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Executive Summary

A VISION FOR THE FUTURE
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FIGURE ES.2 Number of U.S. space-based Earth observation instruments in the current decade. An emphasis on climate 
and weather is evident, as is a decline in the number of instruments near the end of the decade. For the period from 2007 
to 2010, missions were generally assumed to operate for 4 years past their nominal lifetimes. Most of the missions were 
deemed to contribute at least slightly to human health issues, and so health is not presented as a separate category. 
SOURCE: Information from NASA and NOAA Web sites for mission durations. 

FIGURE ES.1 Number of U.S. space-based Earth observation missions in the current decade. An emphasis on climate and 
weather is evident, as is a decline in the number of missions near the end of the decade. For the period from 2007 to 2010, 
missions were generally assumed to operate for 4 years past their nominal lifetimes. Most of the missions were deemed to 
contribute at least slightly to human health issues, and so health is not presented as a separate category. SOURCE:  Informa-
tion from NASA and NOAA Web sites for mission durations. 
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BOX ES.1 CRITERIA USED BY THE PANELS TO CREATE RELATIVE RANKINGS OF MISSIONS

Contribution to the most important scientific questions facing Earth sciences today (scientific merit, 
discovery, exploration)
Contribution to applications and policy making (societal benefits)
Contribution to long-term observational record of Earth
Ability to complement other observational systems, including planned national and international 
systems
Affordability (cost considerations, either total costs for mission or costs per year)
Degree of readiness (technical, resources, people)
Risk mitigation and strategic redundancy (backup of other critical systems)
Significant contribution to more than one thematic application or scientific discipline

Note that these guidelines are not in priority order, and they may not reflect all of the criteria considered 
by the panels.
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TABLE ES.1 Launch, Orbit, and Instrument Specifications for Missions Recommended to NOAA

Decadal 
Survey  
Mission Mission Description Orbita Instruments

Rough Cost 
Estimate 
(FY 06 $million)

2010-2013

CLARREO 
(instrument 
reflight 
components)

Solar and Earth radiation characteristics for 
understanding climate forcing

LEO, SSO Broadband radiometer 65

GPSRO High-accuracy, all-weather temperature, water 
vapor, and electron density profiles for weather, 
climate, and space weather

LEO GPS receiver 150

2013-2016

XOVWM Sea-surface wind vectors for weather and 
ocean ecosystems

LEO, SSO Backscatter radar 350

NOTE: Missions are listed by cost. Colors denote mission cost categories as estimated by the committee. Green and blue shading 
indicates medium-cost ($300 million to $600 million) and small-cost (<$300 million) missions, respectively. The missions are described in 
detail in Part II, and Part III provides the foundation for selection.

aLEO, low Earth orbit; SSO, Sun-synchronous orbit. 



Copyright © National Academy of Sciences. All rights reserved.

Earth Science and Applications from Space:  National Imperatives for the Next Decade and Beyond
http://www.nap.edu/catalog/11820.html

TABLE ES.2 Launch, Orbit, and Instrument Specifications for Missions Recommended to NASA

Decadal  
Survey  
Mission Mission Description Orbita Instruments

Rough Cost 
Estimate 
(FY 06 $million)

2010-2013 

CLARREO 
(NASA  
portion) 

Solar and Earth radiation; spectrally resolved 
forcing and response of the climate system 

LEO, 
Precessing

Absolute, spectrally resolved 
interferometer

200

SMAP Soil moisture and freeze-thaw for weather and 
water cycle processes

LEO, SSO L-band radar
L-band radiometer

300

ICESat-II Ice sheet height changes for climate change 
diagnosis

LEO, 
Non-SSO

Laser altimeter 300

DESDynI Surface and ice sheet deformation for 
understanding natural hazards and climate; 
vegetation structure for ecosystem health

LEO, SSO L-band InSAR
Laser altimeter

700

2013-2016 

HyspIRI Land surface composition for agriculture and 
mineral characterization; vegetation types for 
ecosystem health

LEO, SSO Hyperspectral spectrometer 300

ASCENDS Day/night, all-latitude, all-season CO2 column 
integrals for climate emissions

LEO, SSO Multifrequency laser 400

SWOT Ocean, lake, and river water levels for ocean 
and inland water dynamics

LEO, SSO Ka- or Ku-band radar
Ku-band altimeter
Microwave radiometer

450

GEO-CAPE Atmospheric gas columns for air quality 
forecasts; ocean color for coastal ecosystem 
health and climate emissions

GEO High-spatial-resolution 
hyperspectral spectrometer

Low-spatial-resolution 
imaging spectrometer

IR correlation radiometer

550

ACE Aerosol and cloud profiles for climate and 
water cycle; ocean color for open ocean 
biogeochemistry

LEO, SSO Backscatter lidar
Multiangle polarimeter
Doppler radar

800

2016-2020

LIST Land surface topography for landslide hazards 
and water runoff

LEO, SSO Laser altimeter 300

PATH High-frequency, all-weather temperature and 
humidity soundings for weather forecasting 
and sea-surface temperatureb

GEO Microwave array spectrometer 450

GRACE-II High-temporal-resolution gravity fields for 
tracking large-scale water movement

LEO, SSO Microwave or laser ranging 
system

450

SCLP Snow accumulation for freshwater availability LEO, SSO Ku- and X-band radars
K- and Ka-band radiometers

500

GACM Ozone and related gases for intercontinental 
air quality and stratospheric ozone layer 
prediction

LEO, SSO UV spectrometer
IR spectrometer
Microwave limb sounder

600

3D-Winds
(Demo)

Tropospheric winds for weather forecasting 
and pollution transport

LEO, SSO Doppler lidar 650

NOTE: Missions are listed by cost. Colors denote mission cost categories as estimated by the committee. Pink, green, and blue shading 
indicates large-cost ($600 million to $900 million), medium-cost ($300 million to $600 million), and small-cost (<$300 million) missions, 
respectively. Detailed descriptions of the missions are given in Part II, and Part III provides the foundation for their selection. 

aLEO, low Earth orbit; SSO, Sun-synchronous orbit; GEO, geostationary Earth orbit.
bCloud-independent, high-temporal-resolution, lower-accuracy sea-surface temperature measurement to complement, not replace, 

global operational high-accuracy sea-surface temperature measurement.
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BOX ES.2 PROGRAMMATIC DECISION STRATEGIES AND RULES

Leverage International Efforts
Restructure or defer missions if international partners select missions that meet most of the measure-

ment objectives of the recommended missions; then (1) through dialogue establish data-access agreements, 
and (2) establish science teams to use the data in support of the science and societal objectives.

Where appropriate, offer cost-effective additions to international missions that help extend the values 
of those missions. These actions should yield significant information in the identified areas at substantially less 
cost to the partners. 

Manage Technology Risk
Sequence missions according to technological readiness and budget risk factors. The budget risk consid-

eration may favor initiating lower-cost missions first. However, technology investments should be made across 
all recommended missions.

Reduce cost risk on recommended missions by investing early in the technological challenges of the 
missions. If there are insufficient funds to execute the missions in the recommended time frames, it is still 
important to make advances on the key technological hurdles.

Establish technology readiness through documented technology demonstrations before a mission’s 
development phase, and certainly before mission confirmation.

Respond to Budget Pressures and Shortfalls
Delay downstream missions in the event of small (~10 percent) cost growth in mission development. 

Protect the overarching observational program by canceling missions that substantially overrun.
Implement a system-wide independent review process that permits decisions regarding technical 

capabilities, cost, and schedule to be made in the context of the overarching science objectives. Programmatic 
decisions on potential delays or reductions in the capabilities of a particular mission could then be evaluated 
in light of the overall mission set and integrated requirements.

Maintain a broad research program under significantly reduced agency funds by accepting greater 
mission risk rather than descoping missions and science requirements. Aggressively seek international and 
commercial partners to share mission costs. If necessary, eliminate specific missions related to a theme rather 
than whole themes. 

In the event of large budget shortfalls, re-evaluate the entire set of missions in light of an assessment of 
the current state of international global Earth observations, plans, needs, and opportunities. Seek advice from 
the broad community of Earth scientists and users and modify the long-term strategy (rather than dealing 
with one mission at a time). Maintain narrow, focused operational and sustained research programs rather 
than attempting to expand capabilities by accepting greater risk. Limit thematic scope and confine instrument 
capabilities to those well demonstrated by previous research instruments.
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SUSTAINING AN EARTH KNOWLEDGE AND INFORMATION SYSTEM
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Part I

An Integrated Strategy for Earth Science  
and Applications from Space
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ENVISIONING WHAT IS POSSIBLE

Understanding the complex, changing planet on which we live, how it supports life, and how human 
activities affect its ability to do so in the future is one of the greatest intellectual challenges facing human-
ity. It is also one of the most important challenges for society as it seeks to achieve prosperity, health, and 
sustainability. 

1

Earth Science:  
Scientific Discovery and Societal Applications
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BOX 1.1 LESSONS LEARNED FROM KATRINA

The earthquake and tsunami that devastated large swaths of coastal southern and eastern Asia on 
 December 26, 2004, and the hurricanes that struck the Gulf Coast of the United States in 2005 are stark examples 
of the vulnerability of human society to natural disasters and of the importance of observations and warning 
systems. Hurricane Katrina, which resulted in the deaths of more than 2,000 people and is estimated to have 
caused some $125 billion in damage,1 was one of the worst disasters in U.S. history (Figure 1.1.1). Further, the 
financial costs of Katrina do not account for other costs to society, including the impacts on the families of survi-
vors and the likely permanent loss of large swaths of New Orleans. The impact of natural disasters, and the need 
for observations that can improve predictions and warnings, will only grow as society becomes more complex 
and as populations and economic infrastructure increase in vulnerable geographical and ecological areas.

Several important lessons are evident from the Katrina disaster. The committee notes that forecasts 3 days 
in advance of Hurricane Katrina’s landfall in the Gulf, which were based on mathematical models using space- 
and aircraft-based observations, proved highly accurate. The forecasts were heeded by most people in affected 
areas and likely saved thousands of lives. The accuracy of predictions of Katrina’s track demonstrates the power 
of using a large number of different observations of the Earth system in computer models to make accurate 
and life-saving forecasts. However, although the forecasts of the hurricane track were unusually accurate, 
forecasts of the magnitude and location of the storm surge were less so and indicate the need for enhanced 
research and better observations (NSB, 2006). Like the tsunami of December 2004, the tragic aftermath of 
Katrina illustrates the importance of having a response system in place to take full advantage of disaster warn-
ings (Morin, 2005). 

1NOAA, “Billion Dollar U.S. Weather Disasters,” available at http://www.ncdc.noaa.gov/oa/reports/billionz.html.

FIGURE 1.1.1 Hurricane Katrina at 1700 U.T.C., Sunday, 
August 28, 2006. Image from MODIS on NASA’s Terra space-
craft. SOURCE: NOAA, “Billion Dollar U.S. Weather Disasters,” 
available at http://www.ncdc.noaa.gov/oa/reports/billionz.
html.
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BOX 1.2 ESTABLISHING THE GROUNDWORK FOR TODAY

Beginning with the work of Lyell1 on the slow time scales of geologic change and continuing with the 
theories of Wegener2 and Hess3 on continental drift and seafloor spreading, Earth scientists have uncovered 
many of the mysteries of plate tectonics. De Bort’s4 discovery of a layered atmosphere and the calculations 
of Arrhenius5 and Milankovitch6 concerning CO2-induced warming and ice age cooling have made possible 
understanding of the basic workings of the atmosphere and mechanisms that determine Earth’s climate. These 
advances have enabled society to build the early foundation of understanding that has resulted in the ability to 
evaluate and plan for earthquake and volcanic hazards, forecast the weather, explain much about past climates, 
and begin to predict future climate change.

1Sir Charles Lyell (1797-1875), author of Principles of Geology, was considered to be the founder of modern geology (http://www.mnsu.
edu/emuseum/information/biography/klmno/lyell_charles.html).

2Alfred Wegener (1880-1930), German climatologist and geophysicist and author of The Origins of Continents and Oceans, sug-
gested the revolutionary idea of continental drift and plate tectonics (http://www.mnsu.edu/emuseum/information/biography/klmno/ 
lyell_charles.html).

3Harry Hammond Hess (1906-1969), professor of geology at Princeton University, was influential in setting the stage for the emerging 
plate-tectonics theory in the early 1960s. Hess believed in many of the observations Wegener used in defending his theory of continental 
drift, but he had different views about large-scale movements of the Earth (http://pubs.usgs.gov/gip/dynamic/HHH.html).

4Léon Teisserenc de Bort (1855-1913), a French meteorologist, discovered the stratosphere (http://en.wikipedia.org/wiki/L%C3% 
A9on_Teisserenc_de_Bort).

5Svante Arrhenius (1859-1927), a Swedish chemist, first formulated the idea that changes in the levels of carbon dioxide in the atmosphere 
could substantially alter the surface temperature through the greenhouse effect. In its original form, Arrhenius’ greenhouse law reads as 
follows: “If the quantity of carbonic acid increases in geometric progression, the augmentation of the temperature will increase nearly in 
arithmetic progression” (http://en.wikipedia.org/wiki/Svante_Arrhenius).

6The Serbian astrophysicist Milutin Milankovitch is best known for developing one of the most significant theories relating Earth 
motions and long-term climate change. Now known as the Milankovitch Theory, it states that as Earth travels through space around the 
Sun, cyclical variations in three elements of Earth-Sun geometry combine to produce variations in the amount of solar energy that reaches 
Earth (http://earthobservatory.nasa.gov/Library/Giants/Milankovitch/).
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BOX 1.3 AN ABUNDANCE OF CHALLENGES

Improving Weather Forecasts
Testing and systematically improving forecasts of weather with respect to meteorological, chemical, 

and radiative change places unprecedented demands on technical innovation, computational capacity, and 
developments in assimilation and modeling that are required for effective and timely decision and response 
 structures. Weather forecasting has set in place the clearest and most effective example of the operational 
structure required, but future progress depends on a renewed emphasis on innovation and strategic investment 
in weather forecasting in its broader context. The United States has lost leadership to the Europeans in the 
international arena in an array of pivotal capabilities, such as medium-range weather forecasting. Without lead-
ership in these and other forecasting capabilities, the United States stands to lose economic competitiveness. 

Protecting Against Solid-Earth Hazards 
Whether hazards such as earthquakes and tsunamis, volcanic eruptions, and landslides have consequences 

that are serious or are truly catastrophic depends on whether they have been anticipated and whether prepa-
rations have been made to mitigate their effects. Mitigation is expensive, available resources are limited, and 
decisions must be made about how to set priorities among these expenditures. At present, the solid-Earth 
science required for decision making is hampered by a lack of data a situation perhaps analogous to trying 
to make reliable weather forecasts before global observations were available. Scientists know the total rates of 
deformation across fault systems but lack the information to determine reliably which faults are most likely to 
rupture, let alone when these ruptures will occur. Volcanic eruptions and landslides often have precursors, but 
the ability to detect and interpret these precursors is severely limited by a lack of observations. 

Ensuring Water Resources 
The nation’s water supply is of paramount importance to public health, stability, and security in the indus-

trial and agricultural sectors and to prosperity in vast reaches of rural America. Yet the ability to obtain key 
observations, to test forecasts of intermediate and long-term change, and to establish a coherent protocol for 
adaptation to large variations that are intrinsic to the hydrologic cycle is inadequate. The western United States 
is the most rapidly developing region of the country and is also the most vulnerable in terms of water supply. 
According to statistics compiled by the USDA/NOAA-sponsored Drought Monitor, the past decade, the driest 
since the 1950s, has had the greatest impacts in Oklahoma, New Mexico, Texas, and Colorado. In addition, in 
early 2005, Lake Powell was at its lowest level since the reservoir was constructed in the 1960s. Why the drought 
has occurred, how long it will continue, and how future droughts might be affected by a warming climate are 
questions whose answers will have profound implications for both the United States and the world. 

Maintaining Healthy and Productive Oceans 
A warming ocean raises sea level, alters precipitation patterns, may cause stronger storms, and may 

accelerate the melting of sea ice and glaciers. The increased acidity of Earth’s oceans due to rising CO2 levels 
portends dramatic adverse impacts for ocean biological productivity. These changes will be critical for all, but 
for none more than those living in coastal regions. Over the last few decades a concerted effort to develop 
satellite measurements of the ocean has revolutionized understanding of ocean circulation, air-sea interaction, 
and ocean productivity. Just at the point that capabilities have been realized to make major contributions to 
climate predictions on times scales of seasons to decades and to monitor the changes in the ocean’s health, 
we are in danger of losing many ocean satellite observations because of programmatic failures or a lack of will 
to sustain the measurements.
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Mitigating Adverse Impacts of Climate Change 
 It is now well understood that changes in the physical climate system over the last century have been 

driven in large part by human activities and that the human influence on climate is increasing. Future climate 
changes may be much more dramatic and dangerous. For example, rising sea levels will increase coastal flood-
ing during storms, which may become more intense. Effective mitigation of dangerous future climate change 
and adaptation to changes that are certain to occur even with mitigation efforts require knowledge of how 
the climate is changing and why. But there is no well-developed climate-monitoring system, and fundamental 
changes are needed in the U.S. climate observing program. The United States does not have, nor are there clear 
plans to develop, a long-term global benchmark record of critical climate variables that are accurate over very 
long time periods, can be tested for systematic errors by future generations, are unaffected by interruption, 
and are pinned to international standards. Difficult climate research questions also remain, for example, the 
cloud-water feedback in climate models. Another example concerns the geographic distribution of the land 
and ocean sources and sinks of carbon dioxide, which do not simply map with geography, but rather display 
complex patterns and interactions. As nations seek to develop strategies to manage their carbon emissions and 
sequestration, the capacity to quantify the present-day regional carbon sources and sinks does not exist.

Protecting Ecosystems 
Nearly half of the land surface has been transformed by direct human action, with significant consequences 

for biodiversity, nutrient cycling, soil structure and biology, and climate. The beneficial effects of these trans-
formations—additions to the food supply, improved quality of human habitat and in some cases ecosystem 
management, large-scale transportation networks, and increases in the efficiency of movement of goods and 
services—have also been accompanied by deleterious effects. More than one-fifth of terrestrial ecosystems have 
been converted into permanent croplands, more than one-quarter of the world’s forests have been cleared, 
wetlands have shrunk by one-half, and most of the temperate old-growth forest has been cut. More nitrogen is 
now fixed synthetically and applied as fertilizers in agriculture than is fixed naturally in all terrestrial ecosystems, 
and far too much of this nitrogen runs off the ground and ends up in the coastal zone. Coastal habitats are also 
being dramatically altered; for example, 50 percent of the world’s mangrove forests, important tropical coastal 
habitats at the interface between land and sea, and coastal buffers of wave action, have been removed (Granek, 
2005). That the world’s marine fisheries are either overexploited or, for some fish,already depleted is well known;are either overexploited or, for some fish, already depleted is well known; 
one recent study even suggests the potential for their total collapse by the middle of this century (Worm et al., 
2006). And yet there are no adequate spatially resolved estimates of the planet’s biomass and primary produc-And yet there are no adequate spatially resolved estimates of the planet’s biomass and primary produc-
tion, and it is not known how they are changing and interacting with climate variability and change.

Improving Human Health 
Environmental factors have strong influences on a broad array of human health effects, including infectious 

diseases, skin cancers, or chronic and acute illnesses resulting from contamination of air, food, and water. Public 
health decision making has benefited from the continued availability of satellite-derived data on land use, land 
cover, oceans, weather, climate, and atmospheric pollutants. However, the stresses of global environmental 
change and growing rates of resource consumption now spur greater demands for collection and analyses 
of data that describe how environmental factors are related to patterns of morbidity and mortality. Further 
improvements in the application of remote sensing technologies will allow better understanding of disease risk 
and prediction of disease outbreaks, more rapid detection of environmental changes that affect human health, 
identification of spatial variability in environmental health risk, targeted interventions to reduce vulnerability 
to health risks, and enhanced knowledge of human health-environment interactions. 
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2.1

FIGURE 2.1 The 2006 hole in the Antarctic ozone layer was the most serious on record, exceeding that of 2000. It was the 
largest not only in surface area (matching that of 2000), but also in mass deficit, meaning that there was less ozone over 
the Antarctic than ever previously measured. SOURCE: NASA and ESA satellite data; see “Total Ozone Map, 2006/09/05,” 
available at http://www.theozonehole.com/ozonehole2006.htm. Reproduced with the permission of the Minister of Public 
Works and Government Services, Canada, 2007.
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FIGURE 2.2 Addressing any given societal challenge requires scientific progress in many Earth system areas, as shown 
in these examples. Colored squares represent the scientific themes that contribute substantially to each of the selected 
benefit areas.
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BOX 2.1 EMERGING APPLICATIONS USING POES AND GOES OPERATIONAL MEASUREMENTS

In addition to its primary role in weather forecasting, NOAA has been working with other agencies and 
institutions to create operational data products that support capabilities in areas of benefit to society such as 
fire detection and air quality monitoring.

Fire Detection
Monitoring wildfires is a difficult task in parts of the world that have high levels of biological diversity in 

remote locations. The Center for Applied Biodiversity at Conservation International, in collaboration with the 
University of Maryland, uses data from the MODIS Rapid Response System1 to provide an e-mail alert system 
that warns of fires in or near protected areas. The service is available at no cost by subscription.2 For the past 
10 years the Cooperative Institute for Meteorological Satellite Studies at the University of Wisconsin-Madison 
has used the GOES series of satellites to monitor fires and smoke in the Western Hemisphere. Multispectral 
GOES-8 imagery (visible, and at 3.9, 10.7, and 12 µm) is used to identify and catalog fire activity in South America 
associated with deforestation, grassland management, and agriculture. This effort has yielded the Automated 
Biomass Burning Algorithm (ABBA).3 In 2002, NOAA’s Satellite Products and Services Review Board approved 
the transition from preoperational to operational status of the Wildfire Automated Biomass Burning Algorithm 
(WF-ABBA) data product.

Air Quality Monitoring
AirNOW is a government program that involves the EPA, NOAA, NASA, the National Park Service, the news 

media, and tribal, state, and local agencies.4 The program reports conditions for ozone and particulate pollu-
tion to provide the public with easy access to daily air quality index (AQI) forecasts and real-time air quality 
conditions for more than 300 cities. USA Today is also an AirNOW partner. The University of Maryland, Baltimore 
County, operates an air quality Web site, “The Smog Blog,”5 with daily posts and NASA satellite images, EPA data, 
and so on. There have been more than 3 million hits over 2 years, about 15,000 visits per month, and about 800 
unique visitors per week, including EPA, NASA, NOAA, and the states.

