	Maintain high-quality of co-located sites (minimum of 8-10 sites)
Possible satellite missions (e.g., GRASP)
	
	6.5
	1.0
	0.9
	0.9
	
	
	Assumes personnel to process data; very limited 

	
	
	
	In situ temperature/ salinity
	Comparable to Argo at 300 km resolution or better
	N/A
	Argo
	4.0
	0.7
	0.9
	0.8
	
	
	

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

Tier 1
	9
	Vector surface deformation
	Monthly, uncertainty <1 mm yr-1 at resolution of 100 m
	InSAR
	GPS/GNSS
	9
	1.0
	1.0
	1.0
	
	
	This measurement is important for estimating changes in salt water incursion (water quality), inundation, and for changes in rivers and estuaries

	
	
	
	High resolution topography
	Vertical accuracy of 10 cm, resolution 1 m
	SAR, Lidar (suborbital)
	
	4.3
	0.6
	1.0
	0.8
	
	
	

	4. What processes and interactions set the pace of Earth surface dynamics?

[Doug and George leads]
	4a. Quantify global, decadal landscape change produced by both abrupt changes in the topography and character of the surface, as well as continuous deformations due to mass movements; fluvial, hillslope, and coastal processes; soil creep; and thawing permafrost.

Tier 1
	8
	Bare-earth topography
	Global measurements made once to produce high-resolution (1-m horizontal, 10-cm vertical) bare-earth topographic model.  Focused regional surveys at comparable resolution used to image landscape change from the globally established baseline.(*)
	LiDAR – Aircraft
	In cases where landscape changes are substantial and unobscured by vegetation, topographic models created from high-resolution stereo satellite imagery may supplement Airborne LiDAR bare-earth elevation models.
	8
	1.0
	1.0
	1.0
	
	
	Assumes acquisition of LiDAR using airborne, e.g., drone-based, platform.

	
	
	
	Vector surface deformation
	5-10 mm vertical, <50 m horizontal, weekly
	L- or S-band InSAR
	GPS/GNSS
	4.6
	0.8
	0.8
	0.9
	
	
	

	
	
	
	
	
	UAVSAR
	
	3.2
	0.9
	0.5
	0.9
	
	
	

	
	
	
	
	
	GPS/GNSS
	
	1.6
	0.2
	1.0
	1.0
	
	
	Spatial sampling sparse and must target known features

	
	
	
	High spatial-resolution time series of changes in optical surface characteristics 
	Optical ground characteristics at < 1-m resolution with weekly repeat time
	Worldview-2 / 3 satellites
	
	6.4
	0.8
	1.0
	1.0
	
	
	

	
	
	
	Measurement of rock-, soil-, water-, and ice-mass change
	satellite gravimetry
	GRACE
	
	1.4
	0.5
	0.5
	0.7
	
	
	Spatial resolution is low for this goal

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

Tier 2
	5
	Measurement of rainfall and snowfall rates
	Multiple times per day via satellite constellation
	Global Precipitation Mission
	
	3.2
	1.0
	0.7
	0.9
	
	
	GPM and follow-on.  Quality ranking set to 0.7 to reflect the ¼-degree monthly spatial resolution expected from data products.

	
	
	
	Reflectance for freeze/thaw spatial and temporal distribution
	< 50 m horizontal, weekly
	Radar reflectivity
	
	1
	0.5
	0.5
	0.8
	
	
	

	
	
	
	Optical characterization of spatial and temporal distribution of freeze/thaw
	< 1-m horizontal, weekly
	Worldview-2 / 3 satellites
	
	0.6
	0.3
	0.4
	1.0
	
	
	

	
	
	
	Reflectance for snow depth /  snow water equivalent 
	Weekly, uncertainty of 5%. 1 km^2
	GPS/GNSS
	
	1.1
	0.8
	0.4
	0.7
	
	
	Low quality for GPS assigned due to limited spatial resolution.