1See http://maps.geog.umd.edu.
2See “Fire Alert Fact Sheet.”
3See cimss.ssec.wisc.edu/goes/burn/detection.html.
4See http://airnow.gov.
5See alg.umbc.edu/usaq. 
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FIGURE 2.3 Number of U.S. space-based Earth observation missions in the current decade. An emphasis on climate and 
weather is evident, as is a decline in the number of missions near the end of the decade. For the period from 2007 to 2010, 
missions were generally assumed to operate for 4 years past their nominal lifetimes. Most of the missions were deemed to 
contribute at least slightly to human health issues, and so health is not presented as a separate category. SOURCE: Informa-
tion from NASA and NOAA Web sites for mission durations.
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FIGURE 2.4 Number of U.S. space-based Earth Observation instruments in the current decade. An emphasis on climate 
and weather is evident, as is a decline in the number of instruments near the end of the decade. For the period from 2007 
to 2010, missions were generally assumed to operate for 4 years past their nominal lifetimes. Most of the missions were 
deemed to contribute at least slightly to human health issues, and so health is not presented as a separate category. SOURCE: 
Information from NASA and NOAA Web sites for mission durations.
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FIGURE 2.6 NASA budget for Earth science research and applications demonstrations, 1996 to 2012 (in fixed FY 2006 
dollars).

FIGURE 2.7 NOAA NESDIS budget for Earth science applications and research, 1996 to 2012 (in fixed FY 2006 dollars). 
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TABLE 2.1 Launch, Orbit, and Instrument Specifications for Missions Recommended to NOAA

Decadal 
Survey  
Mission Mission Description Orbita Instruments

Rough Cost 
Estimate 
(FY 06 $million)

2010-2013

CLARREO 
(instrument 
reflight 
components)

Solar and Earth radiation characteristics for 
understanding climate forcing

LEO, SSO Broadband radiometer 65

GPSRO High-accuracy, all-weather temperature, water 
vapor, and electron density profiles for weather, 
climate, and space weather

LEO GPS receiver 150

2013-2016

XOVWM Sea-surface wind vectors for weather and 
ocean ecosystems

LEO, SSO Backscatter radar 350

NOTE: Missions are listed by cost. Colors denote mission cost categories as estimated by the committee. Green and blue shading 
indicates medium-cost ($300 million to $600 million) and small-cost (<$300 million) missions, respectively. The missions are described in 
detail in Part II, and Part III provides the foundation for selection.

aLEO, low Earth orbit; SSO, Sun-synchronous orbit. 
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TABLE 2.2 Launch, Orbit, and Instrument Specifications for Missions Recommended to NASA

Decadal  
Survey  
Mission Mission Description Orbita Instruments

Rough Cost 
Estimate 
(FY 06 $million)

2010-2013 

CLARREO 
(NASA  
portion) 

Solar and Earth radiation; spectrally resolved 
forcing and response of the climate system 

LEO, 
Precessing

Absolute, spectrally resolved 
interferometer

200

SMAP Soil moisture and freeze-thaw for weather and 
water cycle processes

LEO, SSO L-band radar
L-band radiometer

300

ICESat-II Ice sheet height changes for climate change 
diagnosis

LEO, 
Non-SSO

Laser altimeter 300

DESDynI Surface and ice sheet deformation for 
understanding natural hazards and climate; 
vegetation structure for ecosystem health

LEO, SSO L-band InSAR
Laser altimeter

700

2013-2016 

HyspIRI Land surface composition for agriculture and 
mineral characterization; vegetation types for 
ecosystem health

LEO, SSO Hyperspectral spectrometer 300

ASCENDS Day/night, all-latitude, all-season CO2 column 
integrals for climate emissions

LEO, SSO Multifrequency laser 400

SWOT Ocean, lake, and river water levels for ocean 
and inland water dynamics

LEO, SSO Ka- or Ku-band radar
Ku-band altimeter
Microwave radiometer

450

GEO-CAPE Atmospheric gas columns for air quality 
forecasts; ocean color for coastal ecosystem 
health and climate emissions

GEO High-spatial-resolution 
hyperspectral spectrometer

Low-spatial-resolution 
imaging spectrometer

IR correlation radiometer

550

ACE Aerosol and cloud profiles for climate and 
water cycle; ocean color for open ocean 
biogeochemistry

LEO, SSO Backscatter lidar
Multiangle polarimeter
Doppler radar

800

2016-2020

LIST Land surface topography for landslide hazards 
and water runoff

LEO, SSO Laser altimeter 300

PATH High-frequency, all-weather temperature and 
humidity soundings for weather forecasting 
and sea-surface temperatureb

GEO Microwave array spectrometer 450

GRACE-II High-temporal-resolution gravity fields for 
tracking large-scale water movement

LEO, SSO Microwave or laser ranging 
system

450

SCLP Snow accumulation for freshwater availability LEO, SSO Ku- and X-band radars
K- and Ka-band radiometers

500

GACM Ozone and related gases for intercontinental 
air quality and stratospheric ozone layer 
prediction

LEO, SSO UV spectrometer
IR spectrometer
Microwave limb sounder

600

3D-Winds
(Demo)

Tropospheric winds for weather forecasting 
and pollution transport

LEO, SSO Doppler lidar 650

NOTE: Missions are listed by cost. Colors denote mission cost categories as estimated by the committee. Pink, green, and blue shading 
indicates large-cost ($600 million to $900 million), medium-cost ($300 million to $600 million), and small-cost (<$300 million) missions, 
respectively. Detailed descriptions of the missions are given in Part II, and Part III provides the foundation for their selection. 

aLEO, low Earth orbit; SSO, Sun-synchronous orbit; GEO, geostationary Earth orbit.
bCloud-independent, high-temporal-resolution, lower-accuracy sea-surface temperature measurement to complement, not replace, 

global operational high-accuracy sea-surface temperature measurement.
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BOX 2.2 CRITERIA USED BY THE PANELS TO CREATE RELATIVE RANKINGS OF MISSIONS

Contribution to the most important scientific questions facing Earth sciences today (scientific merit, 
discovery, exploration)
Contribution to applications and policy making (societal benefits)
Contribution to long-term observational record of Earth
Ability to complement other observational systems, including planned national and international 
systems
Affordability (cost considerations, either total costs for mission or costs per year)
Degree of readiness (technical, resources, people)
Risk mitigation and strategic redundancy (backup of other critical systems)
Significant contribution to more than one thematic application or scientific discipline

Note that these guidelines are not in priority order, and they may not reflect all of the criteria considered 
by the panels.
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TABLE 2.3 Contribution of Recommended Missions to the Priority Science Mission/Observation Types 
Identified by the Individual Study Panels as Discussed in Part III

Recommended Mission Mission/Observation Type Recommended by Individual Panel Panel

CLARREO Radiance calibration
Ozone processes

Climate
Health

GPSRO Radiance calibration
Ozone processes
Cold seasons
Radio occultation

Climate
Health
Water
Weather

SMAP Heat stress and drought
Algal blooms and waterborne infectious disease
Vector-borne and zoonotic disease
Soil moisture and freeze-thaw state
Surface water and ocean topography

Health
Health
Health
Water
Water

ICESat-II Clouds, aerosols, ice, and carbon
Ecosystem structure and biomass
Sea ice thickness, glacier surface elevation, glacier velocity

Climate
Ecosystem
Water

DESDynI Ice dynamics
Ecosystem structure and biomass
Heat stress and drought
Vector-borne and zoonotic disease
Surface deformation
Sea ice thickness, glacier surface elevation, glacier velocity

Climate
Ecosystem
Health
Health
Solid Earth
Water

XOVWM Ocean circulation, heat storage, and climate forcing Climate

HyspIRI Ecosystem function
Heat stress and drought
Vector-borne and zoonotic disease
Surface composition and thermal properties

Ecosystem
Health
Health
Solid Earth

ASCENDS Carbon budget
Ozone processes

Ecosystem
Health

SWOT Ocean circulation, heat storage, and climate forcing
Algal blooms and waterborne infectious disease
Vector-borne and zoonotic disease
Surface water and ocean topography

Climate
Health
Health
Water

GEO-CAPE Global ecosystem dynamics
Ozone processes
Heat stress and drought
Acute toxic pollution releases
Air pollution
Algal blooms and waterborne infectious disease
Inland and coastal water quality
Tropospheric aerosol characterization
Tropospheric ozone

Ecosystem
Health
Health
Health
Health
Weather
Health
Water
Weather

continued
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Recommended Mission Mission/Observation Type Recommended by Individual Panel Panel

ACE Clouds, aerosols, ice, and carbon
Ice dynamics
Global ocean productivity
Ozone processes
Acute toxic pollution releases
Air pollution
Algal blooms and waterborne infectious disease
Aerosol-cloud discovery
Tropospheric aerosol characterization
Tropospheric ozone

Climate
Climate
Ecosystem
Health
Health
Health
Health
Weather
Weather
Weather

LIST Heat stress and drought
Vector-borne and zoonotic disease
High-resolution topography

Health
Health
Solid Earth

PATH Heat stress and drought
Algal blooms and waterborne infectious disease
Vector-borne and zoonotic disease
Cold seasons
All-weather temperature and humidity profiles

Health
Health
Health
Water
Weather

GRACE-II Ocean circulation, heat storage, and climate forcing
Groundwater storage, ice sheet mass balance, ocean mass

Climate
Water

SCLP Cold seasons Water

3D-Winds Water vapor transport
Tropospheric winds

Water
Weather

GACM Global ecosystem dynamics
Ozone processes
Acute toxic pollution releases
Air pollution
Cold seasons
Tropospheric aerosol characterization
Tropospheric ozone

Ecosystem
Health
Health
Health
Water
Weather
Weather

TABLE 2.3 Continued
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BOX 2.3 ESTIMATING COSTS FOR MISSIONS

One of the difficult challenges for the panels was creating an integrated mission set that is affordable, 
especially given the relatively large number of needed observations. The cost of any given Earth science mission 
depends on the particular requirements associated with its payload (mass, power, data rate, and so on) and 
architecture choices (such as orbit, launch vehicle, and downlink scenarios). Instrument complexity (e.g., detec-
tor types, cooling or heating requirements, component redundancy requirements, and moving components) 
can also significantly drive cost. Sophisticated mission-cost-estimation tools have been developed by NASA and 
a number of aerospace companies; the performance of these tools depends heavily on how well the detailed 
science and instrument requirements and technology readiness levels are known at the time of estimation.

Responses to the committee’s request for information (see Appendixes D and E) were valuable for devel-
oping individual mission costs, but a uniform approach to cost estimation (based mainly on known costs for 
many current and past Earth science missions) was used by the panels to ensure consistency across the set of 
missions. In consultation with NASA mission designers, a budget spreadsheet was developed to identify all of 
the primary mission cost components, including instruments, spacecraft, launch vehicle, system engineering 
and management, integration and test, ground data system, mission operations, data downlink and archiving, 
science team, and data validation. The major cost dependences of each component were identified and the 
likely total cost ranges for mission components were established on the basis of data from current and past 
missions. For example, the spreadsheet included a choice of launch vehicle (Pegasus, Minotaur IV, Taurus, Delta 
II, Delta IV, and Atlas V) that depended on the selected orbit and payload mass requirements. By training the 
costing tool with actual mission cost information and given the assumed measurement requirements, the 
panels believe that cost estimates for the recommended missions vary within 50 percent for the smallest 
missions and within 30 percent for the larger missions. The cost estimates will depend directly on the exact 
measurement requirements for the eventual missions, and the cost uncertainty rises for missions scheduled 
later in the next decade and for missions requiring the most technology development.

Nevertheless, the estimates provided in this study set targets for each mission that are consistent with an 
overall program that is also affordable. The panels recognize that the missions afforded under the estimated 
costs will be ones that respond to the main scientific requirements articulated by the panels in Chapters 5 
through 11, but not necessarily all of the desired requirements. The selected missions reflect the panels’ priori-
tization of scientific observations but are not the result of an exhaustive examination of the trade-offs across 
the entire range of potential missions.

Clearly, more detailed cost estimates are needed that examine the full range of mission trade-offs. Where 
possible within budget constraints, augmentation of the specified set of science observations with addi-
tional desired observables should be considered; however, NASA and the scientific community must avoid 
 “requirements creep” and the consequent damaging cost growth.
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FIGURE 2.9 Space-based instruments, 2000 to 2020. All of the recommended missions are assumed to operate for 7 years 
(3-year nominal mission plus 4 years of extended mission). The set of recommended missions is structured to provide a 
uniform focus across the science challenge areas. The partitioning of the missions into science themes was based on the 
committee’s subjective judgment. Many individual missions were judged to serve multiple themes and were partitioned 
accordingly. Most of the missions were deemed to contribute at least slightly to human health issues, and so health is not 
presented as a separate category.

FIGURE 2.8 Space-based missions, 2000 to 2020. All of the recommended missions are assumed to operate for 7 years 
(3-year nominal mission plus 4 years of extended mission). The set of recommended missions is structured to provide a 
uniform focus across the science challenge areas. The partitioning of the missions into science themes was based on the 
committee’s subjective judgment. Many individual missions were judged to serve multiple themes and were partitioned 
accordingly. Most of the missions were deemed to contribute at least slightly to human health issues, and so health is not 
presented as a separate category.
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FIGURE 2.11 Detailed view of NASA budget for Earth science for 2007 to 2021 required to implement the committee’s 
recommendations (in fixed FY 2006 dollars). Approximately $7 billion is phased between 2008 and 2021 to support the 
15 missions recommended to NASA. A mission-focused technology line of approximately $100 million per year is included 
to reduce risk associated with the recommended missions. NOTE: The new Venture class of recommended missions assumes 
$200 million for a new start every 2 years, and each mission is assumed to phase in over a 5-year period. The new starts 
could, for instance, include two efforts at the $100 million level or one larger $200 million activity.

FIGURE 2.10 NASA budget for Earth science, 1996 to 2020, showing both the decline in funding during the current decade 
and the increase required to implement the committee’s recommendations (in fixed FY 2006 dollars). The striped areas 
represent future commitments to ongoing missions and research and analysis efforts. The light striped “Decadal Survey” 
area represents the budget wedge that would support the committee’s recommended missions and technology develop-
ment in the next decade.
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FIGURE 2.13 A detailed view of the NOAA NESDIS budget for 2007 to 2021 required to implement the committee’s recom-
mendations (in fixed FY 2006 dollars). The small wedges are necessary to implement the recommended missions listed 
in Table 2.1 and to support research instrument development and the implementation of new cost-effective operational 
measurements.

FIGURE 2.12 NOAA NESDIS budget for 1996 to 2020 showing the increase required during the current decade to support 
NPOESS and GOES and the maintenance of current levels required to implement the committee’s recommendations (in 
fixed FY 2006 dollars). The striped areas represent prior commitments to ongoing NPOESS and GOES projects. The light 
striped “Decadal Survey” area represents the budget wedge that would support the committee’s recommended missions 
and technology development in the next decade.
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TABLE 2.5 Contributions of Recommended Missions to Continuation or Expansion of Environmental Data 
Records Dependent on the Replacement for the Canceled Conical Scanning Microwave Imager/Sounder 

EDR Dependent on CMIS Replacement NPOESS Sensor(s)
Relevant  
Recommended Mission

Atmospheric vertical moisture profile CrIS/ATMS/CMIS replacement PATH, GPSRO, CLARREO
Atmospheric vertical temperature profile CrIS/ATMS/CMIS replacement PATH, GPSRO, CLARREO
Global sea-surface winds CMIS replacement XOVWM
Imagery VIIRS/CMIS replacement HyspIRI
Sea-surface temperature VIIRS/CMIS replacement PATH
Precipitable water/Integrated water vapor CMIS replacement ACE
Precipitation type/rate CMIS replacement PATH
Pressure (surface/profile) CrIS/ATMS/CMIS replacement GPSRO, CLARREO
Total water content CMIS replacement ACE
Cloud ice water path CMIS replacement ACE
Cloud liquid water CMIS replacement ACE
Snow cover/depth VIIRS/CMIS replacement SCLP
Global sea-surface wind stress
Ice surface temperature

CMIS replacement
VIIRS/CMIS replacement

XOVWM

Sea ice characterization VIIRS/CMIS replacement SCLP, ICESat-II

NOTE: MetOp contributions to EDRs and space weather-related EDRs are not listed.

TABLE 2.4 Contributions of Recommended Missions to Continuation or Expansion of the Environmental 
Data Records Defined by the 2001 NPOESS Integrated Operational Requirements Document

Environmental Data Record NPOESS Statusa
Relevant  
Recommended Mission

Soil moisture Degraded SMAP
Aerosol refractive index/single-scattering albedo and shape Demanifested ACE
Ozone total column/profile Reduced capability (column only) GACM
Cloud particle size distribution Demanifested ACE
Downward LW radiation (surface) Demanifested CLARREO
Downward SW radiation (surface) Demanifested CLARREO
Net solar radiation at TOA Demanifested CLARREO
Outgoing LW radiation (TOA) Demanifested CLARREO
Solar irradiance Demanifested CLARREO
Ocean wave characteristics/significant wave height Reduced capability XOVWM
Sea-surface height/topography—basin scale/global scale/mesoscale Demanifested SWOT

NOTE: MetOp contributions to EDRs and space weather-related EDRs are not listed.

aCurrent status of NPOESS’s planned capabilities to obtain the EDRs. 
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FIGURE 2.14 Recommended missions supporting extreme-event warnings.

XOVWM Launch 2013-2016
High-resolution ocean vector winds

DESDynI Launch 2010-2013
Changes in Earth’s surface and
movement of magma

GPSRO Launch 2010-2013
Pressure, temperature, 
water vapor profiles

SWOT Launch 2013-2016
Sea-level measurements extended
into coastal zones

Ocean eddies and currents

HYSPIRI Launch 2013-2016
Nutrients and water status of
vegetation; soil type and health

Processes indicating volcanic eruption

LIST Launch 2016-2020
Global high-resolution topography

Detection of active faults

PATH Launch 2016-2020
Temperature and humidity profiles

Sea-surface temperature

SCLP Launch 2016-2020
Snowpack accumulation and
snowmelt extent

3D-Winds Launch 2020+
Three-dimensional tropospheric
wind profiles

Hurricane wind fields
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FIGURE 2.15 Recommended missions supporting human health.

GEO-CAPE Launch 2013-2016
Identification of human versus
natural sources for aerosols and
ozone precursors

Observation of air pollution
transport in North, Central, and
South America

GPSRO Launch 2010-2013
Pressure, temperature, 
water vapor profiles

SWOT Launch 2013-2016

River discharge estimates

PATH Launch 2016-2020
Temperature and humidity profiles

GACM Launch 2016-2020
Global aerosol and air pollution
transport and processes

3D-Winds Launch 2020+
Three-dimensional tropospheric
wind profiles

SOCIETAL
CHALLENGE:

HUMAN
HEALTH

More reliable forecasts
of outbreaks of infectious
and vector-borne disease

for disease control
and response
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FIGURE 2.16 Recommended missions supporting earthquake early warning.

DESDYNL Launch 2010-2013
Changes in Earth’s
surface

LIST Launch 2016-2020
Global high-resolution
topography

Detection of
active faults
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FIGURE 2.17 Recommended missions supporting improved weather prediction capability.

SMAP Launch 2010-2013
Linkage between terrestrial water,
energy, and carbon cycle

GPSRO Launch 2010-2013
Pressure, temperature,
water vapor profiles

ACE Launch 2013-2016
Cloud and aerosol height

XOVWM Launch 2013-2016
High-resolution ocean vector winds

PATH Launch 2016-2020
Temperature and humidity profiles

Sea-surface temperature

3D-Winds Launch 2020+
Three-dimensional tropospheric
wind profiles

Hurricane wind fields
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FIGURE 2.18 Recommended missions supporting prediction of sea-level rise.

DESDynl Launch 2010-2013
Ice sheet deformation and
dynamics

ICESat-II Launch 2010-2013
Ice sheet thickness and volume

CLARREO Launch 2010-2013
Absolute spectrally resolved
infrared radiance

Incident solar and spectrally
resolved reflected irradiance

SWOT Launch 2013-2016
Sea-level measurements
extended into coastal zones

GRACE-II Launch 2016-2020
Ice sheet mass, volume,
and distribution

PATH Launch 2016-2020
Sea-surface temperature
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FIGURE 2.19 Recommended missions supporting climate prediction.

DESDynl Launch 2010-2013
Changes in carbon storage
in vegetation

GPSRO Launch 2010-2013
Pressure, temperature,
water vapor profiles

ICESat-II Launch 2010-2013
Estimate of flux of low-salinity
ice out of Arctic basin

CLARREO Launch 2010-2013
Absolute spectrally resolved
infrared radiance

Incident solar and spectrally
resolved reflected irradiance

ACE Launch 2013-2016
Aerosol and cloud types
and properties

ASCENDS Launch 2013-2016
Measurements of CO2: day and
night, all seasons, all latitudes

Connection between climate and
CO2 exchange

GACM Launch 2016-2020
Vertical profile of ozone and key
ozone precursors
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FIGURE 2.20 Recommended missions supporting water resource management for freshwater availability.

SWOT Launch 2013-2016
Estimates of river discharge

GPSRO Launch 2010-2013
Pressure, temperature,
water vapor profiles

GRACE-II Launch 2016-2020
Changes in aquifers and deep
ocean currents

PATH Launch 2016-2020
Temperature and humidity profiles

SCLP Launch 2016-2020
Snowpack accumulation and
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FIGURE 2.21 Recommended missions supporting ecosystem services.

HysplRI Launch 2013-2016
Nutrients and water status of
vegetation; soil type and health

DESDynl Launch 2010-2013
Height and structure of forests

SMAP Launch 2010-2013
Soil freeze-thaw state

Soil moisture effect on vegetation

SWOT Launch 2013-2016
Ocean eddies and currents

GEO-CAPE Launch 2013-2016
Dynamics of coastal ecosystems,
river plumes, and tidal fronts

XOVWM Launch 2013-2016
Improved estimates of coastal
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FIGURE 2.22 Recommended missions supporting air quality monitoring and pollution management.

GEO-CAPE Launch 2013-2016
Identification of human versus
natural sources for aerosols and
ozone precursors

Observation of air pollution
transport in North, Central, and
South America

ACE Launch 2013-2016
Cloud and aerosol height

Aerosol and cloud types
and properties

3D-Winds Launch 2020+
Three-dimensional tropospheric
wind profiles

GACM Launch 2016-2020
Vertical profile of ozone and key
ozone precursors

Global aerosol and air pollution
transport and processes

SOCIETAL
CHALLENGE:
AIR QUALITY

More reliable forecasts
of air quality to enable

effective management of
urban pollution
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BOX 3.1 NPOESS, EOS, AND THE SEARCH FOR SUSTAINED ENVIRONMENTAL MEASUREMENTS

The NPOESS program was, at the outset, driven by a single imperative—convergence of weather mea-
surements, which would eliminate duplication in observations in the early afternoon but maintain the same 
temporal robustness that characterized the combination of the Polar Operational Environmental Satellite and 
the Defense Meteorological Satellite Program. The cost savings from eliminating duplication could then be 
reallocated to improve weather observations and models.

By the mid-1990s, it was clear that NASA would not sustain a long-term, broad observation and information-
processing program like the Earth Observing System (EOS); therefore, the community developed a new strategy 
for obtaining climate measurements from NPOESS. That led to a second NPOESS program imperative—opera-
tionalizing a climate observing system, which would enable sustained, long-term measurements for climate 
studies and other environmental issues. However, that was done after consideration of optical designs, orbits, 
and data systems needed for weather forecasts; additional requirements for climate were then added, and they 
invoked different objectives and thus requirements for optical designs, orbits, and other mission and instru-
ment characteristics.

Attempting to satisfy the two imperatives simultaneously constituted a difficult challenge, both techni-
cally and programmatically. Part of the challenge arose from trying to balance the inherent mismatch of data 
requirements. Weather forecasts demand frequent observations and rapid data dissemination, but climate stud-
ies and research demand accurate and consistent long-term records. The added requirements of instrument 
stability and accuracy, driven by the more stringent climate requirements, placed additional challenges on the 
instruments. Moreover, the expanded mission’s requirements to address climate and other environmental issues 
established demands for additional observations, such as ocean altimetry, which were themselves not weather-
related. That expanded the scope of the mission, increased its complexity, and added to the pressure for larger 
platforms. Finally, although the mission of one of the operational partners (the Department of Commerce’s 
NOAA) included climate and other broad environmental issues, the mission of the other (the Department of 
Defense’s Air Force) did not. That led to conflicting priorities between the two agencies, which by law were 
required to share program costs on a 50-50 basis.
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BOX 3.2 SUSTAINED RESEARCH OBSERVATIONS AND THE CHALLENGE OF CLIMATE RECORDS

Sustained measurements are needed to distinguish short-term variability in the Earth system from long-
term trends. Sea level, for example, is monitored with a radar altimeter that measures the height of the ocean 
relative to a fixed reference level. Sea level must be measured with accuracy sufficient to distinguish 50-mm 
seasonal variations from the 3-mm climate signal (Figure 3.2.1, top). The exceptionally long data record of the 
TOPEX/Poseidon (T/P) mission gave an estimate of global sea-level rise of about 3 mm/year. If T/P had failed 
late in 1997, the increase in sea level in 1997 would have appeared to represent an acceleration of sea-level rise 
rather than an anomalous peak in a longer-term trend. A follow-on mission to T/P, Jason-1, a cooperative effort 
of the U.S. and French space and operational agencies, was launched before T/P failed. An overlap period of 
4 years between the two missions allowed the science and engineering teams to detect and correct for a slow 
degradation of the T/P tracking system to give a continuous record of sea-level rise.

Such overlap is particularly important in climate observations. The design of systems for climate observ-
ing and monitoring from space must ensure the establishment of global, long-term climate records that are of 
high accuracy, tested for systematic errors on-orbit, and tied to irrefutable standards, such as those maintained 
in the United States by the National Institute of Standards and Technology. For societal objectives that require 
long-term climate records, the accuracy of core benchmark observations must be verified against absolute 
standards on-orbit by fundamentally independent methods so that the accuracy of the record archived today 
can be verified by future generations. Societal objectives also require a long-term record that is not susceptible 
to compromise by interruptions. Climate observations are different from weather observations; for example, the 
continuing debate over the reliability of surface-temperature records and the community’s inability to establish 
the upper-air temperature record over the last several decades stem from attempts to create climate records 
from what are essentially weather-focused observations.

The issue of sea-level rise also illustrates the importance of sustained in situ measurements. Observations 
of ocean temperatures from a network of drifting buoys, Argo, provided the foundation for estimating the con-
tribution of a warming ocean (about 1.7 mm/year) to sea-level rise. The residual of 1.3 mm/year (Figure 3.2.1, 
bottom) is the result of other processes that presumably melt ice sheets—a contribution that may accelerate 
sea-level rise in the future. The residual sea-level rise can then be compared with estimates of changes in ice 
volume to verify that presumption. Trends in all the measurements are needed to calibrate climate models that 
predict changes in sea level and in other climate variables. This example illustrates the importance of avoiding 
gaps in the data record, of coordinating satellites with other measurement programs, and of supporting science 
and engineering teams in maintaining and interpreting the observations.
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BOX 3.2 SUSTAINED RESEARCH OBSERVATIONS AND THE CHALLENGE OF CLIMATE RECORDS

Sustained measurements are needed to distinguish short-term variability in the Earth system from long-
term trends. Sea level, for example, is monitored with a radar altimeter that measures the height of the ocean 
relative to a fixed reference level. Sea level must be measured with accuracy sufficient to distinguish 50-mm 
seasonal variations from the 3-mm climate signal (Figure 3.2.1, top). The exceptionally long data record of the 
TOPEX/Poseidon (T/P) mission gave an estimate of global sea-level rise of about 3 mm/year. If T/P had failed 
late in 1997, the increase in sea level in 1997 would have appeared to represent an acceleration of sea-level rise 
rather than an anomalous peak in a longer-term trend. A follow-on mission to T/P, Jason-1, a cooperative effort 
of the U.S. and French space and operational agencies, was launched before T/P failed. An overlap period of 
4 years between the two missions allowed the science and engineering teams to detect and correct for a slow 
degradation of the T/P tracking system to give a continuous record of sea-level rise.

Such overlap is particularly important in climate observations. The design of systems for climate observ-
ing and monitoring from space must ensure the establishment of global, long-term climate records that are of 
high accuracy, tested for systematic errors on-orbit, and tied to irrefutable standards, such as those maintained 
in the United States by the National Institute of Standards and Technology. For societal objectives that require 
long-term climate records, the accuracy of core benchmark observations must be verified against absolute 
standards on-orbit by fundamentally independent methods so that the accuracy of the record archived today 
can be verified by future generations. Societal objectives also require a long-term record that is not susceptible 
to compromise by interruptions. Climate observations are different from weather observations; for example, the 
continuing debate over the reliability of surface-temperature records and the community’s inability to establish 
the upper-air temperature record over the last several decades stem from attempts to create climate records 
from what are essentially weather-focused observations.

The issue of sea-level rise also illustrates the importance of sustained in situ measurements. Observations 
of ocean temperatures from a network of drifting buoys, Argo, provided the foundation for estimating the con-
tribution of a warming ocean (about 1.7 mm/year) to sea-level rise. The residual of 1.3 mm/year (Figure 3.2.1, 
bottom) is the result of other processes that presumably melt ice sheets—a contribution that may accelerate 
sea-level rise in the future. The residual sea-level rise can then be compared with estimates of changes in ice 
volume to verify that presumption. Trends in all the measurements are needed to calibrate climate models that 
predict changes in sea level and in other climate variables. This example illustrates the importance of avoiding 
gaps in the data record, of coordinating satellites with other measurement programs, and of supporting science 
and engineering teams in maintaining and interpreting the observations.

FIGURE 3.2.1 (Top) Estimates of global sea level from the TOPEX/Poseidon (red) and Jason (green) missions. The total rate 
of rise is about 3 mm/year. SOURCE: Courtesy of University of Colorado (http://sealevel.colorado.edu) and Leuliette et al., 
2004. (Bottom) An estimate of the contribution of expansion of the warming ocean (1.7 mm/year) to sea level from Argo 
drifting buoys. The difference of 1.3 mm/year is from the melting of the polar ice sheets. SOURCE: Courtesy J. Willis, NASA/
JPL, from Willis et al., 2004. Copyright 2004 American Geophysical Union. Reproduced/modified by permission of American 
Geophysical Union.
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Observations of Human Impacts
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RESEARCH AND ANALYSIS, DATA ASSIMILATION, AND MODELING TO TURN OBSERVATIONS  
INTO KNOWLEDGE AND INFORMATION

Consideration of Societal Benefits and Applications

Deriving Data from Multiple Observations and Sensors
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Data and Information Management
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Research and Analysis
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BOX 3.3 THE WEATHER PREDICTION PARADIGM AND THE USE OF EARTH OBSERVATIONS

Numerical weather prediction (NWP) models have for many years been the primary basis of weather 
forecasts for periods beyond a day. The models depend critically on observations for their initial conditions. 
The earliest models in the 1960s and 1970s relied almost entirely on in situ observations of four traditional 
atmospheric variables temperature, pressure, winds, and water vapor obtained primarily by weather bal-
loons, aircraft, ships, and surface-observing stations over land. The observations were generally made and used 
in the models at 12-h intervals (00 UTC and 12 UTC). The relatively few observations made at other times were 
generally not used in the models.

The earliest Earth-observing satellites were developed mainly to improve weather forecasts. Throughout 
the 1960s and 1970s, although the visible and infrared imagery from satellites helped forecasters for short-
term forecasts, quantitative satellite data like infrared and microwave radiances had little favorable effect on 
NWP models and in fact actually degraded the forecasts in many cases. That was because modelers were trying 
to convert the satellite observations (such as radiances) to conventional observations (such as temperature 
and water vapor). By the 1990s, however, researchers had developed powerful new methods to use radiances 
and other nontraditional observations, such as radar backscatter measurements, in models through increas-
ingly sophisticated data assimilation techniques based on rigorous mathematical and physical principles (see 
Appendix C). Those methods also allowed models to use effectively the many satellite observations that were 
made throughout the day rather than only those at two fixed times.

Over the decades of the 1980s and 1990s and continuing today, the increasing number and types of global 
satellite observations, the improving methods of assimilating the many diverse data, and improved models have 
been responsible for a remarkable increase in model forecast accuracy, which in turn has led to steadily improv-
ing weather forecasts. Figure 3.3.1 shows the monthly moving average of the correlations between forecast 
and observed anomalies of the 500-hPa-height fields (essentially the pressure fields at about 5.5 km, or 18,000 
ft, in the atmosphere) in 3-, 5-, 7-, and 10-day forecasts. Forecasting those anomalies accurately is essential in 
forecasting weather; the higher the correlation, the better the forecast. Numerical forecasts with correlations 
of 60 percent or higher are generally considered useful. The top part of each band refers to the accuracy of the 
Northern Hemisphere (NH) forecasts; the bottom part, the Southern Hemisphere (SH) forecasts.

Figure 3.3.1 shows a number of interesting and important features. First, in 1981, the NH forecasts were 
significantly better than those in the SH, because there were (and still are) many more traditional observations 
in the NH. With time, the forecasts have steadily improved, and the 5-day forecast today in the NH is as accu-
rate as the 3-day forecast was in 1981. That improvement has occurred in spite of the fact that the number of 
conventional upper-air observations has decreased (Uppala et al., 2005).

Figure 3.3.1 also shows that the difference in accuracy between the forecasts in the two hemispheres has 
become much smaller; in fact, there is little difference today. That is also because of satellite observations, which 
cover the two hemispheres equally.

The paradigm of assimilating observations of different geophysical variables made from many instru-
ments and platforms into mathematically and physically based numerical models has been responsible for the 

Modeling
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FIGURE 3.3.1 The correlation between 500-hPa anomalies (atmospheric features at about 5.5 km, or 18,000 ft) in numerical 
weather-prediction model forecasts at 3, 5, 7, and 10 days from the European Centre for Medium-Range Weather Forecasts. 
Higher correlations denote more accurate forecasts. See text for further interpretation. SOURCE: Courtesy of the European 
Centre for Medium-range Weather Forecasts, updated from Simmons and Hollingsworth (2002).

steady improvement in weather forecasts. That paradigm is increasingly used to study the oceans, hydrologic 
processes, air pollution (chemical weather), and ionospheric circulations and storms (space weather). It is also 
being used to create accurate and dynamically consistent global data sets of the atmosphere and oceans, 
which are valuable for climate monitoring and research studies. It provides a scientifically based method to 
combine all available sources of information from current observations and observations in the recent past 
to produce the best possible estimate of the state of the atmosphere, ocean, and land surfaces. Many diverse 
and independent observations from space, over the entire Earth, are an essential component of this powerful 
paradigm.
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PLANNING AND EDUCATION TO SUSTAIN AN EARTH KNOWLEDGE AND INFORMATION SYSTEM

Planning for Uncertainty: Reviewing and Revising Plans
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BOX 3.4 PROGRAMMATIC DECISION STRATEGIES AND RULES

Leverage International Efforts
Restructure or defer missions if international partners select missions that meet most of the measure-

ment objectives of the recommended missions. Then through dialogue establish data-access agreements and 
establish science teams to use the data in support of the science and societal objectives.

Where appropriate, offer cost-effective additions to international missions that help to extend their 
value. 

Manage Technology Risk
Sequence missions according to technology readiness and budget-risk factors. The budget-risk con-

sideration may give a bias to initiating lower-cost missions first. However, technology investments should be 
made across all recommended missions.

Reduce cost risk for recommended missions by investing early in the technological challenges posed 
by the missions. If there are insufficient funds to execute the missions in the recommended time frames, it is 
still important to make advances on the key technological hurdles.

Establish technology readiness through documented technology demonstrations before mission devel-
opment and before mission confirmation.

Respond to Budget Pressures and Shortfalls
Delay downstream missions in the event of small cost growths (no more than about 10 percent) in 

mission development. Protect the overarching observational program by canceling missions that overrun 
substantially.

Implement a systemwide independent review process that permits decisions regarding technical capa-
bilities, cost, and schedule to be made in the context of the overarching science objectives. Programmatic deci-
sions on potential delays or reductions in the capabilities of a particular mission would be evaluated in light 
of the overall mission set and integrated requirements.

Maintain a broad research program under substantially reduced agency funds by accepting greater 
mission risk rather than descoping missions and science requirements. Aggressively seek international and 
commercial partners to share mission costs. If necessary, eliminate specific missions related to a theme rather 
than whole themes.

In the event of large budget shortfalls, re-evaluate the entire set of missions, given an assessment of the 
current state of international global Earth observations, plans, needs, and opportunities. Seek advice from the 
broad community of Earth scientists and users and modify the long-term strategy (rather than dealing with one 
mission at a time). Maintain narrow, focused operational and sustained research programs rather than attempt-
ing to expand capabilities by accepting greater risk. Limit thematic scope, and confine instrument capabilities 
to those well demonstrated by previous research instruments.
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TABLE II.1 Launch, Orbit, and Instrument Specifications for Missions Recommended to NOAA

Decadal 
Survey  
Mission Mission Description Orbita Instruments

Rough Cost 
Estimate 
(FY 06 $million)

2010-2013

CLARREO 
(instrument 
reflight 
components)

Solar and Earth radiation characteristics for 
understanding climate forcing

LEO, SSO Broadband radiometer 65

GPSRO High-accuracy, all-weather temperature, water 
vapor, and electron density profiles for weather, 
climate, and space weather

LEO GPS receiver 150

2013-2016

XOVWM Sea-surface wind vectors for weather and 
ocean ecosystems

LEO, SSO Backscatter radar 350

NOTE: Missions are listed by cost. Colors denote mission cost categories as estimated by the committee. Green and blue shading 
indicates medium-cost ($300 million to $600 million) and small-cost (<$300 million) missions, respectively. The missions are described in 
detail in Part II, and Part III provides the foundation for selection.

aLEO, low Earth orbit; SSO, Sun-synchronous orbit. 
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TABLE II.2 Launch, Orbit, and Instrument Specifications for Missions Recommended to NASA

Decadal  
Survey  
Mission Mission Description Orbita Instruments

Rough Cost 
Estimate 
(FY 06 $million)

2010-2013 

CLARREO 
(NASA  
portion) 

Solar and Earth radiation; spectrally resolved 
forcing and response of the climate system 

LEO, 
Precessing

Absolute, spectrally resolved 
interferometer

200

SMAP Soil moisture and freeze-thaw for weather and 
water cycle processes

LEO, SSO L-band radar
L-band radiometer

300

ICESat-II Ice sheet height changes for climate change 
diagnosis

LEO, 
Non-SSO

Laser altimeter 300

DESDynI Surface and ice sheet deformation for 
understanding natural hazards and climate; 
vegetation structure for ecosystem health

LEO, SSO L-band InSAR
Laser altimeter

700

2013-2016 

HyspIRI Land surface composition for agriculture and 
mineral characterization; vegetation types for 
ecosystem health

LEO, SSO Hyperspectral spectrometer 300

ASCENDS Day/night, all-latitude, all-season CO2 column 
integrals for climate emissions

LEO, SSO Multifrequency laser 400

SWOT Ocean, lake, and river water levels for ocean 
and inland water dynamics

LEO, SSO Ka- or Ku-band radar
Ku-band altimeter
Microwave radiometer

450

GEO-CAPE Atmospheric gas columns for air quality 
forecasts; ocean color for coastal ecosystem 
health and climate emissions

GEO High-spatial-resolution 
hyperspectral spectrometer

Low-spatial-resolution 
imaging spectrometer

IR correlation radiometer

550

ACE Aerosol and cloud profiles for climate and 
water cycle; ocean color for open ocean 
biogeochemistry

LEO, SSO Backscatter lidar
Multiangle polarimeter
Doppler radar

800

2016-2020

LIST Land surface topography for landslide hazards 
and water runoff

LEO, SSO Laser altimeter 300

PATH High-frequency, all-weather temperature and 
humidity soundings for weather forecasting 
and sea-surface temperatureb

GEO Microwave array spectrometer 450

GRACE-II High-temporal-resolution gravity fields for 
tracking large-scale water movement

LEO, SSO Microwave or laser ranging 
system

450

SCLP Snow accumulation for freshwater availability LEO, SSO Ku- and X-band radars
K- and Ka-band radiometers

500

GACM Ozone and related gases for intercontinental 
air quality and stratospheric ozone layer 
prediction

LEO, SSO UV spectrometer
IR spectrometer
Microwave limb sounder

600

3D-Winds
(Demo)

Tropospheric winds for weather forecasting 
and pollution transport

LEO, SSO Doppler lidar 650

NOTE: Missions are listed by cost. Colors denote mission cost categories as estimated by the committee. Pink, green, and blue shading 
indicates large-cost ($600 million to $900 million), medium-cost ($300 million to $600 million), and small-cost (<$300 million) missions, 
respectively. Detailed descriptions of the missions are given in Part II, and Part III provides the foundation for their selection. 

aLEO, low Earth orbit; SSO, Sun-synchronous orbit; GEO, geostationary Earth orbit.
bCloud-independent, high-temporal-resolution, lower-accuracy sea-surface temperature measurement to complement, not replace, 

global operational high-accuracy sea-surface temperature measurement.
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ACTIVE SENSING OF CO2 EMISSIONS OVER NIGHTS, DAYS, AND SEASONS (ASCENDS) MISSION

ACTIVE SENSING OF CO2 EMISSIONS OVER
NIGHTS, DAYS, AND SEASONS (ASCENDS)

Launch: 2013-2016 Mission Size: Medium

CO2 measurements:
day and night, all
seasons, all latitudes

Inventory of global
CO2 sources and
sinks

Connection between
climate and CO2
exchange

Improved climate
models and predictions
of atmospheric CO2

Identification of human-
generated CO2 sources
and sinks to enable
effective carbon trading

Closing of the carbon
budget for improved
policy and prediction
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AEROSOL-CLOUD-ECOSYSTEMS (ACE) MISSION

AEROSOL-CLOUD-ECOSYSTEMS (ACE)

Launch: 2013-2016 Mission Size: Large

Cloud and
aerosol height

Organic material
in surface ocean
layers

Aerosol and cloud
types and properties

Improved climate models

Prediction of local
climate change

Ocean productivity

Ocean health

Air-quality models and
forecasts
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CLIMATE ABSOLUTE RADIANCE AND REFRACTIVITY OBSERVATORY (CLARREO) MISSION

CLIMATE ABSOLUTE RADIANCE AND REFRACTIVITY OBSERVATORY (CLARREO)

Launch: 2010-2013 Mission Size: Small

Absolute spectrally
resolved infrared
radiance

Incident solar and
spectrally resolved
reflected irradiance

Absolute calibration
for operational
sounders

Pressure,
temperature, water
vapor profiles

Benchmarking of climate
record to improve climate
predictions

Changes in sea level,
storm patterns, and
rainfall associated with
changes in temperature
patterns

Ozone and surface
radiation forecasts and
public advisories
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DEFORMATION, ECOSYSTEM STRUCTURE, AND DYNAMICS OF ICE (DESDynI) MISSION

DEFORMATION, ECOSYSTEM STRUCTURE, AND DYNAMICS OF ICE (DESDynI)

Launch: 2010-2013 Mission Size: Large

Height and structure
of forests

Changes in carbon
storage in vegetation

Ice sheet deforma-
tion and dynamics

Changes in Earth’s
surface and the
movement of magma

Effects of changing
climate and land use on
species habitats and
atmospheric CO2

Response of ice sheets
to climate change and
impact on sea level

Forecasting of likelihood
of earthquakes, volcanic
eruptions, and landslides
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EXTENDED OCEAN VECTOR WINDS MISSION (XOVWM)

EXTENDED OCEAN VECTOR WINDS MISSION (XOVWM)

Launch: 2013-2016 Mission Size: Medium

High-resolution
ocean vector winds

Improved estimates
of coastal upwelling
and availability of
nutrients

Exchange of heat
and carbon between
the ocean and
atmosphere

Understanding of
sensitivity of fisheries’
productivity to
availability of nutrients

Improved marine
hazard prediction and
navigation safety

Improved prediction of
hurricanes, extratropical
storms, coastal winds,
and storm surge
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GEOSTATIONARY COASTAL AND AIR POLLUTION EVENTS (GEO-CAPE) MISSION