	
	
	
	
	
	InSAR
	
	2.6
	0.8
	0.8
	0.8
	
	
	

	
	
	
	Soil / root zone moisture content 
	Daily, uncertainty ~2 cm SWE/snow depth 1 km^2, with daily repeat times
	SMAP
	GPS/GNSS, uncertainty 0.04 m^3/m^3
	1.7
	0.7
	0.6
	0.8
	
	
	The lower quality ranking reflects the > 3-km resolution data products produced by SMAP

	
	
	
	
	Vadose zone soil moisture at < 5-m horizontal resolution with daily repeat times
	AIRMOSS
	
	0.1
	0.4
	0.1
	0.6
	
	
	Low quality assigned to AIRMOSS because of limited spatial and temporal coverage

	
	4c. Quantify ecosystem response to landscape change.

Tier 2
	4
	High spatial-resolution time series of distribution of vegetation in N-IR
	N-IR at < 5m with weekly to monthly repeat time
	Worldview-2 / 3 satellites
	
	3.2
	0.8
	1.0
	1.0
	
	
	Worldview-3 platform provides imagery to specification - requires data buy

	
	
	
	Observations of canopy structure
	1-m resolution canopy structure collected seasonally (**)
	Waveform LiDAR
	
	2.9
	0.9
	0.8
	1.0
	
	
	Assumes acquisition of LiDAR using airborne, e.g., drone-based, platform

	
	
	
	
	100-m-resolution vertical structure observations collected seasonally and globally
	GEDI
	
	2.9
	0.9
	0.1
	0.8
	
	
	Low quality rating assigned due to limited extent of high-resolution observations

	
	
	
	Observations of ecosystem status and near-surface material composition
	Hyperspectral VNIR/SWIR and TIR data at 30-45 m spatial resolution and ~ weekly temporal resolution
	LANDSAT, ASTER, Hyperion, but more bands
	
	2.0
	0.7
	0.8
	0.9
	
	
	Assumes acquisition using airborne, e.g., drone-based, platform

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

[Stefan and Lucy leads]
	5a. Determine the effects of convection within the Earth’s interior, specifically the dynamics of the Earth's core and its changing magnetic field and the interaction between mantle convection and plate motions

Tier 1.5
	7
	Monitor secular variation of the Earth’s magnetic field
	Multi-point simultaneous magnetic field vector measurements with global coverage, 0.1nT/component precision, 1nT/component absolute 
	SWARM - magnetometers
	
	5.6
	1.0
	0.8
	1.0
	
	
	

	
	
	
	Determine exchange of angular momentum between core and mantle from changes in earth rotation parameters
	Observe changes in the Earth Orientation Parameters (EOP) to 5 μs for the Length of day(LOD ) and 50 μas for the corresponding xp, yp pole coordinates.

Observe the nutation and precession of the Earth rotation axis to  0.0001″ for each component.
	VLBI (Howard: not GPS? I’m not sure that VLBI has any sway at NASA these days, and for development GPS technology including orbit refinements is the way of the future)
	
	2.7
	0.8
	0.7
	0.7
	
	
	

	
	
	
	Map surface topography
	Measure topography to 5 m horizontal and 10 cm vertical resolution
	TerraSAR Tandem-X
	
	2.7
	0.7
	0.8
	0.7
	
	
	

	
	
	
	Map gravity field
	Measure sea surface height to 1 cm over 10 km distance

	SWOT
	
	1.6
	0.4
	0.8
	0.7
	
	
	

	
	
	
	Determine plate motions and deformation and track the evolution of plate boundaries
	Continuous GPS/GNSS 1 mm yr-1 horizontal, 7 mm yr-1 vertical
	GNSS
	
	5.0
	0.8
	0.9
	1
	
	
	

	
	
	
	
	SAR interferometry, 10 mm vertical, 100m mm horizontal
	L-band InSAR with ionospheric correction
	GPS/GNSS
	2.7
	0.6
	0.8
	0.8
	
	
	

	
	
	
	
	Marine or aeromagnetic high resolution spatial magnetic anomalies, 10 nT, 1 km horizontal resolution
	Aircraft magnetometer
	
	2.4
	0.6
	0.7
	0.8
	
	
	

	
	
	
	
	sea floor geodesy, 5 mm per yr horizontal, 10 mm yr-1 vertical
	GPS-acoustics
	
	3.1
	0.9
	0.7
	0.7
	
	
	

	
	
	
	
	Global network of seismometer stations, 1000 km horizontal spacing
	
	
	0.8
	0.4
	0.6
	0.5
	
	
	

	
	
	
	