GEOSTATIONARY COASTAL AND AIR POLLUTION EVENTS (GEO-CAPE)

Launch: 2013-2016 Mission Size: Medium

Identification of
human versus natural
sources of aerosols
and ozone precursors

Dynamics of coastal
ecosystems, river
plumes, and tidal
fronts

Observation of air
pollution transport in
North, Central, and
South America

Prediction of track of oil
spills, fires, and releases
from natural disasters

Detection and tracking
of waterborne
hazardous materials

Coastal health

Forecasts of air quality
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GLOBAL ATMOSPHERIC COMPOSITION MISSION (GACM)

GLOBAL ATMOSPHERIC COMPOSITION MISSION (GACM)

Launch: 2016-2020 Mission Size: Large

Vertical profile of
ozone and key ozone
precursors

Global aerosol and air
pollution transport
and processes

Sources of pollutants

Identification of
sources and sinks of
harmful pollutants

Forecasts of ozone and
surface radiation

Forecasts of dangerous
pollution events
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GRAVITY RECOVERY AND CLIMATE EXPERIMENT II (GRACE-II) MISSION

GRAVITY RECOVERY AND CLIMATE EXPERIMENT II (GRACE-II)

Launch: 2016-2020 Mission Size: Medium

Changes in aquifers
and deep-ocean
currents

Ice sheet mass,
volume, and
distribution

Changes in Earth’s
mass distribution due
to dynamic processes

Changes in volume of
ice sheets in response
to climate change

Improved management
of groundwater

Prediction of changes
in sea level
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HYPERSPECTRAL INFRARED IMAGER (HyspIRI) MISSION

HYPERSPECTRAL INFRARED IMAGER (HYSPIRI)

Launch: 2013-2016 Mission Size: Medium

Processes indicating
volcanic eruption

Nutrients and water
status of vegetation;
soil type and health

Spectra to identify
locations of natural
resources

Changes in vegetation
type and deforestation;
drought early warning

Improved exploration
for natural resources

Forecasts of likelihood
of volcanic eruptions
and landslides
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ICESat-II MISSION

ICESAT-II

Launch: 2010-2013 Mission Size: Medium

Ice sheet thickness
and volume

Vegetation canopy
depth as an estimate
of biomass

Estimate of flux of
low-salinity ice out of
the Arctic basin                  

Changes in volume of
ice sheets in response
to climate change

Effects of changing
climate and land use
on level of CO2 in
atmosphere

Prediction of changes
in sea level
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LIDAR SURFACE TOPOGRAPHY (LIST) MISSION

LIDAR SURFACE TOPOGRAPHY (LIST)

Launch: 2016-2020 Mission Size: Medium

Global high-resolution
topography

Detection of active
faults

Global shifts in
vegetation patterns
and forest stand
structure

Quantified assessment
of wildfire risk

Monitoring land use
change and the effects
of land management

Forecasts of likelihood
of volcanic eruptions,
earthquakes, and
landslides
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OPERATIONAL GPS RADIO OCCULTATION (GPSRO) MISSION

OPERATIONAL GPS RADIO OCCULTATION (GPSRO)

Launch: 2010-2012 Mission Size: Small

Pressure,
temperature, water
vapor profiles

Global total electron
content and electron
density profiles

Benchmarking of
climate observations

More accurate, longer-
term weather forecasts

Improved space-weather
forecasts
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PRECIPITATION AND ALL-WEATHER TEMPERATURE AND HUMIDITY (PATH) MISSION

PRECIPITATION AND ALL-WEATHER TEMPERATURE AND HUMIDITY (PATH)

Launch: 2016-2020 Mission Size: Medium

Sea-surface
temperature

Temperature and
humidity profiles

Constraints on
models for boundary
layer, cloud, and
precipitation
processes

More accurate, longer-
term weather forecasts

Improved prediction of
storm track and intensi-
fication and improved 
evacuation planning

Determination of geo-
graphic distribution and
magnitude of storm surge
and rain accumulation
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SNOW AND COLD LAND PROCESSES (SCLP) MISSION

SNOW AND COLD LAND PROCESSES (SCLP)

Launch: 2016-2020 Mission Size: Medium

Snowpack accumula-
tion and snowmelt
extent

Snow water equivalent,
snow depth, and snow
wetness

Dynamics of water
storage in seasonal
snow packs

Assessment of risk
of snowmelt-induced
floods and flows of debris

Impact of climate change
on seasonal snowpacks

Informed management of
freshwater resources
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SOIL MOISTURE ACTIVE-PASSIVE (SMAP) MISSION

SOIL MOISTURE ACTIVE-PASSIVE (SMAP)

Launch: 2010-2013 Mission Size: Medium

Soil freeze-thaw
state

Effect of soil moisture
on vegetation

Linkage between
terrestrial water,
energy, and
carbon cycle

Drought early warning
and decision support

Prediction of agricultural
productivity

More accurate, longer-
term weather forecasts
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SURFACE WATER AND OCEAN TOPOGRAPHY (SWOT) MISSION

SURFACE WATER AND OCEAN TOPOGRAPHY (SWOT)

Launch: 2013-2016 Mission Size: Medium

Lake, wetland, and
reservoir storage

Ocean eddies and
currents

Estimates of river
discharge

Sea-level measure-
ments extended into
coastal zones

Forecasts of floods

Marine forecasts

Identification and
forecasts of inundation
and malaria zones

Prediction of changes
in sea level
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THREE-DIMENSIONAL TROPOSPHERIC WINDS FROM SPACE-BASED LIDAR (3D-WINDS) MISSION

THREE-DIMENSIONAL TROPOSPHERIC WINDS FROM
SPACE-BASED LIDAR (3D-Winds)

Launch: 2016-2020 Mission Size: Large

Three-dimensional
tropospheric wind
profiles

Hurricane wind
fields

Improved forecasts
of El Niño and
La Niña

More accurate,
longer-term weather
forecasts

Improved storm
track prediction and
evacuation planning

Improved planting
and harvesting
schedules and
outlooks
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Part III

Reports from the  
Decadal Survey Panels
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5

Earth Science Applications and  
Societal Benefits
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Enhancing Applications Capability
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Supporting an Informed Citizenry

BALANCING THE MISSION PORTFOLIO TO BENEFIT BOTH RESEARCH AND APPLICATIONS



Copyright © National Academy of Sciences. All rights reserved.

Earth Science and Applications from Space:  National Imperatives for the Next Decade and Beyond
http://www.nap.edu/catalog/11820.html

BOX 5.1 GUIDELINES FOR MISSION PLANNING TO BALANCE SCIENCE AND APPLICATIONS

Processes to move from observations to information should be identified in the initial planning of new 
missions.
Mission planning should consider performance requirements for applications, such as timeliness of and 
capacity for data integration.
Planning should consider the need for ancillary data and should ensure that ancillary data are available 
when needed.
Planning and implementation priorities should include the need to link the data to models and decision-
support tools and processes.
Planning should provide effective lines of communication between decision makers and data gatherers.
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BOX 5.2  QUESTIONS FOR PLANNERS TO USE IN INCORPORATING APPLICATIONS  
WHEN SETTING PRIORITIES FOR MISSION SELECTION

What is the immediate need? What is the projected need?
Has an analysis of benefits been done?  Who are the beneficiaries?  How does information from measure-
ments reach them?
What alternative sources of information exist for the application?  In situ sources?  Foreign sources? Is 
the proposed measurement or mission a demonstrable improvement?
To what degree does the measurement need to be operational or continuous?  Can it be a periodic or 
a one-time measurement?
What are the requirements for timeliness in delivery of products?
What are the means for funneling data to decision makers, either directly or indirectly through data 
brokers (for example, the Weather channel) or interpreters (such as nongovernmental organizations)?  
What is the commitment on their part to use the data?
What are the necessary ancillary data? How are they to be made available?
Are necessary simulation, analytic, or visualization tools in place?
What is the weakest link in the chain from measurement to use?
What are the risks if the measurement is not made?
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Human Health and Security

OVERVIEW
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Prioritization of Needs
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Overarching Issues
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Critical Questions

STATUS AND REQUIREMENTS

Status of Current Understanding and Strategic Thinking 

Uses of Space-based Observations to Address Human Health Concerns
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Assimilation of Space-based Observations with Other Data Sources and Models

The Importance of Appropriate Spatial and Temporal Resolution

The Importance of Moving Toward Operational Systems
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Status of Existing and Planned Products and Needed Improvements

BOX 6.1 LESSONS FROM LANDSAT

The history of the Landsat program provides useful lessons on how long-term data continuity and user 
training affect the application of satellite data to real-world problems. As the Landsat technology evolved 
from the late 1970s to the late 1980s, the scientific literature based on Landsat data increased and its user 
community grew in size and expertise. By the mid-1990s it had a very large base of knowledgeable users and 
formed a central theme of much of the teaching about remote sensing at universities. Despite later setbacks 
(privatization in the late 1980s, the loss of Landsat 6 on launch, and scan-line corrector problems on Landsat 7), 
it continued its dominance into the new century, including an increase in interdisciplinary applications, such 
as health, demographics, and geology. 

At this writing however, the Landsat era is threatened. With only Landsat 5 still operating properly and 
no replacement expected to be ready in the near future, Landsat dominance in high-resolution environmen-
tal monitoring may be over. University training programs are redoing their teaching materials to focus on 
new sensors. Change-detection research programs are experiencing difficulties as new sensors are not back-
 compatible with Landsat. Interdisciplinary research scientists now find that their hard-won expertise in Landsat 
data analysis is obsolete, and they must seek out new collaborators with expertise in new systems.



Copyright © National Academy of Sciences. All rights reserved.

Earth Science and Applications from Space:  National Imperatives for the Next Decade and Beyond
http://www.nap.edu/catalog/11820.html

PRIORITY OBSERVATIONS, MEASUREMENTS, AND TECHNOLOGY DEVELOPMENT 

Ultraviolet Radiation and Cancer

Mission Summary—Ozone Processes: Ultraviolet Radiation and Cancer

Variables: Stratospheric ozone; water vapor; short-lived reactive species (OH, HO2, NO2, ClO, BrO, IO, HONO2, HCl, and CH2O); 
isotope observations (HDO, H218O, H2O); benchmark tracer data (O3, CO2, CO, HDO/H2O, NOy, N2O, CH4, halogen 
source molecules); spectrally resolved radiance; cloud and aerosol particles

Sensor: Spectrally resolved radiometer (200-2,000 cm−1)
Orbit/coverage: LEO/global
Panel synergies: Climate, Ecosystems, Weather

Background and Importance



Copyright © National Academy of Sciences. All rights reserved.

Earth Science and Applications from Space:  National Imperatives for the Next Decade and Beyond
http://www.nap.edu/catalog/11820.html

Role of Remotely Sensed Data

Panel’s Recommended Objectives for UV Dosage Forecasting
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6.1

FIGURE 6.1 Ozone photochemistry. Enhanced bromine: increased ozone (O3) depletion due mainly to BrO + ClO cycle. 
BrO + HO2 cycle becomes a significant O3 sink below 16 km (BrO + HO2 does not drive O3 depletion if BryTrop is constant. 
In the left-most panel, BRyTrop = 0 ppt; in the middle panel, BRyTrop = 8 ppt. SOURCE: Salawitch et al. (2005). Copyright 2005 
American Geophysical Union. Reproduced by permission of American Geophysical Union.
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6.2

FIGURE 6.2 Convective injection of tropospheric air into various portions of the stratosphere. 
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FIGURE 6.3 Observations of highly increased water convected in the cold lower stratosphere. SOURCE: Sherwood and 
Desslert (2004). Copyright 2004 American Geophysical Union. Reproduced by permission of American Geophysical Union.

H20 (ppmv)
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FIGURE 6.4 Logarithmic increase in the reaction rate converting HCl and ClONO2 to Cl2 (and then to ClO) and HONO2. 
SOURCE: Reprinted by permission from Macmillan Publishers Ltd. from Kirk-Davidoff et al. (1999). Copyright 1999.
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6.5
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FIGURE 6.5 Impact of small additional amounts of BrO on the loss of O3 column resulting from the addition of aerosol 
precursors into the stratosphere by volcanic injection. SOURCE: Salawitch et al. (2005). Copyright 2005 American Geophysical 
Union. Reproduced by permission of American Geophysical Union.
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Heat Stress and Drought

Mission Summary—Heat Stress and Drought

Variables: Rainfall, soil moisture, vegetation state, temperature
Sensors: Microwave sensors, radar, hyperspectral imagers
Orbit/coverage: Multiple/global
Panel synergies: Ecosystems, Weather, Climate

Background and Importance

TABLE 6.2 Some Recent Heat Waves and Droughts

Event Year Location Impact

Heat wave 1987 Athens ~900 deaths
Heat wave 1995 Chicago ~700 deaths
Heat wave and drought 2002 Australia Poor crop yield
Drought 2002 Southwest United States Poor crop yield
Heat wave and drought 2003 France ~15,000 deaths, poor crop yield
Drought 2005 Illinois Poor crop yield
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Role of Remotely Sensed Data

Future Needs
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BOX 6.2 EUROPEAN HEAT WAVE

The European heat wave during the summer of 2003 included small-scale features that could be resolved 
only with satellite remote sensing. By August, a coupled pattern of high temperature and vegetation loss was 
evident over central France, controlled in part by terrain and land-use factors. The anomalies in vegetation index 
and surface temperature derived from MODIS are shown in Figures 6.2.1 and 6.2.2. On a smaller scale, ASTER 
images reveal that pastures and active agricultural fields have lost their vegetation and heated substantially 
and forests and inactive fields have a small temperature anomaly (Figure 6.2.3).

(A) (B)

(C) (D)

0.4 0.4

 6.2.1

0.0 C 20.0 C

(C)

(A) (B)

(D)

file name is 6.7

hard copy  name is  6.2.2

FIGURE 6.2.1 Vegetation-index anomaly from MODIS in 
France for August 13-28, 2003, compared with the same 
dates in 2000-2002 and 2004. Yellow pixels are unchanged; 
brown pixels have decreased the index by 0.4. Solid lines 
demarcate conventional climate zones. SOURCE: Figure 2D, 
p. 749, in Zaitchik et al. (2006). Copyright 2006 Royal Meteo-
rological Society.

FIGURE 6.2.2 Similar to Figure 6.2.1 but for surface-
temperature anomaly. Gray areas are slightly cooler, yellow 
is unchanged, and red is hotter by as much as 20ºC (68ºF). 
SOURCE: Figure 6D, p. 753, in Zaitchik et al. (2006). Copyright 
2006 Royal Meteorological Society.
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FIGURE 6.2.3 Small-scale vegetation and temperature differences associated with the heat wave of 2003; seen from ASTER. 
A and B, false color images for August 2000 and 2003, with vegetation in red and bare soil in pale blue. C and D, emission 
temperature for the same two dates (see color bar). The scale bar in the lower right has a length of 500 m. The forest patch 
on the right stayed relatively cool while the affected agricultural fields heated significantly. This scene location is part of 
the ASTER footprint shown in Figures 6.2.1 and 6.2.2. SOURCE: Figure 10, p. 756, in Zaitchik et al. (2006). Copyright 2006 
Royal Meteorological Society.

42 C27 C 32 C 47 C
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Acute Toxic Pollution Releases

Mission Summary—Acute Toxic Pollution Releases

Variables: Visible atmospheric or hydrospheric plumes, ocean color, particle size, gross vertical structure
Sensor: High-resolution imager (multispectral: UV-near-IR)
Orbit/coverage: GEO/regional
Panel synergy: Ecosystems

Background and Importance



Copyright © National Academy of Sciences. All rights reserved.

Earth Science and Applications from Space:  National Imperatives for the Next Decade and Beyond
http://www.nap.edu/catalog/11820.html

Role of Remotely Sensed Data

TABLE 6.3 Types and Properties of Chemical Agents

Agents Symbol Boiling Point (°C) Appearance

Nerve agents
 Sarin GB 158 Clear, colorless
 Soman GD 198 Clear, colorless
 Tabun GA 240 Clear, colorless
 GF GF 239 N/A
 VX VX 298 Clear, amber-colored oil
Choking agents
 Chlorine Cl −34 Amber liquid, green vapor
 Phosgene CX 7.6 Clear, colorless
Blood agents
 Hydrogen cyanide AC 25.7 Colorless
 Cyanogen chloride CK 12.8 Colorless
Blister agents
 Distilled mustard HD 215-217 Clear, amber-colored
 Lewisite L 197 Dark-colored, oily
 Phosgene oxime CX 53-54 Clear, colorless crystalline or liquid

SOURCE: Data from Adams (2002).
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TABLE 6.4 Candidate Meteorologic and Plume-Observing Systems

Dispersion Variables Meteorologic Variables Candidate Measurement Systems

Transport Three-dimensional fields of wind speed and 
wind direction 

Profilers, Doppler weather radar, RAOBs, mesonets, aircraft, 
tethersonde, Doppler lidar, satellite imagery

Diffusion Turbulence, wind-speed variance, wind-direction 
variance, stability, lapse rate, mixing height, 
surface roughness

Three-dimensional sonic anemometers, cup and vane 
anemometers, RAOBs, profilers, RASS, scanning microwave 
radiometer (possibly), tethersonde, satellite imagery

Stability Temperature gradient, heat flux, cloud cover, 
insolation or net radiation

Towers, ceilometers, profiler/RASS, RAOBs, aircraft, 
tethersonde, net radiometers, pyranometers, 
pyrgeometers, satellite imagery

Deposition, wet Precipitation rate, phase, size distribution Weather radar (polarimetric), cloud radar, profilers, satellite 
imagery

Deposition, dry Turbulence, surface roughness Three-dimensional sonic anemometers, cup and vane 
anemometers, RAOBs, profilers, RASS, scanning microwave 
radiometer (possibly), tethersonde, satellite imagery

Plume rise Wind speed, temperature profile, mixing height, 
stability

Profilers/RASS, RAOBs, lidar, ceilometer, tethersonde, 
aircraft, satellite imagery

NOTE: RAOB, rawinsonde observation; RASS, radio acoustic sounding system.

SOURCE: Adapted from Dabberdt et al. (2004).
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Panel’s Recommendation for a Special-Events Imager

TABLE 6.5 Applicability of Satellite Imagery to Plume Mapping and Characterization for Emergency Response 
to Large Singular Events

Plume Attribute or Feature Prioritya Feasibilityb Comments

Vertical resolution 3 3 Terrestrial observations likely to be more effective
Vertical extent 2 2 Does the plume penetrate into the free troposphere?
Horizontal resolution 1 1 Coparamount with “coverage”
Horizontal extent or coverage 1 1 Plume transport direction is the most important measure
Temporal resolution or refresh rate 1 1 High temporal resolution is important for diffusion, and moderate 

temporal resolution is valuable for transport
Particle sizing 4 3 Terrestrial observations likely to be more effective
Species identification 5 3 Terrestrial observations more effective
Diurnal observations 1 1 Important, but nocturnal observations will have reduced resolution

 a1, highest; 5, lowest.
 b1, highest; 3, lowest.
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FIGURE 6.6 SPOT multispectral image with 20-m resolution taken 87 minutes after the collapse of the North Tower of the 
World Trade Center and 110 minutes after the collapse of the South Tower, clearly showing the particle plume transport 
to the southeast. Approximately 3 km from the source, the visible plume is about 1 km wide. SOURCE: Courtesy of SPOT 
Image Corporation, 2007.
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Air Pollution and Respiratory and Cardiovascular Diseases

Mission Summary—Air Pollution and Respiratory and Cardiovascular Diseases

Variables: Aerosol composition and size; NO2, HCHO, VOCs, CO, SO2; tropospheric ozone
Sensors: Multispectral UV/visible/near-IR/thermal IR, lidar
Orbit/coverage: LEO and GEO/regional and global
Panel synergy: Climate

Background and Importance

 was 6.10 (6.7)

FIGURE 6.7 SeaWiFS image of the visible plume from the Staten Island oil-terminal fire (arrow points to fire site). This true-
color image of the U.S. northeastern coastline was acquired on February 21, 2003, by the Sea-viewing Wide Field-of-view 
Sensor (SeaWiFS) several hours after the explosion. The dark smoke can be seen clearly in contrast with the whiter clouds 
in the area and the snow-covered landscape. In this scene, the smoke plume stretches about 150 km (93 miles) to the east-
southeast of the fire. SOURCE: Courtesy of the SeaWiFS Project, NASA Goddard Space Flight Center, and GeoEye.
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file 6.11

hard copy 6.8

FIGURE 6.8 Comparison of enhanced-resolution AVHRR image with a high-resolution Landsat MSS image (centered at 
36.5°N, 117.5°W): (a) Superresolution reconstruction; (b) Landsat MMS Channel 1 image sampled; and (c) original AVHRR 
1-km image (180-m resolution) of AVHRR 1-km near-IR image to 180-m resolution (April 25, 1992) sampled at 180 m (22:27 
GMT, May 7, 1992). SOURCE: Courtesy of William Emery, University of Colorado, Boulder.

a b

c
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Role of Remotely Sensed Data

TABLE 6.6 Ozone and Aerosol Air-Quality Standards in the United States and Europe

Pollutant of Concern

Ambient Air-Quality Standard

United States European Union

O3 84 ppbv (8 hour average) 55 ppbv (8 hour average)
AOT40 (seasonal total)a

PM2.5b 15 µg m−3 (annual)
65 µg m−3 (24 hour average)

 c

PM10b 50 µg m−3 (annual)
150 µg m−3 (24 hour average)

40 µg m−3 (annual)
50 µg m−3 (24 hour average)

 aNo more than 5,000 ppbv-hours in excess of 40 ppbv during daytime hours in April-September. This corresponds roughly to a 43-
ppbv daytime average.
 bParticulate matter less than 2.5 m radius (PM2.5) or 10 m in radius (PM10).
 cSee at http://europa.eu.int/comm/environment/air/cafe/pdf/cafe_dir_en.pdf a proposal for a European Union Directive on Clean Air 
for Europe with respect to exposures to particulate matter. 
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Panel’s Recommended Measurements

Data assimilation
Diagnostic studies

Retrieval algorithm development
and validation

Correlative information
Model error characterization

Observation system design

Improved knowledge
Societal decisions

AIRCRAFT

SATELLITES

MODELS

file 6.12
hard copy 6.9

FIGURE 6.9 A key link between scientific development and the accomplishment of societal objectives is the effective inte-
gration of satellite, aircraft, and modeling studies. An important example for human health in the tracking and diagnosis 
of the chemistry linking mercury release and the reactions of halogen compounds that sequester heavy metals at high 
latitudes of the northern hemisphere.
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Algal Blooms and Waterborne Infectious Diseases

Mission Summary—Algal Blooms and Waterborne Infectious Diseases

Variables: Coastal ocean color, sea-surface temperature, atmospheric correction, coastal ocean phytoplankton, river plumes
Sensor: Multispectral
Orbit/coverage: GEO/regional
Panel synergies: Ecosystems, Water

Background and Importance
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Role of Remotely Sensed Data

1972 2005

6.10

FIGURE 6.10 Harmful algae. Global distribution of harmful algae from the early 1970s to 2005. The red lines indicate areas 
where harmful algal blooms have been documented. SOURCE: Courtesy of Daniel G. Baden, University of North Carolina at 
Wilmington and of NOAA National Ocean Service.
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Panel’s Recommendations for Satellite Detection of HABs

TABLE 6.7 Selected Events Demonstrating the Use of Remote Sensing to Detect and Monitor Harmful Algal 
Blooms (Red Tides) and Waterborne Pathogens

Year Eventa

1975-1986 Five citations of papers on remote sensing and red tides
1975 First use of thermal imagery to identify ocean frontal zones where harmful algae were concentrated (Murphy et al., 1975)
1987-1996 28 citations of papers on remote sensing and red tides
1987 First use of thermal imagery to track oceanic currents responsible for the transport of harmful algae (Tester et al., 1991)
1988-1990 NOAA’s Coastwatch Program developed to provide timely access to nearly real-time satellite data for U.S. coastal regions 

(http://coastwatch.noaa.gov/)
1997-2006 76 citations of papers on remote sensing and red tides
2000 Use of remote sensing for detection of Vibrio cholerae by indirect measurement (Lobitz et al., 2000)
2001 Experimental forecast of harmful algal blooms (Stumpf et al., 2003)(Stumpf et al., 2003)
2006 First operational forecast of harmful algal bloom (www.csc.noaa.gov/crs/habf/; see also Box 6.3)

aSource of citations is Cambridge Abstracts–Aquatic Sciences, Cambridge University Library, Cambridge, United Kingdom.
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Vector-borne and Zoonotic Disease

Mission Summary—Vector-borne and Zoonotic Disease

Variables: Meteorological conditions (surface temperature, precipitation, wind speed); soil moisture; land-cover status; 
vegetation state

Sensors: Hyperspectral; high-resolution multispectral, radar, lidar
Orbit/coverage: Multiple/global
Panel synergies: Ecosystems, Weather, Water

Background and Importance
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Role of Remotely Sensed Data

Future Needs
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OTHER IMPORTANT ISSUES
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BIBLIOGRAPHY



Copyright © National Academy of Sciences. All rights reserved.

Earth Science and Applications from Space:  National Imperatives for the Next Decade and Beyond
http://www.nap.edu/catalog/11820.html



Copyright © National Academy of Sciences. All rights reserved.

Earth Science and Applications from Space:  National Imperatives for the Next Decade and Beyond
http://www.nap.edu/catalog/11820.html



Copyright © National Academy of Sciences. All rights reserved.

Earth Science and Applications from Space:  National Imperatives for the Next Decade and Beyond
http://www.nap.edu/catalog/11820.html



Copyright © National Academy of Sciences. All rights reserved.

Earth Science and Applications from Space:  National Imperatives for the Next Decade and Beyond
http://www.nap.edu/catalog/11820.html

7

Land-Use Change,  
Ecosystem Dynamics, and Biodiversity

OVERVIEW
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ROLE OF SATELLITES IN UNDERSTANDING ECOSYSTEMS
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fig 7.1

this is map 4 from the  pdf

<50 Crop failure
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FIGURE 7.1 Map of the Water Requirement Satisfaction Index (WRSI) for the Sahelian countries of West Africa, 2002. 
 Intervals of WRSI correspond to levels of crop performance and are derived from the Normalized Difference Vegetation 
Index observed by AVHRR and MODIS. Growing conditions for millet that year were especially poor in northern Senegal 
and southern Mauritania. SOURCE: USGS/NOAA/FEWS NET Sahel (FEWS NET, 2004).
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INFORMATION REQUIREMENTS FOR UNDERSTANDING AND MANAGING ECOSYSTEMS

BACKGROUND ON OBSERVATIONAL NEEDS AND REQUIREMENTS

Disruption of the Carbon, Water, and Nitrogen Cycles 
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BOX 7.1 STRATEGIC ROLE OF ECOSYSTEM SCIENCE AND OBSERVATIONS

Observing Conditions and Trends in Ecosystems
What are the current status of and trends in the distribution of ecosystems, their productivity, their degree 

of fragmentation by land-use, and other properties that affect the delivery of food, water, carbon storage, climate 
regulation, watershed protection, and other ecosystem services?

Predicting Trajectories
How will ecosystems and their ability to provide food, clean air and water, and healthy cities respond to 

future climate change, land-use and ocean-use change, and other anthropogenic stressors? Are there critical 
thresholds in the ability of ecosystems to cope with anthropogenic stressors? 

Managing Events
What are the opportunities for early detection, continuing observation, and management of extreme 

events, such as hurricanes, droughts and wildfires, insect outbreaks, and flooding? What are the policy options 
for managing events that threaten human life and property? Can systems be managed to reduce their vulner-
ability before such events occur? Can ecosystems be managed to store larger stocks of carbon?
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BOX 7.2  SCIENCE THEMES AND KEY QUESTIONS FOR IDENTIFYING PRIORITIES FOR SATELLITE 
OBSERVATIONS FOR UNDERSTANDING AND MANAGING ECOSYSTEMS

Science Themes Key Questions

Disruption of the 
Carbon, Water, and 
Nitrogen Cycles

How does climate change affect the carbon cycle?
How does changing terrestrial water balance affect carbon storage by terrestrial 

ecosystems?
How do increasing nitrogen deposition and precipitation affect terrestrial and coastal 

ecosystem structure and function and contribute to climate feedbacks?
How do large-scale changes in ocean circulation affect nutrient supply and 

ecosystem structure in coastal and off-shore ecosystems?
How do increasing inputs of pollutants to freshwater systems change ecosystem 

function?
What are the management opportunities for minimizing disruption in carbon, 

nitrogen, and water cycles?
Changing Land and 
Marine Resource Use

What are the consequences of uses of land and coastal systems, such as urbanization 
and resource extraction, for ecosystem structure and function?

How does land and marine resource use affect the carbon cycle, nutrient fluxes, 
and biodiversity?

What are the implications of ecosystem changes for sustained food production, 
water supplies, and other ecosystem services?

How are interactions among fish harvesting and climate change affecting organisms 
at other trophic levels?

What are the options for diminishing potential harmful consequences on ecosystem 
services and enhancing benefits to society? 

Changes in 
Disturbance Cycles

How does climate change affect such disturbances as fire and insect damage?
What are the effects of disturbance on productivity, water resources, and other 

ecosystem functions and services?
How do climate change, pollution, and disturbance interact with the vulnerability 

of ecosystems to invasive species?
How do changes in human uses of ecosystems affect their vulnerability to 

disturbance and extreme events?
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7.2

FIGURE 7.2 SeaWiFS captured these images of the Florida coast on September 17, 2001. In the left image, the colors red, 
green, and blue have been assigned to what the naked eye would see as green, blue-green, and blue. Clear blue offshore 
seawater appears blue, coastal water that is typically green appears red, and water with high levels of suspended sediment 
appears white. Water dominated by red tide appears dark gray. The right image is a false-color image showing milligrams 
of chlorophyll per cubic meter of seawater. SOURCE: E. Yohe, NASA Earth Science Enterprise, “Hunting dangerous algae 
from space,” NASA Distributed Active Archive Center (DAAC) Alliance, July 9, 2002. Available at http://earthobservatory.
nasa.gov/Study/Redtide/.

Changing Use of Land and Ocean Resources 
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Changes in Disturbance Cycles

Summary of Data Needs 

PRIORITY SATELLITE DATA RECORDS AND MISSIONS
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FIGURE 7.3 Between 1993 and 1995, an outbreak of hantavirus pulmonary syndrome (HPS) claimed the lives of more than 
45 people in the southwestern United States. The 1991-1992 El Niño had brought unusually high precipitation to the Four 
Corners region in 1992, which led to an increase in vegetation and a hypothesized increase in the rodent population that 
carried the hantavirus. Based on Landsat ETM+ satellite imagery, this map of the American Southwest shows the predicted 
risk of HPS in 1993. Red and yellow indicate high-risk areas, and dark blue indicates low-risk areas. SOURCE: Glass et al., 2000. 
Courtesy of the National Center for Infectious Diseases, Centers for Disease Control and Prevention. 
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BOX 7.3 ECOSYSTEM PROPERTIES FOR WHICH SATELLITE DATA ARE REQUIRED 

Terrestrial Ecosystems Coastal and Open-Ocean Ecosystems

Distribution and changes in key species and functional groups 
of organisms

Coral-reef health and extent
Photosynthesis

Disturbance patterns Sediment fluxes
Vegetation stress Phytoplankton community structure
Vegetation nutrient status Algal blooms
Primary productivity CO2 concentration
Vegetation cover
Standing biomass
Vegetation height and canopy structure
Habitat structure
Human infrastructure
Atmospheric CO2 and CO concentration

Operational Satellite Records to Enhance and Maintain the Long-Term Record  
on Ecosystem Dynamics
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TABLE 7.1 Land-Use Change and Ecosystem Dynamics Panel Priority New Missions

Summary of 
Mission Focus Variables Type of Sensor Coverage

Spatial 
Resolution Frequency

Synergies 
with Other 
Panels

Related Planned 
or Integrated 
Missions 

Ecosystem 
function:
climate and 
land-use 
impacts on 
terrestrial 
and coastal 
ecosystems 

Terrestrial:
Distribution 
and changes 
in key species 
and functional 
groups of 
organisms, 
disturbance 
patterns, 
vegetation 
stress, vegetation 
nutrient 
status, primary 
productivity, 
vegetation cover
Coastal:
coral-reef health 
and extent

Hyperspectral Global, 
pointable

50-75 m 30 day, 
pointable to 
daily 

Climate 
Health 
Solid Earth

HyspIRI

Ecosystem 
structure and 
biomass

Standing 
biomass, 
vegetation 
height and 
canopy structure, 
habitat structure 

Lidar and InSAR Global 50-150 m Monthly Climate 
Health
Solid Earth

DESDynI
ICESat-II

Carbon budget CO2 mixing 
ratio, CO 
concentrations

Active lidar Global 100 m strips Diurnal—
assimilated 
every 24 
hours

Climate
Weather

ASCENDS

Coastal 
ecosystems 
dynamics

Photosynthesis, 
sediment fluxes, 
phytoplankton 
community 
structure, algal 
blooms

Hyperspectral Western 
Hemisphere

250 m Several 
times/day

Health Solid 
Earth
Weather

GEO-CAPE
GACM

Global ocean 
productivity

Photosynthesis, 
colored dissolved 
organic matter, 
chlorophyll

Hyperspectral Global 1 km 2-day global 
coverage

Climate 
(with 
additional 
UV/visible 
bands on 
polarimeter)

ACE
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Ecosystem Function

Mission Summary—Ecosystem Function

Variables: Distribution and changes in key species and functional groups of organisms; disturbance patterns; vegetation stress; 
vegetation nutrient status; primary productivity; vegetation cover; coral-reef health and extent

Sensor(s): Hyperspectral
Orbit/coverage: LEO/global-pointable
Panel synergies: Climate, Health, Solid Earth
New science: Land ecosystem chemistry, diversity, leaf water stress; coral reef health and extent
Applications: Ecosystem interactions with changing climate, agriculture, invasive species, disturbance, management, urbanization
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Ecosystem Structure and Biomass

Mission Summary—Ecosystem Structure and Biomass

Variables: Standing biomass; vegetation height and canopy structure; habitat structure
Sensor(s): Lidar and InSAR
Orbit/coverage: LEO/global
Panel synergies: Climate, Health, Solid Earth
New science: Global biomass distribution, canopy structure, ecosystem extent, disturbance, recovery
Applications: Ecosystem carbon and interactions with climate, human activity, disturbance (including deforestation, invasive 

species, wildfires); carbon management; conservation and biodiversity
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Carbon Budget

Mission Summary—Carbon Budget

Variables: CO2 mixing ratio, CO concentrations
Sensor(s): Lidar
Orbit/coverage: LEO/global
Panel synergies: Climate, Weather
New science: Active measurements of CO2 mixing ratio at high spatial and temporal resolution during night and cloudy conditions, 

CO as a tracer
Applications: High-resolution global distribution of carbon sources and sinks
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Coastal Ecosystem Dynamics

Mission Summary—Coastal Ecosystem Dynamics

Variables: Photosynthesis, sediment fluxes, phytoplankton community structure, algal blooms
Sensor(s): Hyperspectral
Orbit/coverage: GEO/coastal zones
Panel synergies: Health, Solid Earth, Weather
New science: Diurnal cycles of productivity and marine chemistry; coupling of land and open ocean
Applications: Harmful algal blooms, fisheries, ecosystem-based management, aquaculture, impacts of extreme events, productivity



Copyright © National Academy of Sciences. All rights reserved.

Earth Science and Applications from Space:  National Imperatives for the Next Decade and Beyond
http://www.nap.edu/catalog/11820.html



Copyright © National Academy of Sciences. All rights reserved.

Earth Science and Applications from Space:  National Imperatives for the Next Decade and Beyond
http://www.nap.edu/catalog/11820.html

Global Ocean Productivity

Mission Summary—Global Ocean Productivity

Variables: Photosynthesis, colored dissolved organic matter, chlorophyll
Sensor(s): Hyperspectral
Orbit/coverage: LEO/global
Panel synergies: Climate
New science: New ecosystem products based on spectral matching techniques, including phytoplankton pigments and colored 

dissolved organic matter
Applications: Ecosystem-based management, productivity, regulation by different ocean nutrients (such as nitrate and iron)
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Related Observational Needs for Climate and Other Variables
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OTHER SPECIAL ISSUES

Suborbital Remote Sensing and Ecosystem Measurements
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International Collaborations

End-to-End Systems for Integrating Observations in Management Decisions

In Situ Observations
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BOX 7.4 ECMWF PLANS FOR INCORPORATING CO2 INTO WEATHER FORECASTING

2007 
In the first half of 2007, the European Center for Medium-Range Weather Forecasts (ECMWF) will do an 

extended assimilation of weather and CO2 for the period 2003-2004. In the second half of 2007, ECMWF will 
upgrade the system to include CO2 in the land-surface model rather than use climatology.

2008-2010
ECMWF will merge the CO2 system with the two other systems for aerosol and reactive gases:

Reanalyze AIRS and SCIAMACHY data.
Prepare to use OCO.
Prepare for operational CO2 transition in May 2009 by adding the assimilation high-temporal 
tall-tower data.

2010-2012
ECMWF will run the system behind real time, about 3 to 6 months late, to produce operational estimates 

of sources or sinks based on IASI, CrIS, OCO, and GOSAT. It will prepare to incorporate CO2 data from an active 
system.

Synerges with the Observations of Other Panels

REFERENCES
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8

Solid-Earth Hazards,  
Natural Resources, and Dynamics

OVERVIEW
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FIGURE 8.1 (Top) Deformation resulting from fault slip that occurred in the 1999 Hector Mine earthquake in the Mojave 
Desert, California, is revealed in this synthetic aperture radar interferogram. An interferogram is generated by taking the 
difference in phase of two radar images taken from the same location in orbit, but at two different times (here, September 
15, 1999, and October 20, 1999). Just as the interference fringes seen on an oil slick reveal small changes in thickness of the 
oil film, the interference fringes shown represent small changes in distance from the satellite to the ground. (Bottom) The 
centimeter-level sensitivity to the surface deformation pattern permits a determination of the distribution of slip many 
kilometers below the surface, yielding unprecedented insight into earthquake physics. The C-band satellite used to make 
these observations performs adequately in desert regions; longer-wavelength L-band InSAR satellites are needed to obtain 
similar information in vegetated areas. In addition, because of the 5 weeks that elapsed between observations, the image of 
coseismic deformation is corrupted by the postseismic deformation that occurred after the earthquake (see Box 8.2). Finally, 
even though this is a desert region, the image is degraded by noise due to atmospheric effects that could be removed if 
many more observations could be stacked. SOURCE: Zebker et al., 1999. Courtesy of H. Zebker, Stanford University.
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8.1 
top and bottom
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FIGURE 8.2 Significant differences in surface chemistry in a mining region caused by natural and anthropogenic pro-
cesses can be monitored by satellite. For example, these hyperspectral images of Cuprite, Nevada, acquired by the AVIRIS 
satellite and overlaid on a digital terrain model were processed to identify iron mineralogy (top) and hydroxide- and 
 carbonate-bearing minerals (bottom). The dominant mineral in each pixel is identified and color coded. Both topography 
and mineralogy control the formation of alteration minerals that contain hydroxides and carbonates, largely because such 
alteration can create the most acidic waters on Earth. Such drainage flows downhill and creates surface alteration zones. 
As humans alter larger and larger regions of Earth’s surface, documenting such impacts through satellite imaging will be 
of use in assessing the impacts. SOURCE: Courtesy of U.S. Geological Survey. 
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FIGURE 8.3 Mapping natural hazards and understanding the processes that shape Earth’s surface both require high-
 resolution topographic data. The two images show shaded-relief maps of California’s Salinas River and surrounding hill-
slopes. The left-hand image shows the finest resolution (30 m) that is currently available over much of Earth’s surface. 
The right-hand image shows the same scene at the resolution achievable with lidar mapping from space (5 m). Mapping 
 landslide and flood hazards in this landscape is achievable with 5-m topographic data, but impossible with 30-m data. 
SOURCE: Courtesy of J. Taylor Perron, University of California, Berkeley.



Copyright © National Academy of Sciences. All rights reserved.

Earth Science and Applications from Space:  National Imperatives for the Next Decade and Beyond
http://www.nap.edu/catalog/11820.html

THE STRATEGIC ROLE OF SOLID-EARTH SCIENCE



Copyright © National Academy of Sciences. All rights reserved.

Earth Science and Applications from Space:  National Imperatives for the Next Decade and Beyond
http://www.nap.edu/catalog/11820.html

FIGURE 8.4 (Top) Breach in the New Orleans 17th Street canal levee that allowed flooding in the city following Hurricane 
Katrina. SOURCE: Marty Bahamonde/FEMA. (Bottom) Map derived from InSAR observations by the Canadian C-band 
RADARSAT satellite showing the rate of subsidence in millimeters per year for New Orleans and its vicinity in the 3-year 
interval preceding the hurricane (2002-2005). Insets show the location (white frame) and magnified view (red frame) of the 
region west of Lake Borgne, including eastern St. Bernard Parish. Note the high rates of subsidence (>20 mm/yr) on the levee 
bounding the MRGO canal, where large sections were breached when Hurricane Katrina struck. (Scale bar, 10 km). Note also 
that much of the map has no data because of a lack of coherence in phase caused by vegetation; an L-band InSAR satellite 
such as that recommended in this chapter should provide better coherence. SOURCE: Dixon et al., 2006. Reproduced by 
permission of Macmillan Publishers Ltd. Copyright 2006.
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BACKGROUND ON OBSERVATIONAL NEEDS AND REQUIREMENTS

Forecasting, Assessment, and Mitigation of Natural Hazards 

BOX 8.1  STRATEGIC ROLES AND QUESTIONS FOR SOLID-EARTH SCIENCE AND OBSERVATIONS

Forecasting and Mitigating the Effects of Natural Hazards
What observations can improve the reliability of hazard forecasts? What are the opportunities for early 

detection, ongoing observation, and management of extreme events? What are the policy options for man-
aging events that threaten human life and property? Can systems be managed to reduce their vulnerability 
before such events occur? How can useful information, including uncertainties, be communicated to decision 
makers for the benefit of society?

Discovering and Managing Resources 
How can the ability be improved to locate resources that can be profitably produced? How can the abil-

ity to produce known resources more safely and effectively be improved? How can potential environmental 
damage from exploitation of resources be limited? How can long-term changes in soil characteristics, land 
use, and Earth surface topography be monitored to understand soil degradation and erosion in the context 
of climate change? How can information about surface chemistry be coupled to topographic information to 
yield predictive models for landslide activity?

Enabling Science 
What new observations, coupled with improved modeling capability, are most likely to advance fundamen-

tal understanding of nature? How can this fundamental understanding be used to decrease hazards arising 
from natural disasters and to protect and improve the economy? 
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TABLE 8.1 Solid-Earth Panel Key Questions for Identifying Satellite Observation Priorities 

Science Themes Subthemes Key Questions

Forecasting, 
assessment, and 
mitigation of 
natural hazards

Earthquake 
forecasting

Where and how fast is seismogenic strain accumulating?
How fast does crust stress change, and how does this trigger earthquakes?
Are earthquakes predictable?
How do fluids such as groundwater, hydrocarbons, and CO2 trigger earthquakes?

Volcanic-
eruption 
prediction

Can a worldwide volcanic eruption forecasting system be established using remote sensing 
data?
What pre-eruption surface manifestations are amenable to remote measurement from orbit?
What surface temperature change patterns are relevant?
What can the measurement of emissions such as SO2 and silicate ash indicate, and what 
patterns of change are relevant?
How can multiple change patterns and measurements (topography, gas, temperature, 
vegetation) at craters be better interpreted for eruption forecasting?
How often must a volcano be observed to provide a meaningful prediction?

Landslide 
prediction

Which places show slowly moving landslides, and how likely are they to fail catastrophically?
Where are oversteepened slopes and susceptible rock types located?

Resource 
discovery and 
production

Water resources Where and when are groundwater reservoirs being depleted or recharged?
Which critical aquifers are being driven into irreversible inelastic compaction?
How does this affect future storage capabilities of the aquifers?
Can surface hyperspectral and thermal measurements be coupled with measurements of 
surface deformation from InSAR to enable new concepts for detecting and understanding slow 
deformation processes related to fluid seepage phenomena? 