	Improved reference frames through geodetic observations, 1 mm accuracy, 0.1 mm yr-1 stability horizontal and vertical
	VLBI, SLR, GNSS
	
	5.1
	0.9
	0.9
	0.9
	
	
	

	
	5b. Determine the water content in the upper mantle by resolving electrical conductivity to within a factor of 2 over horizontal scales of 1000 km

Tier 2
	5
	Mantle conductivity determined from time series of global magnetic field measurements
	Multi-point simultaneous magnetic field vector measurements with global coverage, 0.1nT/component precision, 1nT/component absolute
	SWARM - magnetometers
	
	2.5
	1.0
	0.7
	0.7
	
	
	

	
	5c. Quantify the heat flow through the mantle and lithosphere within 10 mW/m2

Tier 3
	3
	Quantify global lithospheric temperature
	Downhole temperature, 5 mW/m2, 500 km horizontal resolution
	
	
	1.7
	0.7
	0.9
	0.9
	
	
	

	
	
	
	Quantify crustal heat production by radioactive minerals
	Model radiogenic crustal heat flow to within 5 mW/m2
	
	
	1.2
	0.7
	0.8
	0.7
	
	
	Model based

	
	
	
	Determine the heat flow through the land surface
	Night-time hyperspectral TIR at 30-45 m spatial resolution to determine surface heat flow to within 5 mW/m2
	MODIS
	
	1.2
	0.7
	0.8
	0.7
	
	
	

	
	
	
	Map depth of the Curie temperature isotherm
	UAV spatial magnetic anomalies, 10 nT, 10 km horizontal resolution
	Aircraft magnetics
	
	1.0
	0.8
	0.7
	0.6
	
	
	

	
	
	
	Quantify contribution of heat flux from volcanic activity
	Volcanic heat flux, 10 mW/m2, 1000 km horizontal resolution
	
	
	0.9
	0.5
	0.7
	0.9
	
	
	

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

[Howard and Emily leads]
	6a. Determine fluid pressures, storage and flow in confined aquifers. 
Required resolution:
Spatial: 100 m
Pressure: 1 kPa (0.1 m head)

Tier 2
	6
	Vector surface deformation
	For seasonal variations: 1 cm/yr measured weekly at 10 m spatial sampling (which allows stacking for sub-cm secular trends)
	L- or S-band InSAR 
	GPS/GNSS
	4.9
	1
	0.9
	0.9
	
	
	

	
	
	
	Suborbital gravity
	Suborbital gravity at 1-3 km resolution
	Aircraft gravity
	
	0.3
	0.5
	0.3
	0.3
	
	
	

	
	
	
	Topography
	Topography at 10 m resolution
	TerraSAR-Tandem-X
	
	6.0
	1
	1
	1
	
	
	

	
	
	
	Integration of complementary well data
	Integration of complementary well data 
	
	
	2.2
	0.5
	0.8
	0.9
	
	
	

	
	
	
	
	Integration of modeling studies to determine in situ poroelastic properties (storativity and conductivity)
	
	
	2.4
	0.7
	0.7
	0.8
	
	
	

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

Tier 3
	3
	Vertical surface deformation
	Spatiotemporal distribution of subsidence/uplift at 1 cm vertical, 5 m horizontal, weekly. Coverage over managed watersheds, other watersheds of interest
	L- or S-band InSAR with ionospheric correction
	GPS/GNSS
	1.9
	1
	0.9
	0.7
	
	
	

	
	
	
	Surface water distribution
	100 m spatial, e.g., SWOT, stream gauge network, seasonally
	SWOT
	
	1.0
	0.6
	0.7
	0.8
	
	
	

	
	
	
	Soil Moisture, snow/SWE, rainfll
	1-5 km spatial, from SMAP, other radar, thermal inertia using TIR and VNIR data, and GPS reflections, weekly
	SMAP
GPM
	
	1.5
	0.8
	0.8
	0.8
	
	
	

	
	
	
	Gravity
	
	
	
	0.1
	0.5
	0.3
	0.3
	
	
	

	
	
	
	Topography
	
	
	
	3
	1
	1
	1
	
	
	

	
	6c. Determine the transport and storage properties in situ within a factor of 3 for shallow aquifers and an order of magnitude for deeper systems