Petroleum 
and mineral 
resources

What fundamentally new concepts in surface geochemistry will allow for more comprehensive 
and precise surface geology characterization relevant for the hydrocarbon- and mineral-
extraction industry?
What changes in surface chemistry and thermal properties are diagnostic of hydrocarbon and 
mineral resources?
How can the efficiency of hydrocarbon and mineral production be improved?
Using three-dimensional dynamic stress modeling at reservoir scales, is it possible to more 
accurately model stress dynamics and in particular to predict failure processes on a basin 
scale?

Terrains creating 
chemical risk

Can the risk of surface-water and groundwater pollution from mineral and hydrocarbon waste 
sites be quantified from surface geochemical measurements?
What key surface geochemical indicators detectable by remote sensing are relevant to 
describing mining waste or landslide hazards?
What are the detection limits at which soils containing natural health hazards such as asbestos, 
or swelling clays unsuitable for building construction, can be detected by hyperspectral 
imaging?

Agricultural soil 
degradation

What is the true extent of the loss of topsoil due to poor management practices? 
Can remote sensing be used to measure carbon sequestration in agricultural soils?
How well can the leaching of nutrients and increasing salinization be measured by remote 
sensing?
Can remote sensing provide the kind of information needed for policy decisions by 
government entities worldwide?
Will documenting the loss of prime agricultural soils force land-use planners to assist in 
preserving soil resources?
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FIGURE 8.5 Earthquakes produce substantial economic and human loss that could be mitigated with better warnings. In 
the Northridge, California, earthquake of January 17, 1994, buildings, cars and personal property were all destroyed when 
the earthquake struck. Approximately 114,000 residential and commercial structures were damaged and 72 deaths were 
attributed to the earthquake. The cost of damage was estimated at $44 billion (NRC, 1999). SOURCE: FEMA News Photo.
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Forecasting Earthquakes

Forecasting Volcanic Eruptions
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BOX 8.2  RELATIONSHIP OF SURFACE DEFORMATION TO EARTHQUAKE PROBABILITY

Recent developments in investigations of the mechanics of earthquakes have demonstrated that the fric-
tional properties of faults, and hence their probability of rupturing, depend strongly on the rates at which the 
faults are stressed. The fundamental concepts are illustrated in Figure 8.2.1. The stressing rate in a fault system 
such as that in southern California (Figure 8.2.2.) is the result of both loading from motions of the tectonic 
plates and loading from stresses generated by earthquakes within the fault system. 

FIGURE 8.2.1 The top row shows example histories of shear stress in a region as a function of time; the bottom row shows 
the resulting rate of seismicity, which is directly proportional to the probability of an earthquake on a given fault segment. 
A change in stressing rate (left column) leads to an offset in the rate of seismicity. A sudden change in stress (right column) 
leads to an abrupt change in seismicity rate, followed by a relaxation back to the original rate. SOURCE: Toda et al., 2002. 
Reprinted by permission of Macmillan Publishers Ltd. Copyright 2002.
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8.2.2 

Post-seismic deformation 
after the Landers earthquake

1992 Landers earthquake rupture

38 pica width

FIGURE 8.2.2 Current investigations (e.g., Stein, 2003, right) infer the stressing rate in a fault system from the observed rate 
of seismicity. Because the upper crust is elastic, a more accurate estimate of stress changes would come from observations 
of coseismic and postseismic strain changes estimated from InSAR measurements. SOURCE: (Left) Fialko, 2004, modified and 
reproduced by permission of the American Geophysical Union. (Center) Courtesy of G. Peltzer, University of California, Los 
Angeles, adapted from Peltzer et al. (1998). Copyright 1998 by the American Geophysical Union. (Right) Courtesy of Ross S. 
Stein (USGS), Serkan B. Bozkurt (Geomatrix Consulting) and Keith Richards-Dinger (University of California, Riverside).
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BOX 8.3 “SLOW” OR ASEISMIC EARTHQUAKES

Faulting at subduction zones (Figure 8.3.1) produces the world’s largest earthquakes, characterized by the 
rapid release of strain over very large areas. Over the past two decades, improvements in geodesy, or the preci-
sion with which researchers can measure crustal deformation, have made visible similar motions that occur over 
long periods rather than the almost instantaneous shock to Earth that is associated with earthquakes. These 
“slow” events, expressing themselves in waves with periods far too long to be easily measured by seismometers, 
redistribute strain throughout the crust and are important in determining the overall strain balance, and hence 
directly affect earthquake probabilities.

FIGURE 8.3.1 The Cascadia subduction zone in the U.S. Northwest is a potential source of truly great earthquakes, perhaps 
as large as magnitude 9. Current GPS deformation measurements (left) show interseismic deformations from ongoing 
tectonic motions. These motions reverse themselves for periods of 2-6 weeks every 14 or 15 months, as repeated slow 
earthquakes propagate across the area (see GPS measurements, right). The vertical bars drawn on top of the GPS mea-
surements represent known occurrences of slow earthquakes and correspond to “abrupt” (week-long) changes in GPS 
station position. These events are most easily seen in deformation maps and can greatly increase the ability to assess strain 
accumulation information and can lead to a better forecasting model. Slow earthquakes are not quite silent, and a unique 
non-earthquake seismic tremor signal has been detected accompanying them (Rogers and Dragert, 2003). SOURCE: (Left) 
Melbourne and Webb, 2003; reprinted with permission from AAAS. (Right) Courtesy of H. Dragert, Geological Survey of 
Canada, Natural Resources Canada.
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Forecasting Landslides 

FIGURE 8.6 Monitoring of volcanic regions reveals unexpected phenomena, such as shown in this series of interferograms 
from Sierra Negra in the Galapagos Islands. For most of the 1990s, inflation due to magma chamber growth dominated, 
but in the 1997-1998 period a “trap-door” faulting episode shifted the deformation toward the caldera rim. Also shown as 
the inset on the right is a map of the change in thickness of the magma reservoir estimated from the observed surface 
deformation. SOURCE: Amelung et al., 2000. Reprinted by permission of Macmillan Publishers Ltd. Copyright 2000.
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FIGURE 8.7 InSAR image acquired over the Berkeley Hills, California, showing coherent down-slope motions that may be 
precursors of more rapid landslides. Increased down-slope movement in years with higher rainfall shows that potential 
hazard areas may be pinpointed in these high-resolution data and that hazard level may be assessed yearly. More rapid 
acquisition of images from the mission recommended in this chapter would allow assessment of the threat almost weekly. 
SOURCE: Hilley et al., 2004. Reprinted with permission from AAAS.
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Resource Discovery and Production 
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BOX 8.4  HYDROCARBON PRODUCTION, SURFACE DEFORMATION, AND FAULT REACTIVATION 
IN THE YIBAL FIELD IN OMAN

Obtaining observations to better manage hydrocarbon production can have substantial benefits for 
extracting precious resources. Typically only a fraction of the hydrocarbons stored in reservoir rock are extracted, 
in effect wasting what is left behind. In addition, deformation from compaction-induced internal deformation 
of reservoirs risks failure of the wells. The example shown in Figure 8.4.1 is from an oil field overlain by a gas 
reservoir, both producing from carbonate layers. Three types of data have been acquired to monitor the reser-
voirs: (1) microseismic, (2) InSAR, and (3) GPS. These data have the potential to image changes in reservoir fluid 
pressure, structure, and the resulting fault reactivation. As a result, geomechanical models can be built that 
enable accurate prediction of the risk for well-bore failure due to fault reactivation.

Microseismic events located using a down-hole geophone array are shown in Figure 8.4.2.

FIGURE 8.4.1 The schematic cross section illustrates how a gas reservoir with rapid variations in thickness could cause fault 
reactivation as a result of depletion. Pressures decline uniformly throughout the reservoir, but compaction varies by up to 20 
percent because of abrupt changes in reservoir thickness across major faults. These differences lead to stresses that could 
cause failure of the faults and the accumulation of fault slip to accommodate the different rates of reservoir compaction.

FIGURE 8.4.2 Cross section (a) and map view (b) with thick black lines denoting fault traces interpreted at the depth of an 
oil reservoir. Most of the seismic activity is sandwiched between the gas and oil reservoirs. The field of surface displacement 
measured by InSAR over a 22-month period shows primarily subsidence due to reservoir compaction (c; color range is ±90 
mm). In addition, a discontinuity in surface displacement is observed across the fault segment outlined by the ellipse. This 
suggests shallow aseismic motion on the fault coincident with the increased microseismic activity at depth. 

SOURCE: Bourne et al., 2006. Courtesy of Shell International.
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FIGURE 8.8 Cropland erosion processes driven by rain (top) and wind (bottom) after soil was tilled for planting in western 
Tennessee and central Indiana, respectively. SOURCE: Photos by Lynn Betts, courtesy of USDA National Resources Conserva-
tion Service.
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FIGURE 8.9 Many regions of Earth are in motion, affecting the lives of millions of people; for example, this subsidence near 
Las Vegas is due to the withdrawal of groundwater (Amelung et al., 1999). InSAR provides the only tool capable of mapping 
these changes globally. SOURCE: Image courtesy of F. Amelung, University of Miami.
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TABLE 8.2 Solid-Earth Panel Priorities and Associated Mission Concepts

Summary of 
Mission Focus Variables

Type of 
Sensor(s) Coverage

Spatial 
Resolution Frequency

Synergies 
with Other 
Panels

Related 
Planned or 
Integrated 
Missions 

Surface 
deformation

Strain 
accumulation 
in seismogenic 
zones; volcano 
monitoring; 
stress changes 
and earthquake 
triggering; 
hydrocarbon 
reservoir 
monitoring; 
landslides; 
solid-Earth 
dynamics

InSAR Global 50-75 m ~weekly Climate
Ecosystems
Water

DESDynI

Surface 
composition 
and thermal 
properties

Volcano 
monitoring; 
hydrocarbon,  
mineral 
exploration; 
assessment of 
soil resources; 
landslides; 
solid-Earth 
dynamics

Hyperspectral 
visible and near 
IR, thermal IR

Global; 
pointable

50-75 m 30 day, 
pointable to 
daily

Ecosystems
Water 

HyspIRI

High-
resolution 
topography

Landslides; 
floods; solid-
Earth dynamics

Imaging lidar Global 5 m Monthly to 
occasional

Ecosystems
Water 

LIST

Temporal 
variations 
in Earth’s 
gravity field

Groundwater 
storage; glacier 
mass balance; 
ocean mass 
distribution; 
signals from 
post-glacial 
rebound, great 
earthquakes

Microwave or 
laser ranging

Global ~Monthly Climate
Water

GRACE-II

Oceanic 
bathymetry

Seafloor 
topography

Altimeter Global ~6 km Climate
Ecosystems
Health
Water

SWOT
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Summary of Data Needs

PRIORITY MISSIONS

Mission to Monitor Deformation of Earth’s Surface

Mission Summary—Surface Deformation

Variables: Strain accumulation in seismogenic zones; volcano monitoring; stress changes and earthquake triggering; hydrocarbon 
reservoir monitoring; landslides; solid-Earth dynamics

Sensor: InSAR
Orbit/coverage: LEO/global
Panel synergies: Climate, Ecosystems, Water
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TABLE 8.3 Comparative Interferometric SAR Characteristics

Sensor Characteristic ALOS ERS/Envisat RADARSAT Desired InSAR 

Signal-to-noise ratio Moderate Moderate Moderate High

Coverage Good within station 
masks

Good within station 
masks

Few repeat-pass 
areas

Global

Orbit control Good Moderate Moderate Excellent

Orbit knowledge Excellent Good Moderate Excellent

Atmospheric 
propagation effects

Poor Poor Poor Good (can average many passes)

Ionospheric 
propagation effects

Poor Good Good Very good (differential band 
correction)

Temporal correlation Good (L band) Poor (C band) Poor (C band) Good (L band)

Data availability Moderate Moderate Costly Excellent 

Wide swath for greater 
coverage

ScanSAR but no 
interferometry

Interferometric 
ScanSAR

ScanSAR, no 
interferometry

Triple-width swath (experimental 
ScanSAR interferometry)
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Earth Surface Deformation Mission Contributions

New science: Global, fine-resolution map of strain accumulation, subsidence from water and hydrocarbon extraction, and 
characterization of earthquake, volcano, and landslide natural hazards

Applications: Earthquake risk assessment, volcanic hazard prediction, monitoring of changes in groundwater and hydrocarbon 
reserves

Mission to Observe Surface Composition and Thermal Properties

Mission Summary—Surface Composition and Thermal Properties

Variables: Volcano monitoring; hydrocarbon exploration; mineral exploration; assessment of soil resources; landslides; solid-
Earth dynamics

Sensors: Hyperspectral visible and near IR, thermal IR
Orbit/coverage: LEO/global access
Panel synergies: Ecosystems, Water
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Surface Composition and Thermal Properties Mission Contributions

New science: Surface composition from maps of fine-resolution hyperspectral observations in optical and near-infrared, thermal 
emissivity and thermal inertia, mapping of gas release from processes at depth 

Applications: Volcanic hazards, resource exploitation and extraction, ecological drivers
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Mission to Measure High-Resolution (5-m) Topography of the Land Surface

Mission Summary—High-Resolution Topography

Variables: Landslides; floods; solid-Earth dynamics
Sensor: Imaging lidar
Orbit/coverage: LEO/global
Panel synergies: Ecosystems, Water
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High-resolution Topography Mission Contributions

New science: High-resolution, high-precision topographic data, in most cases with vegetation effects quantified and removed
Applications: Geomorphology, landslide hazards, flooding, hydrology, ecology

Mission to Monitor Temporal Variations in Earth’s Gravity Field

Mission Summary—Temporal Variations in Earth’s Gravity Field

Variables: Ground water storage; glacier mass balance; ocean mass distribution; signals from post-glacial rebound, great 
earthquakes

Sensors: Microwave or laser ranging
Orbit/coverage: LEO/global
Panel synergies: Climate, Water
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Temporal Variations in Earth’s Gravity Field Mission Contributions

New science: Separation of time-varying gravity signal from postglacial rebound from changes caused by ongoing redistribution 
of water and ice mass; monitoring of postseismic relaxation

Applications: Geodynamic studies, improved estimates of tide gauge motions

Mission to Measure Oceanic Bathymetry

Mission Summary—Oceanic Bathymetry

Variables: Seafloor topography
Sensors: Altimeter (nadir or swath)
Orbit/coverage: LEO/global
Panel synergies: Climate, Ecosystems, Health, Weather
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Ocean Bathymetry Mission Contributions

New science: Geologic processes responsible for ocean floor features, distribution of seafloor roughness
Applications: Tsunami hazard forecasts, ocean circulation, navigation

Monitoring the Geomagnetic Field

OTHER SPECIAL ISSUES
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The Role of Suborbital Remote Sensing
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International Collaborations

Radar Observations

Magnetic Field Observations

End-to-End Systems for Integrating Observations to Decision Making

In Situ Observations
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Synergistic Observations from Other Panels
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ATTACHMENT

International Cooperation:  The Case for a U.S. InSAR
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9

Climate Variability and Change

OVERVIEW
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OBSERVATIONAL NEEDS AND REQUIREMENTS

FIGURE 9.1 Sea ice minimums calculated using a 3-year moving average for the period 1979-1981 (left) and 2003-2005 
(right). Satellites have made continual observations of Arctic sea ice extent since 1978, recording a general decline  
throughout that period. Since 2002, satellite records have revealed unusually early onsets of springtime melting in the 
areas north of Alaska and Siberia. In addition, the 2004-2005 winter season showed a smaller recovery of sea ice extent 
than any previous winter in the satellite record, and the earliest onset of melt throughout the Arctic. SOURCE: NASA (2005). 
Courtesy of NASA. 
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Current Status and Needed Improvements
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Multidecadal Records

Current Status of Multidecadal Records

FIGURE 9.2 Marine stratocumulus over the Arabian Sea imbedded in a plume of haze from the Asian subcontinent. The 
picture was taken from the NCAR C-130 during an Indian Ocean Experiment (INDOEX) research flight.  Haze affects the 
number and sizes of cloud droplets and ice crystals and thereby alters the amount of sunlight that clouds reflect.  The effect 
of haze on clouds is referred to as the aerosol indirect radiative forcing of climate and is among the largest uncertainties 
that hampers assessments of climate change due to humans. Photo courtesy of Antony Clarke, University of Hawaii.
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Needed Improvements and Products for Multidecadal Records
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Focused Process Studies

Current Status of Process Studies 

Needed Improvements and Products for Process Studies 
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Innovation and Discovery

Current Status of Opportunities for Innovation and Discovery 

Needed Improvements and Products for Innovation and Discovery 

Requirements for Developing Climate Data from Satellite Observations

Involvement of the Climate Science Community 
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Accuracy and Time-Space Scales 

Validation of Satellite-Derived Climate Data Products

Use of Climate Records in Climate Model Development 

Large-Volume, Accessible Archives of Long-Term Climate Observations
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HIGH-PRIORITY SATELLITE MISSIONS

Addressing Identified Gaps and Priorities in Climate Change and Variability
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Climate Mission 1: Clouds, Aerosols, and Ice Mission (with Proposed Carbon Cycle Augmentation) 

Mission Summary—Clouds, Aerosols, Ice, and Carbon

Variables: Aerosol properties, cloud properties, ice-sheet volume, sea-ice thickness, ocean carbon, land carbon
Sensors: Scanning dual-wavelength lidar, multiangle visible/near-IR polarized spectrometer, hyperspectral imager, radar
Orbit/coverage: LEO/global
Panel synergies: Health, Ecosystems, Water, Weather

TABLE 9.1 Climate Change and Variability Panel Priorities and Related Space-based Missions

Summary of 
Mission Focus Variables Sensor Types Coverage

Spatial 
Resolution Frequency

Synergies 
with other 
Panels

Related 
Planned or 
Integrated 
Missions 

Cloud, 
aerosols, 
ice, carbon 
(Mission 1)

Aerosol properties, 
cloud properties, 
ice sheet volume, 
sea ice thickness, 
ocean carbon, land 
carbon

Scanning dual-
wavelength 
lidar, multiangle 
visible/near-IR 
polarized 
spectrometer, 
hyperspectral 
imager, radar

Global 30-50 m 
(hyperspectral), 
1 km 
(polarimeter)

Days Health
Ecosystems
Water
Weather

ACE
ICESat-II

Radiance 
calibration 
(Mission 2)

Radiation 
budget; radiance 
calibration 
for long-term 
atmospheric and 
surface properties; 
temperature, 
pressure, and water 
vapor; estimates of 
climate sensitivity

Shortwave 
spectrometer, 
thermal IR 
spectrometer, 
filtered 
broadband 
active-cavity 
radiometer, 
GPS, scanning 
radiometer, SIM

Global — — Weather CLARREO
GPSRO

NPP/
NPOESS
(ERB sensor)

Ice dynamics 
(Mission 3)

Ice sheet surface 
velocities, estimate 
of ice sheet 
sensitivity

InSAR Global Meters — Solid Earth
Water

ACE
DESDynI

NPOESS
(CMIS)

Ocean 
circulation, 
heat storage, 
climate 
forcing  
(Mission 4)

Surface ocean 
circulation, bottom 
topography, 
ocean-atmosphere 
interaction, sea 
level

Swath radar 
altimeter, 
scatterometer

Global (or 
near-
global)

Twice a day Solid Earth
Water 
Weather

SWOT
GRACE-II
XOVWM
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Aerosol-Cloud Forcing 
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Ice Sheet and Sea Ice Volume 
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Orbit and Timing Issues 

Proposed Augmentation—Carbon Sources and Sinks 

FIGURE 9.3 First observations obtained with the CALIPSO lidar launched on April 28, 2006. The attenuated backscatter 
returns show, in addition to the deep convective clouds at middle to high latitudes and the tropics, a stratospheric aerosol 
plume at 20 km over the tropics from the eruption of Soufriere 2 weeks before the observations and polar stratospheric 
clouds, also at 20 km over Antarctica.  The lidar observations in conjunction with other A-train data promise many new 
insights into clouds, aerosols, and cloud-aerosol interactions. SOURCE: Courtesy of D.M. Winker and the CALIPSO Science 
Team, NASA Langley Research Center.
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FIGURE 9.4  Elevation change (dH/dt) of the Greenland ice sheet between fall 2003 and late spring 2006 from ICESat data.  
ICESat’s laser altimeter measures elevations over the entire ice sheet for the first time, including the steeper margins where 
mass losses are largest.  The large areas of thinning (dark blue) on the upper left (west) and lower right (east and south-
east) are where recent GRACE analysis (Luthcke et al., 2006) showed significantly increased mass loss compared with the 
period 1992-2002 (Zwally et al., 2005) and where outlet glaciers have accelerated (Rignot and Kanagaratnam, 2006) and 
icequakes have increased (Ekstrom et al., 2006).  Significant inland growth, especially in the southwest, is due at least in part 
to increasing precipitation.  The high-resolution laser mapping detects alternate areas of thickening and thinning around 
the ice-sheet margin, and changes inland, providing details of the competing processes that affects the mass balance as 
climate changes.  Results are from repeat-track analysis (eight sets of 33-day tracks), which is enabled by ICESat’s precision 
off-nadir pointing to reference tracks to ±100 m.  SOURCE:  Courtesy of Jay Zwally, NASA ICEsat project scientist.
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Summary—Climate Mission 1
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BOX 9.1 CLIMATE MISSION 1 COMPONENTS

TABLE 9.1.1 Science and Application Capabilities

Key Science Question Measurement Instruments

How do aerosols change cloud formation, 
brightness, and precipitation?

Aerosol properties and height, cloud 
properties and height, cloud droplet 
distribution

Multibeam altimetric lidar (aerosol height), 
spectropolarimeter, cloud radar

How is ice sheet volume changing? Altitude of ice sheets Multibeam altimetric lidar for ice sheet 
altimetry

How is sea ice thickness changing? Ice freeboard Multibeam altimetric lidar for ice freeboard

What are the reservoirs of carbon on land? Vegetation biomass and type Multibeam altimetric lidar for vegetation 
biomass, hyperspectral imager

What are the reservoirs of carbon in the 
ocean?

Ocean color and colored dissolved organic 
matter

Spectropolarimeter, hyperspectral imager, 
multibeam lidar (for aerosol correction)

TABLE 9.1.2 Instruments and Science Objectives

Instrument 
Aerosol  
Properties

Cloud  
Properties

Ice Sheet 
Volume

Sea Ice 
Thickness

Ocean 
Carbon

Land  
Carbon

Scanning dual-wavelength 
altimetric lidar

Primary Primary Primary Primary Secondary Primary

Multiangle visible-near IR-
polarized spectrometer 

Primary Primary NA NA Primary Secondary

Hyperspectral imager Secondary Secondary NA NA Primary Primary

Cloud radar NA Primary NA NA NA NA

TABLE 9.1.3 Instrument Requirements

Instrument Requirements Comments

Scanning lidar Scanning Cross-track multiple beams to increase coverage 
of aerosols and canopy

Dual wavelength 512 nm for clouds and aerosols

Precision altimetry of about 1 cm Nadir beam 

Multiangle wide-swath spectrometer-
polarimeter (may be more than one 
instrument)

Nadir and off-nadir measurements 
at selected wavelengths, wide-swath 
coverage

Polarization accuracy equivalent to APS, usual 
aerosol wavelengths extending to UV, some 
special wavelengths for ocean color and 
dissolved organic matter, some wavelengths 
with 1-nm resolution for retrieval of ozone, NO2, 
and HCHO for air quality

Pointable hyperspectral imager 0.31-2.4 µm
10-nm resolution
60-km swath—30- to 50-m resolution; a 
few bands in the 10-to 12-µm region

Retrieves plant functional types, ocean color; 
small swath requires pointing; high-spatial-
resolution retrievals of cloud and aerosol 
properties

Cloud radar 94-GHz radar with pointing Pointing capability allows targeting of cloud 
systems for increased coverage
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Climate Mission 2: Radiance Calibration, Time-Reference Observatory, and Continuation of  
Earth Radiation-Budget Measurements

Mission Summary� Radiance Calibration

Variables: Radiation budget; radiance calibration for long-term atmospheric and surface properties; temperature, pressure, and 
water vapor; estimates of climate sensitivity

Sensors: Shortwave spectrometer, thermal-IR spectrometer, filtered broadband active cavity radiometer, GPS, scanning 
radiometer, SIM

Orbit/coverage: LEO/global
Panel synergy: Weather
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Portrait view

FIGURE 9.5 Five-year record of monthly mean anomalies in reflected sunlight (Wm−2) derived from the CERES broadband 
radiometers and cloud cover derived from the MODIS 1-km imager.  Cloud cover and reflected sunlight are highly correlated, 
and variations in both, when averaged over Earth and for monthly means, are remarkably small, about 0.5 percent for both 
quantities.  The results illustrate the high stability achieved with the NASA Earth-Observing System sensors.  SOURCE: Loeb 
et al. (2007). Reproduced by permission of the American Geophysical Union.

Radiance Calibration and Time-Reference Observatory 
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9.6

FIGURE 9.6 ERBE and CERES observations of the net radiation budget track observations of the net heat storage of the 
global oceans. Long-term observations of the net radiation budget and heat storage of the oceans together will challenge 
the ability of climate-model simulations to predict major climate feedbacks, such as water-vapor and cloud feedbacks, and 
the climate response. SOURCE: Wong et al. (2006). Copyright 2005 by the American Meteorological Society.
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Earth Radiation Budget (ERB) Continuity 
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Summary—Climate Mission 2
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BOX 9.2 CLIMATE MISSION 2 COMPONENTS

TABLE 9.2.1 Science and Application Capabilities: RCTRO

Key Science Question Measurement Instruments

How are accurate long-term records of 
atmospheric and surface properties to be 
developed? 

Calibrated radiances and overlapping 
measurements of broadband and 
narrowband radiances from multiple 
sensors

Short-wave spectrometer, thermal infrared 
spectrometer, broadband active-cavity 
radiometer, filtered broadband active-cavity 
radiometer, GPS receiver

How are atmospheric temperatures, 
pressure, geopotential height fields, and 
water vapor changing?

Radio occultations GPS

TABLE 9.2.2 Instruments and Science Objectives: RCTRO

Instrument 

Radiation Budget and Radiance 
Calibration for Long-Term  
Atmospheric and Surface Properties

Temperature, Pressure, and 
Water Vapor

Estimates of  
Climate Sensitivity

Shortwave spectrometer Primary NA Primary

Thermal infrared spectrometer Primary Primary Primary

Broadband active-cavity radiometer Primary NA Primary

Filtered broadband active-cavity 
radiometer

Primary NA Primary

GPS NA Primary Primary

GPS radio occultation on future NASA 
LEO missions and on NPOESS

NA Primary Primary

TABLE 9.2.3 Instrument Requirements: RCTRO

Instrument Requirements Comments

Orbit Three satellites: two in precessing orbits separated by 6 hours of crossing 
time, and one ready to launch

Shortwave spectrometer 0.2-3 µm with a nadir field of view of about 100 km, steerable to achieve 
various view angles

Thermal infrared 
spectrometer

3-100 µm with a nadir field of view of about 100 km, steerable to achieve 
various view angles

Broadband active-cavity 
radiometer

0.2-100 µm with a nadir field of view of about 500 km, steerable to achieve 
various view angles

Filtered broadband active-
cavity radiometer

0.2-3 µm broadband shortwave radiances with a nadir field of view of 
about 500 km, steerable to achieve various view angles

GPS receiver High-precision, high-stability oscillator

GPS satellites With high-accuracy ultrastable oscillator; radio occultation receivers that 
can receive GPS, GLONASS, and Galileo radio signals
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TABLE 9.2.4 Science and Application Capabilities: ERBS Continuation

Key Science Question Measurement Instruments

How are Earth’s radiation budget and cloud 
radiative forcing changing? 

Radiances CERES flight Model-5 scanning radiometer and 
ERBS follow-ons

SIM, TSIS follow-ons

How can estimates of global-scale climate 
sensitivity be improved? 

Overlapping measurements of 
broadband radiances from multiple 
sensors

CERES flight Model-5 scanning radiometer and 
ERBS follow-on

SIM, TSIS follow-ons

TABLE 9.2.5 Instruments and Science Objectives: ERBS Continuation

Instrument Radiation Budget Estimates of Climate Sensitivity

Scanning radiometer Primary Primary

SIM Primary Primary

TABLE 9.2.6 Instrument Requirements: ERBS Continuation

Instrument Requirements Comments

Orbit Fly on NPP, 1:30 orbit
Requires VIIRS for scene identification
ERBS follow-ons on NPOESS C-1 and C-3

Scanning radiometers Modified CERES Flight 
Model-5

Change mirror attenuator to improve on-orbit solar calibrations
Replace CERES narrow 8- to 12-µm window filter (one of three CERES channels) 
with the ERBE long-wave filter

Spectral irradiance 
monitor

Fly on NPP or Glory
Requires solar pointing platform
TSIS follow-ons on NPOESS C-1 and C-3
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Climate Mission 3: Ice Dynamics 

Mission Summary—Ice Dynamics

Variables: Ice-sheet surface velocities, estimate of ice-sheet sensitivity
Sensor: InSAR
Orbit/coverage: LEO/global
Panel synergies: Solid Earth, Water
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FIGURE 9.7 Deviations in monthly sea ice extent in the Northern and Southern Hemispheres from November 1978 through 
December 2004, derived from satellite passive-microwave observations. The Arctic sea-ice decreases are statistically signifi-
cant, with a trend-line slope of −38,200 2,000 km2/yr, and have contributed to much concern about the warming Arctic 
climate and the potential effects on the Arctic ecosystem. The Antarctic sea-ice increases are also statistically significant, 
although at a much lower rate of +13,600 2,900 km2/yr. The Northern Hemisphere plot is extended from Parkinson et al. 
(1999), and the Southern Hemisphere plot is extended from Zwally et al. (2002).
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BOX 9.3 CLIMATE MISSION 3 COMPONENTS

TABLE 9.3.1 Science and Application Capabilities

Science Goal Measurement Instruments

What is the response of the ice sheets 
to climate change? How can the 
incorporation of ice sheets into climate 
models be improved?

Fine-resolution measurement of surface 
motion of ice and ice elevation

InSAR, Climate Mission 1 
(altimetric lidar), GRACE follow-on

How can the contribution of ice sheets 
to sea-level change be estimated 
better?

Fine-resolution measurement of surface 
motion, repeat measurements of 
topography, changes in gravitational field

InSAR, Climate Mission 1, GRACE

What is the interaction between sea ice, 
climate, and biological processes?

Sea ice distribution and extent, snow 
cover on sea ice, sea ice motion, sea ice 
freeboard, SST, ocean color

SAR, Climate Mission 1 (altimetric 
lidar), EOS AMSR-E, SSM/I, MODIS, 
NPOESS

What are the short-term interactions 
between the changing polar 
atmosphere and changes in sea ice, 
snow extent, and surface melting? 

Sea ice distribution and extent, snow 
cover and melt onset, sea-ice motion

SAR, Climate Mission 1 (altimetric 
lidar), EOS AMSR-E, SSM/I, MODIS, 
NPOESS

TABLE 9.3.2 Instruments and Science Objectives 

Instrument Ice Sheet Surface Velocities Estimates of Ice Sheet Sensitivity

InSAR Primary Primary

TABLE 9.3.3 Instrument Requirements

Instrument Requirements Comments

InSAR Left/right looking 
(three-dimensional)

Three-dimensional vector displacements achieved by having at least three 
views of a given scene, which requires that InSAR be able to look both to left 
and to right on both ascending and descending orbits (actually gives four 
views, so there is some redundancy)

Polar orbit Orbit maintenance and satellite navigation sufficient for SAR interferometry, 
orbit repeat short enough to achieve coherence between repeat-pass 
observations but long enough to ensure total geographic coverage

C-band Demonstrated coherence over ice
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Climate Mission 4: Measuring Ocean Circulation, Ocean Heat Storage, and Ocean Climate Forcing

Mission Summary� Ocean Circulation, Heat Storage, and Climate Forcing

Variables: Surface-ocean circulation, bottom topography, ocean-atmosphere interaction, sea level
Sensors: Swath radar altimeter, scatterometer
Orbit/coverage: LEO/global
Panel synergies: Solid Earth, Water, Weather
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As a gif it is no longer animated and it shows only one image, 
the one without the dots. So, as an interim measure we have 
scanned the hard copy provided, reduded it in size and placed it here.

FIGURE 9.8 Use of altimetric sea-surface height, calibrated to upper-ocean heat content or “hurricane potential,” would have 
provided 17 percent improvement in the 96-hour forecast of Hurricane Ivan’s intensity. The map and plot show the tropi-
cal cyclone heat-potential field (TCHP; upper-ocean heat content from the sea surface to the depth of the 26°C isotherm) 
estimated by using altimeter-derived sea-height anomalies, sea-surface temperature, and climatology of the temperature 
and salinity fields within a two-layer reduced gravity approximation. SOURCE: Courtesy of G. Goni and M. DeMaria, NOAA.
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High-Priority Subjects Requiring Innovative Approaches

Focus Area Alpha: Measurement of Surface Fluxes
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BOX 9.4 CLIMATE MISSION 4 COMPONENTS

TABLE 9.4.1 Science and Applications Capabilities 

Key Science Question Measurement Instruments

How is ocean-surface topography 
changing?

Sea-surface height Swath radar altimeter

What is the role of ocean eddies in 
upper-ocean processes?

Sea-surface height, ocean vector 
winds

Swath radar altimeter, scatterometer

How can knowledge of the mesoscale 
ocean circulation and ocean-bottom 
topography be used to improve 
ocean-circulation models and 
understanding of ocean-atmosphere 
interaction?

Sea-surface height, ocean vector 
winds

Swath radar altimeter, scatterometer, GRACE-type 
follow-on

How is sea level changing? Sea-surface height, upper-ocean 
temperatures

Swath radar altimeter, GRACE-type follow-on

TABLE 9.4.2 Instruments and Science Objectives

Instrument 
Surface Ocean  
Circulation

Bottom  
Topography

Ocean-Atmosphere 
Interaction Sea Level

Swath radar altimeter Primary Primary Primary Secondary
Scatterometer Primary NA Primary Secondary

TABLE 9.4.3 Instrument Requirements

Instrument Requirements Comments

Swath radar altimeter Orbit Assess requirements for a non-Sun-synchronous orbit and to evaluate tidal aliasing 
to best meet the needs of oceanographic, geophysical, and hydrologic users

Coverage Global (or near global) with minimal or no spatial gaps

Scatterometer Orbit Coincident with altimeter

Coverage Twice a day
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Focus Area Beta: Measurement of Convective Transports

Trace Gases and Aerosols

Stratosphere-Troposphere Exchange
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OTHER SPECIAL ISSUES

Interagency Issues
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International Partnerships

Improving Climate Modeling Through the Application of New Satellite Measurements

Workforce
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TABLE 9.A.1 Climate Change and Variability Panel’s Summary of Status of Major Climate Variables and 
Forcing Factors

Measurement 
(GCOS)a Strategy Current Status

Follow-on
(2010-2020)

RFI 
Responseb

Total solar 
irradiance (1.2)

Direct measurement SORCE launched 2003; Glory (TIM only) 
2008 

NPOESS 
TSIS-GFE

25, 30, 47, 
52 

Earth radiation 
budget

Multispectral imager combined with 
broadband radiometers
Scene identification, top of the 
atmosphere fluxes.

MODIS/CERES on Terra (2000), Aqua 
(2002)

VIIRS/ERBS 
on NPOESS, 
C1 (2013)

9, 17, 18, 
25, 30, 52, 
59, 76

Mission 2

Surface radiation 
budget

Multispectral imager combined with 
broadband radiometers
Scene identification, top of atmosphere 
fluxes, radiative transfer modeling

MODIS/CERES on Terra (2000), Aqua 
(2002)

VIIRS/ERBS 
on NPOESS, 
C1 (2013)

Mission 2

Surface-based radiometers
ARM, BSRN, CMDL, SURFRAD sites, 
sparsely located

Tropospheric 
aerosols (1.3): 
geographic 
and vertical 
distribution of 
aerosols, optical 
depth, size, shape, 
single-scattering 
albedo 

Multispectral imagers
Provide optical depth, some inference 
of size over oceans and dark surfaces

AVHRR since 1981 (NOAA 7), currently on 
NOAA 16, 17, 18 
VIRS on TRMM (1997)
MODIS, MISR on Terra (2000)
MODIS on Aqua (2002)

VIIRS follow-
on to MODIS 
on NPP, 
NPOESS

3, 7, 25, 30, 
35, 45, 52, 
61, 77

UV radiometer-imager
Provide optical depth, some inference 
of absorption for elevated aerosol 
layers

OMI on AURA (2004)
OMPS on NPP (2008)

OMPS on 
NPOESS

Mission 1

Polarimeters
Provide optical depth, size, shape, 
single-scattering albedo

POLDER on PARASOL (2005)
APS on Glory (2008) limited to 
subsatellite ground track 

APS on 
NPOESS

Mission 1

Lidar
Provide vertical profile of aerosol 
concentration, some inference of size 
and shape

CALIPSO (2006) Mission 1

Surface multispectral radiometers AERONET, ARM VIIRS on 
NPOESS

Mission 1

Surface and Earth broadband flux 
measurements

CERES on Terra (2000), Aqua (2004) 
combined with BSRN, ARM, SURFRAD 
sites

ERBS on 
NPOESS 

Mission 2

ATTACHMENT
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Measurement 
(GCOS)a Strategy Current Status

Follow-on
(2010-2020)

RFI 
Responseb

Stratospheric 
aerosol properties, 
optical depth, size, 
shape, single-
scattering albedo 
(1.3)

Limb and solar occultation 
measurements
Profile of aerosol extinction

HIRDLS on Aura, infrared radiometer
SAGE II on ERBS (1984-2006)
SAGE III on Meteor (2002-2006)
SciSat (Canadian-U.S.)

None 63

Limb-scattered light
Profile of aerosol optical depth

OMPS on 
NPP (2009), 
NPOESS

Lidar
Vertical profile of aerosol 
concentration, some inference of size 
and shape

CALIPSO (2006) Mission 1 3, 57, 110, 
111

Cloud properties 
(1.2): geographic 
and vertical 
distribution, 
water-droplet 
effective radius, 
ice-cloud crystal 
habitat and size, 
mixed-phase 
cloud water/
ice ratio and 
hydrometeor size 
and visible optical 
depth, cloud liquid 
and ice water 
amounts 

Multispectral imagers
Properties of single effective cloud 
layer

AVHRR since 1981 (NOAA 7), currently 
on NOAA 16, 17, 18, inferences of 
hydrometeor size, but not phase
VIRS on TRMM
MODIS on Aqua and Terra provide 
inference of hydrometeor phase

VIIRS on 
NPP, NPOESS 
provides 
inference of 
hydrometeor 
phase

2, 66, 110, 
111

Multiple-view radiometers, polarimeters MISR on Terra, cloud altitude from stereo 
imaging
POLDER on PARASOL, hydrometeor size 
and phase from polarimetry
APS on Glory (2008), phase from 
polarimetry

APS on 
NPOESS, 
hydrometeor 
phase from 
polarimetry

15-µm sounders, imagers
Cloud-layer pressure for effective 
single-layered cloud system, even for 
optically thin cirrus

HIRS on NOAA 16, 17, 18
MODIS on Terra, Aqua
AIRS on Aqua (2002)
CrIS on NPP (2008) 

CrIS on 
NPOESS 

Microwave imagers
Microwave inference of cloud liquid 
water over oceans

SSM/I on DMSP
TMI on TRMM
AMSR-E on Aqua

CMIS on 
NPOESS 

Lidar
Upper boundary, extinction for 
optically thin clouds with polarization, 
particle phase

CALIPSO (2006) Mission 1

Cloud radar
Cloud boundaries, vertical distribution 
of liquid water, rates of drizzle when 
precipitation is light

CloudSat (2006) Mission 1

Ozone: 
stratosphere, 
troposphere (1.3)

UV radiometer-imager
Provides tropospheric column ozone, 
coarse vertical-resolution profiles of 
stratospheric ozone

OMI on Aura (2004) OMPS Nadir 
on NPP 
(2009), OMPS 
Nadir on 
NPOESS 

UV limb scanner
Provides vertical profile of 
stratospheric concentration

OMPS on NPP OMPS 
Limb on 
NPP (2009), 
NPOESS

TABLE 9.A.1 Continued
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Measurement 
(GCOS)a Strategy Current Status

Follow-on
(2010-2020)

RFI 
Responseb

Trace gases 
controlling ozone 
(HCl, N2O, CH4, 
H2O, HNO3)

Infrared sounders
Provides vertical profiles of 
tropospheric, stratospheric ozone

HIRDLS on Aura
TES on Aura also provides limb viewing 
(not being used after 2005)
AIRS on Aqua (2002)

None 61

Microwave limb sounding
Provides vertical profile of 
stratospheric ozone

MLS on Aura None 61

CO2 (1.3) Near-IR spectrometer
High-precision column concentrations 
of CO2

OCO (2008); goal is to achieve accuracies 
sufficient to allow determinations of 
sources and sinks.
Surface-based networks (WMO GAW, 
NOAA, AGAGE)

None 3, 20

Infrared sounders AIRS on Aqua (2002) None 8

CH4 (1.3) Infrared spectrometer
High-precision column concentrations 
of CH4

TES on Aura 
Surface-based networks (WMO GAW, 
NOAA, AGAGE)

None 95

Infrared sounders AIRS on Aqua (2002) None 8

Land-surface 
cover and surface 
albedo (3) (snow 
cover, glaciers, ice 
caps covered later)

Multispectral imagery
Vegetation index, inference of surface 
albedo

AVHRR on NOAA 16, 17, 18: inferences 
of atmospherically corrected spectral 
albedos
MODIS on Terra (2000), Aqua (2002)
Landsat series

VIIRS on 
NPP (2009), 
NPOESS 

38

Hyperspectral imagery
Vegetation types, land cover

Hyperion (EO-1) Mission 1

Temperature (1.2): 
vertical profiles

Infrared, microwave sounders
Vertical profiles of layer temperatures

HIRS/MSU since 1979 currently on NOAA 
16, 17, 18
SSM/I on DMSP (1995, 1997, 1999) 
AIRS/AMSU on Aqua (2002)

CrIS, ATMS 
on NPP 
(2009), 
NPOESS

5, 8, 10, 41, 
43, 48, 92

GPS radio occultation
Vertical profiles with resolution of 
about 0.5-1 km near surface

GPS on CHAMP (2000), COSMIC (2007) Mission 2

Surface network
Radiosonde temperature profiles, WMO 
sonde network (1959)

TABLE 9.A.1 Continued
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Measurement 
(GCOS)a Strategy Current Status

Follow-on
(2010-2020)

RFI 
Responseb

Water vapor (1.2): 
column amounts, 
vertical profiles

Microwave imaging
Column water-vapor amounts over 
oceans

SSM/I on DMSP polar satellites (1995, 
1997, 1999)

ATMS on NPP 
(2009), CMIS 
on NPOESS 

Multispectral imagery
Column amounts from near-IR water-
vapor channels 

MODIS on Terra (2000), Aqua (2002) None

Infrared sounders
Water-vapor layer amounts at 
relatively coarse vertical resolution in 
troposphere

HIRS data from 1979 (TIROS-N), currently 
on NOAA 16, 17, 18

CrIS on 
NPP (2009), 
NPOESS

3, 5, 8, 9, 
10, 92, 99

High-spectral-resolution infrared 
radiometers
Water-vapor layer amounts at finer 
vertical resolution in troposphere

AIRS on Aqua (2002)
TES on Aura (2004)

CrIS on 
NPP (2009), 
NPOESS

Infrared, microwave limb-scanning 
radiometers
Water-vapor layer amounts in upper 
troposphere, stratosphere

TES, MLS on Aura (2004) None

GPS-radio occultation
Profiles of temperature, water vapor 
with up to about 0.5-km vertical 
resolution near surface

CHAMP (2000), COSMIC (2006) Mission 2

Surface network
Radiosonde water-vapor profiles, WMO 
sonde network (1959)

Fire disturbance 
(3)

Near-IR thermal imagery
High-spatial-resolution detection of 
fire hotspots

AVHRR data from 1981 (NOAA 7), 
currently on NOAA 16, 17, 18
MODIS on Terra (2000), Aqua (2002)

VIIRS on 
NPP (2009), 
NPOESS 

Land biomass, 
fraction of 
photosynthetically 
active radiation 
(FAPAR) (3)

Multispectral imagery
Index of vegetation, inference of FAPAR

AVHRR data from 1979 (NOAA 6), 
currently on NOAA 16, 17, 18
MODIS on Terra (2000), Aqua (2002), 
SeaWiFS 