Tier 3	Comment by Doug Burbank: I wonder if this isn’t a Tier 2 objective, but simply a harder one to pursue than confined aquifers.
	3
	Deformation from fluid fluxes (uses several above measurements)
	Spatiotemporal distribution of subsidence/uplift at 3 mm/yr vertical, 5 m horizontal, weekly 
Coverage over active reservoirs
	L- or S-band InSAR 
	GPS/GNSS
	1.3
	0.8
	0.8
	0.7
	
	
	

	
	6d. Determine the impact of water-related human activities and natural water flow on earthquakes	Comment by Doug Burbank: The “human activities” impacts on earthquakes seems restrictive here. Why not ask about human activities and landslides or flooding? I presume the question is directed to human activities related to water, but perhaps you intended all human activities.

Tier 2	Comment by Doug Burbank: And why this topic is Tier 2, whereas water in aquifers is Tier 3 is unclear to me. Certainly aquifers have a much bigger social impact, water is a contributing factor to earthquakes. 
	4
	Vertical surface deformation
	Spatiotemporal distribution of subsidence/uplift at 3 mm/yr vertical, 5 m horizontal, weekly
	L- or S-band InSAR 
	GPS/GNSS
	2.9
	1
	0.8
	0.9
	
	
	

	
	
	
	
	Coverage over active reservoirs, fracking sites and faults
	
	
	2.6
	0.8
	0.9
	0.9
	
	
	

	
	
	
	Seismicity
	Seismometer density sufficient to measure M1.5 earthquakes
	
	
	2.3
	0.8
	0.9
	0.8
	
	
	

	
	
	
	Human forcings
	Integration with production and regulatory agency records
	
	
	0.3
	0.5
	0.3
	0.5
	
	
	

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

[Howard and Khalid leads]
	7a. Map topography, surface mineralogic composition and distribution, thermal properties, soil properties/water content, and solar irradiance for improved development and management of renewable and fossil energy resources.

Tier 2
	5
	Hyperspectral VSWIR reflectivity and TIR emissivity and surface temperature
	10-15 nm hyperspectral resolution, better than 20 m spatial resolution (10 m ideal)Hyperspectral VNIR/SWIR and TIR data at 30-45 m spatial resolution and ~ weekly temporal resolution
	LANDSAT but more bands; Hyperion but better temporal

LANDSAT, ASTER but more bands and better temporal resolution
	
	1.6
	0.4
	0.9
	0.9
	
	
	

	
	
	
	Thermal IR emissivity and surface temperature
	Multi to hyperspectral thermal IR resolution, better that 1 km spatial resolution.
Coverage of selected sites worldwide
	LANDSAT but more bands
	
	
	5
	0.9
	0.9
	
	
	

	
	
	
	Thermal inertia
	Temporal resolution ≤16 days (need an ability to measure day and night TIR, preferably at the 12-24 hour timescale to do thermal inertia).
Coverage of selected sites worldwideHyperspectral TIR data at 30-45 m spatial resolution and ~ weekly temporal resolution.

Day/night measurements needed at the 12-24 hour time scale.
	MODIS
	
	1.6
	0.4
	0.8
	0.8
	
	
	

	
	
	
	Vertical surface deformation
	Spatiotemporal distribution of subsidence/uplift at 1 cm vertical, 5 m horizontal, weekly 	Comment by Doug Burbank: Really: weekly at 1 cm. Will NISAR do that?
	L-band InSAR with ionospheric correction
	GPS/GNSS
	2.8
	0.7
	0.9
	0.9
	
	
	

	
	
	
	Topography
	Topographic data at 30-m postings, 25 cm vertical
	TerraSAR Tandem-X
	
	4.5
	0.9
	1
	1
	
	
	

	
	
	
	solar irradiance
	Real-tme measurement of solar irradiance at better than 1 km resolution and 15-minute cadence for managing solar power assisted energy grids.
	GOES
	
	[bookmark: _GoBack]1.3
	0.4
	0.8
	0.8
	
	
	

	
	
	
	Multispectral imagery
Clouds?
What else?
	Two passes every day with higher resolution than currently available (currently 2 bands and 250 m and rest at 500 m or worse)
	MODIS
	
	
	0.4
	0.9
	0.9
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