VIIRS on 
NPP (2009), 
NPOESS 

Mission 1

Radar
Land cover from C-band radar 
backscatter

RADARSAT 1 (1995), RADARSAT 2 (2007), 
data commercially available

None

Glaciers, sea ice, 
ice caps (3)

Multispectral imagery
Area coverage

AVHRR data from 1979 (TIROS-N), 
currently on NOAA 16, 17, 18
MODIS on Terra (2000), Aqua (2002) 

VIIRS on 
NPP (2009), 
NPOESS 

44, 87, 111

Microwave imagers
Area coverage

SSM/I on DMSP (1995, 1997, 1999)
AMSR-E on Aqua, TMI on TRMM (1997)

CMIS on 
NPOESS 

Radars
Ice area and flow, sea-ice thickness 
from topography

RADARSAT 1 (1995), RADARSAT 2 (2007), 
data commercially available

Mission 3

Lidar
Ice elevation

GLAS on ICESat (2003) Mission 1

Gravity satellite
Ice mass when combined with 
measure of topography

GRACE (2002) GRACE 
follow-on 

TABLE 9.A.1 Continued
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Measurement 
(GCOS)a Strategy Current Status

Follow-on
(2010-2020)

RFI 
Responseb

Permafrost, 
seasonally frozen 
ground (3)

Snow cover 
(and snow water 
equivalent) (3)

Radars combined with microwave 
radiometers
Combination of area, roughness, 
topography to provide snow-water 
equivalent

RADARSAT 1 (1995), RADARSAT 2 (2007), 
data commercially available

No planned 
follow-on

10, 14, 19, 
56

Groundwater (3) Microwave imagers
Soil moisture except for areas covered 
by ice-snow and heavily forested areas

SSM/I on DMSP (1995, 1997, 1999) AMSR-
E on Aqua (2002) 

CMIS on 
NPOESS 

19, 96

Gravity satellite
Large-scale groundwater (requires in 
situ auxiliary observations)

GRACE (2003) GRACE 
follow-on

Lake levels (3) High-resolution multispectral imagery
Lake areas

Landsat 7 (1999) LDCM

Radars
Lake area 

RADARSAT 1 (1995), RADARSAT 2 (2007), 
data commercially available

No planned 
follow-on

Lidar
Water-surface elevation

GLAS on ICESat (2003) Mission 1 

River discharge (3) High-resolution imagery
Lake, river areas

Landsat 7 (1999) LDCM

Lidar altimeter
River levels

ICESat (2002) Mission 1

Radar
Lake, river areas

RADARSAT 1 (1995), RADARSAT 2 (2007), 
data commercially available

No planned 
follow-on

Leaf-area index 
(LAI) (3)

Multispectral imagers
Vegetation index

AVHRR, data since 1981 (NOAA 6), 
currently on NOAA 16, 17, 18
MODIS on Terra (2000), Aqua (2002)
MISR on Terra (2000)
SeaWiFS (1997)
VIIRS on NPP (2008) 

VIIRS on 
NPOESS

High-spatial-resolution multispectral 
imagers
Vegetation index at higher spatial 
resolution

Landsat 7 (1999)
ASTER on Terra (2000)
EO-1 

LDCM

Mission 1

Sea level Altimeter
Ocean sea-level height

Jason 1 (2001)
GFO

ALT on 
NPOESS

56 

Mission 4

GRACE 
follow-on

SAR radars
Area of coastal zones

RADARSAT 1 (1995), RADARSAT 2 (2007), 
data commercially available

None

TABLE 9.A.1 Continued
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Measurement 
(GCOS)a Strategy Current Status

Follow-on
(2010-2020)

RFI 
Responseb

Sea state (2.1), 
surface wind (1.1)

Microwave imagers
Surface windspeed

SSM/I on DMSP (1995, 1997, 1999)
AMSR-E on Aqua (2002)

CMIS on 
NPOESS 

56, 98

Scatterometer
Surface wind vector

QuikSCAT (1999)
ASCAT on MetOp)

ASCAT 
(MetOp)

Mission 4

Ocean color (2.1) Multispectral imagers with UV-blue 
capabilities
Surface-leaving radiances

SeaWiFS (1997)
MODIS on Terra (2000), Aqua (2002)

VIIRS on NPP 
(2009), and 
NPOESS

21, 86

Ocean surface 
(2.1) and 
sub-surface 
temperature (2.2)

Multispectral imagery
Sea-surface temperature

AVHRR, data since 1981 (NOAA 7), 
currently on NOAA 16, 17, 18
VIRS on TRMM (1997)
MODIS on Terra (2000), Aqua (2002)

VIIRS on NPP 
(2009), and 
NPOESS

Infrared-microwave sounders
Sea-surface temperature

AVHRR on NOAA 16, 17, 18
AIRS, AMSR-E on Aqua (2002)
MODIS on Aqua (2002), Terra (1999)
MODIS

CrIS/ATMS 
on NPP 
(2009), CMIS 
on NPOESS

Expendable profiling floats
Profiles of temperature, temperature at 
depth of neutral buoyancy, surface

ARGO floats

Ocean surface 
(2.1), subsurface 
salinity (2.2)

Microwave radiometer and 
scatterometer
Surface salinity, ocean roughness

AQUARIUS 
(2010)

Expendable profiling floats
Profiles of salinity, salinity at depth of 
neutral buoyancy

ARGO floats

Ocean surface 
(2.1), subsurface 
currents (2.2)

Altimeter
Ocean-surface height from which 
currents derived

Jason 1 (2001) ALT on 
NPOESS 

Mission 4

Gravity satellite
Subsurface or barotropic mass shifts 
(computed in conjunction with surface 
altimeter measurements)

GRACE (2002) GRACE 
follow-on

Expendable profiling floats
Position drift at depth of neutral 
buoyancy (and surface with some 
caveats)

ARGO floats

Subsurface 
phytoplankton 
(2.2)

Precipitation (1.1) Microwave imagers
Rainfall rate over oceans

SSM/I on DMSP (1995, 1997, 1999) 
TMI on TRMM (1997)
AMSR-E on Aqua (2002)

CMIS on 
NPOESS, 
GPM (2012)

Precipitation radar
Vertical structure of rain rates 

TRMM (1997) GPM (2012) 

Cloud radar
Rate for light drizzle

CloudSat (2006) Mission 1

 aNumbers in parentheses refer to the essential climate variables listed in Appendix 1 of CGOS (2003).
 bAn indexed list of RFI responses is given in Appendix E.
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Weather Science and Applications

OVERVIEW
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FIGURE 10.1 Hurricane season in the United States, 2005. SOURCE: Courtesy of the Cooperative Institute for Meteorological 
Satellite Studies.
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SATELLITE-SYSTEM STATUS AND STRATEGY FOR 2015-2025
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BOX 10.1 HURRICANE PREDICTION

Weather prediction has advanced greatly during the last few decades. Improvements in global observing 
systems, advances in data assimilation and numerical modeling, and higher efficiency and capacity of comput-
ing resources have all contributed to higher reliability of and increased public confidence in weather forecasts. 
However, weather analysis and forecasting have not matured to the point where important gains are no lon-
ger achievable. Although the 2005 Atlantic hurricane season included some remarkably good forecasts (e.g., 
Katrina, 3 days before landfall near New Orleans), it also included examples of highly uncertain predictions that 
resulted in considerable social and economic distress for regions of the southern U.S. coast. For example, the 
forecast that Hurricane Rita would make landfall near the Galveston-Houston area prompted major evacua-
tions of those communities; the storm actually made landfall to the north of that region with little damage or 
impact in the two evacuated cities. 

Hurricane Wilma (Figure 10.1.1) is another striking example of hurricane-forecast uncertainty during the 
2005 season. The major numerical models from October 21 agreed on Wilma’s forecast track direction and on 
a landfall on the south Florida coast, but there were major differences in timing (along-track error). That type of 
uncertainty is not always solved by consensus or ensemble approaches and leads to low forecaster confidence. 
The forecasts of Wilma’s eventual impact on south Florida that were provided to the public and emergency 
managers in charge of evacuation were highly uncertain and led to mass evacuations many days in advance 
of what was ultimately necessary, with great economic loss. The primary cause of the numerical-model fore-
cast uncertainty was the timing of the interaction of an approaching midlatitude trough with Wilma’s steering 
flow. The amplitude and speed of the upper-level trough as it left the southwest United States (a radiosonde 
data-rich region) and entered the Gulf of Mexico (lacking in radiosondes) were uncertain. Special dropsondes 
released from the NOAA Gulfstream IV aircraft supplied limited observational sampling of the region, but in 
analysis-sensitive regions like this one continuous assimilation of data is necessary to reduce initial analysis 
errors substantially and improve the numerical-model forecasts. 

Wilma Track Models
10/21/05 18z

Navy GFDL 
72 h

NCEP GFDL 
72 h

U.K. Met. Office 
72 h

GFS 
72 h

NOGAPS 
72 h

Verifying position 
10/24/05 18z

FIGURE 10.1.1  An example of along-track scatter 
of the numerical models for the Hurricane Wilma 
forecast highly relevant to the timing of the land-
fall in south Florida. 
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Current Satellite System and Near-Term Ramp into 2015-2025
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Baseline R&D and Observation Strategy for 2015-2025
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PRIORITY WEATHER OBSERVATIONS AND MISSIONS

Tropospheric-Weather Measurements
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BOX 10.2 BENEFITS, KEY SCIENCE THEMES, AND REQUIRED SATELLITE OBSERVATIONS FOR WEATHER

Societal Benefit
Enhanced forecasts for hurricane and cyclone tracks, severe winter weather, floods
Public-health risk alerts associated with pollutant outbreaks and heat waves
Improved evacuation guidance for extreme-weather-related hazards
Development of renewable energy sources, sites
Decision-support tools for management of natural resources, civil infrastructure (water, wildfire  

 abatement, communication systems)
New warnings of coastal environmental contamination, and hazard conditions (influx of Portuguese  

 man-of-war)

Science Themes
Amelioration of deficiencies in numerical model forecasts during severe weather events 
Improved understanding of causes of the high intensity and the track evolution of hurricanes
Development of new suites of targeted-use forecasts in air quality and space weather
Quantification of pollution emissions and determination of aerosol characteristics that affect human 

 health

Required Satellite Observations
Direct three-dimensional winds over the oceans, the tropics, and the Southern Hemisphere, where 

 radiosonde observations are scarce
Integrated sea-surface temperature and high-resolution profiles of temperature, humidity, precipitation  

 along coast and in all-weather conditions
Low-cost, operational profiles of temperature and moisture in the lower stratosphere and mesosphere
Pollution variables across large continental regions (aerosols, tropospheric gases) coordinated with 

  cloud and precipitation measurements

Tropospheric Winds

Mission Summary—Tropospheric Winds

Variables: Vertical profile of horizontal winds
Sensors: Wind lidar (preferred), scatterometer, Molniya imager
Orbit/coverage: LEO/global
Panel synergies: Climate, Health, Water
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Phased Implementation of a Doppler Wind Lidar System (2015-2025)
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BOX 10.3 HYBRID DOPPLER WIND LIDAR

The hybrid Doppler wind lidar (HDWL; Figure 10.3.1) is a combination of two separate Doppler wind lidar 
(DWL) systems operating in different wavelength ranges that have distinctly different but complementary 
measurement advantages and disadvantages. One DWL system would be based on a coherent DWL approach 
using a 2-µm laser transmitter and a coherent detection system. This type of system has been used extensively 
in ground-based Doppler lidars and more recently in a few airborne lidar systems. Because the operational 
wavelength of the system is in the near-infrared, the system has high sensitivity for making accurate wind 
measurements in the presence of aerosols, such as in the planetary boundary layer or in aerosol-rich layers 
in the free troposphere resulting from, for example, dust, burning-biomass plumes, or clouds. In contrast, this 
type of system has low sensitivity for making wind measurements in regions with low aerosol loading, which 
is frequently found in the free troposphere and above the tropopause. 

The second DWL component of the HDWL system is the noncoherent (direct) DWL, which operates at ultra-
violet wavelengths and uses the noncoherent (or direct) detection of the molecular Doppler shifts to enable 
wind measurements in the “clean” air regions but at a higher power cost. The technique has been demonstrated 
in a ground-based system, and an Instrument Incubator Program (IIP) project is under way to demonstrate it 
from an aircraft. The European Space Agency (ESA) has an aircraft demonstration of the technique in progress. 
ESA is developing the Atmospheric Dynamics Mission (ADM) Aeolus to demonstrate the capability to measure 
one horizontal component of the wind vector globally with a noncoherent DWL technique from space (Stoffelen 
et al., 2005). Aeolus may have the potential to make wind measurements from 0-20 km with vertical resolutions 
of 0.5 km (at an altitude of 0-2 km), 1 km (at 2-16 km), and 2 km (at 16-20 km) with accuracies of 2-3 m/sec over 
this altitude range and a horizontal resolution or integration of 50 km. 

Many developments are necessary to realize the full global two-dimensional horizontal wind measuring 
capability of an HDWL. The panel recommends that all aspects of the HDWL be examined with respect to 
technical readiness and that an aggressive development program be implemented to address the high-risk 
components of the instrument package. This program should complement and leverage, where possible, the 
work being performed by ESA. 

FIGURE 10.3.1 Artist’s sketch of a hybrid 
Doppler wind lidar. SOURCE: Courtesy of 
Michael Kavaya, NASA Langley Research 
Center.
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Other Near-Term Opportunities for Tropospheric Wind Measurement from Space

Scatterometer. 

Feature Track Winds. 

Molniya-Orbit Imager. 
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All-Weather Temperature and Humidity Profiles

Mission Summary—All-Weather Temperature and Humidity Profiles

Variables: Temperature, humidity profiles in clear and cloudy conditions, surface precipitation rate, sea-surface temperature
Sensors: Microwave array spectrometer, precipitation radar
Orbit/coverage: MEO or GEO/global or regional
Panel synergies: Climate, Health, Water
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Current Capabilities and Projected Needs for All-weather Observations

Temperature and Humidity Profiles with Surface Rain Rate
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Radio Occultation

Mission Summary—Radio Occultation

Variables: Temperature, water vapor profiles
Sensor: GPS
Orbit: LEO
Panel synergies: Climate, Health, Water
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Aerosol-Cloud Discovery Mission

Mission Summary—Aerosol-Cloud Discovery

Variables: Physical, chemical properties of aerosols; influence of aerosols on cloud formation, growth, reflectance; ice and water 
transitions in clouds

Sensors: Multiwavelength aerosol lidar, Doppler radar, spectral polarimeter, A-band radiometer, submillimeter instrument, IR 
array

Orbit/coverage: LEO/global
Panel synergies: Climate, Health
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Chemical-Weather Measurements

High-Temporal-Resolution Air Pollution

Mission Summary—Air Pollution

Variables: Tropospheric column ozone, SO2, NO2, formaldehyde, aerosols; CO with vertical sensitivity
Sensors: UV-VIS and SWIR-IR spectrometer imagers
Orbit: GEO
Panel synergies: Climate, Health
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BOX 10.4 SMOG

Major pollution episodes can result from a mixture of hydrocarbons and nitrogen oxides emitted from 
automobiles and industrial activities in many urban areas across the world. Conditions like that shown in Fig-
ure 10.4.1 are common in major metropolitan centers under slow-moving summertime high-pressure condi-
tions; however, predicting the level of pollution associated with ozone and particulates is extremely difficult. 
The impact on the suburbs and regions downwind of the urban centers is even more difficult to forecast. The 
problem is exacerbated by the lack of knowledge of the composition of the air upwind of the city. Long-range 
transport of ozone precursor gases from other regions or continents can change the initial conditions for pollu-
tion formation and make forecasting pollution still more difficult. Space-based measurements of ozone, ozone 
precursors, aerosols, and other pollutants with high spatial and temporal coverage over North America, with 
more general coverage globally, can revolutionize the ability to predict pollution episodes. Improved forecasts 
will provide the critical time needed to mitigate the effects of the pollution on human health and activities 
and other socioeconomic effects on animals, plants, property, and businesses.

FIGURE 10.4.1 An example of a pollution 
event observed in Los Angeles, Califor-
nia, on August 10, 2003. SOURCE: Photo 
courtesy PDPhoto.org.
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Comprehensive Tropospheric Aerosol Characterization Mission

Mission Summary—Tropospheric Aerosol Characterization

Variables: Aerosol extinction profiles, real refractive index, SSA; aerosol optical depth, size distribution, size-resolved real 
refractive index, nonspherical particle fraction in troposphere

Sensors: Multiwavelength lidar, along-track multiangle passive imager with cross-track swath
Orbit/coverage: LEO/global
Panel synergies: Climate, Health
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BOX 10.5 AIR POLLUTION

Air pollution associated with O3 is strongly affected by the amounts of photochemically active nitrogen 
species (NOx) that are present in the ambient air. Because the amount of NO2 can be used as an estimate of 
the amount of NOx and since most of the NO2 is released by cars and trucks in the boundary layer near the 
surface, a measurement of the NO2 column from space can be used to help to forecast air-pollution episodes. 
The major metropolitan regions in the Northeast and California are easily detected by their high levels of NO2, 
as are the major cities in other regions across the United States (Figure 10.5.1). Similar composite maps of O3, 
CO, and aerosols can be created from space-based, low-Earth-orbit instruments. Because air pollution is highly 
variable in space and time, measurements of O3, NO2, CO, and aerosols are needed with high spatial and tem-
poral resolution, and this can be done most effectively from geostationary Earth orbit. The measurements will 
revolutionize air-quality forecasting in a manner similar to weather satellites’ effects in revolutionizing weather 
forecasting. In addition, intercontinental transport of air pollution is a serious global issue, and so measurements 
of air pollutants and precursors with increased vertical resolution are needed globally to improve the ability 
to predict global air quality. 

FIGURE 10.5.1 Map of NO2 column amounts across North America in July and August 2004 created from SCIAMACHY mea-
surements on Envisat. SOURCE: Image courtesy of Randall Martin, Dalhousie University and Harvard-Smithsonian Center 
for Astrophysics.

SCIAMACHY Tropospheric NO
2
 (1015 molec cm−2)

0 1 2 3 4 5 6 7 8
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Comprehensive Tropospheric Ozone Measurements

Mission Summary—Tropospheric Ozone Measurements

Variables: Tropospheric ozone; ozone precursors; pollutant and trace gases (CO, NO2, CH2O, SO2); aerosols; CO with day-night, 
vertical sensitivity; tropospheric ozone, aerosol profiles with lidar in second phase

Sensors: UV spectrometer, SWIR-IR spectrometer, microwave limb sounder; future, ozone-aerosol lidar
Orbit/coverage: LEO/global
Panel synergies: Climate, Health
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Space-Weather Measurements
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Solar Monitor
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BOX 10.6 SPACE WEATHER

During late October and early November 2003, the Sun unleashed a massive assault on Earth. The assault 
took the form of electromagnetic energy, giant clouds of ionized gas called coronal mass ejections (CMEs), and 
deadly high-intensity radiation (Figure 10.6.1). The sequence of events, now termed the “Halloween Storm,” 
included damage to or destruction of a vast array of technological systems. 

Three sunspot groups were active on the Sun by October 27, 2003. Together, they produced a series of 
violent solar flares on the Sun’s surface. From October 22 to November 4, the regions produced 80 M-level (the 
second-highest category) solar flares and 24 X-level (the highest category) solar flares, including three of the 
10 most intense flares ever recorded, and an X28 solar flare on November 4 that was the most intense ever. 
The energy from those flares disrupted worldwide radio communication systems and over-the-horizon radar 
operations.

The clouds of gas, CMEs, ejected in association with the flares traveled at over a million miles per hour, 
arrived at Earth typically 2-5 days after each flare, and caused intense geomagnetic storms. In one case, trav-
eling at an astonishing 5 million miles per hour, a CME reached Earth in only 19 hours. These severe storms 
produced further loss of communication systems, including military satellite communication; degraded GPS 
navigation; and induced commercial-power problems in the United States and Northern Europe, in the most 
extreme instance causing a power outage in Sweden that affected 20,000 homes. 

Perhaps the most devastating effect of the flares was the result of high-energy protons, which can arrive 
in only tens of minutes after a flare onset. The largest proton event, the fourth-largest ever recorded, began 
on October 28 and lasted for 3 days. Hurtling toward Earth at nearly the speed of light, these subatomic bul-
lets caused great havoc with the world’s satellite systems. Many satellite operators took protective measures 
to prevent problems, but 30 satellites experienced serious problems, including the permanent loss of a $650 
million Japanese satellite during one of the events. The radiation from the particles also posed a substantial 
danger to aircraft operations, causing airlines to reroute flights to avoid the polar regions. The Federal Aviation 
Administration issued its first radiation alert ever for airline passengers above 25,000 ft, and the astronauts on 
the International Space Station were moved into a radiation-protected area to prevent exposure.

In the end, the period went down in history as one of the most significant space-weather events ever. 
The Halloween Storm is a reminder that, with little warning, severe space weather can disrupt systems all over 
Earth.
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FIGURE 10.6.1 A montage of Solar and Heliospheric Observatory (SOHO) imagery of the October 28, 2003, flare and CME 
activity. (Top left) Sunspots with the Michelson Doppler Imager (MDI) instrument. (Top right) X-17 flare with the Extreme-
ultraviolet Imaging Telescope (EIT) instrument. (Bottom right) CME with the Large Angle and Spectrometric Coronagraph 
(LASCO) C3 instrument. (Bottom left) CME closeup with the LASCO C2 instrument. SOURCE: Courtesy of NASA and the 
European Space Agency.
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Multispectral Solar Imagery

Coronal Mass Ejection Imaging 

In Situ Solar Wind

Ionospheric Mapper
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Geostationary UV Imager

Low-Earth-Orbit Ionospheric Sensing

High-Density Magnetospheric Network of Microsatellites
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Satellite as a Sensor

Microsatellite-Nanosatellite Networks

Additional Measurement Capabilities

Radio Occultation Mission

Ground-based Systems
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SPECIAL ISSUES, REQUIREMENTS, AND COMPLEMENTARY ACTIONS

International Collaboration

Complementary Nonsatellite Observing Systems

The Essential Ground Segment: Models, Data Assimilation, and High-Performance Computers
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Transition of Science Results to Operations and to Users: Agency Collaborations

REFERENCES
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11

Water Resources and the  
Global Hydrologic Cycle

OVERVIEW
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FIGURE 11.1 Water in many parts of the United States, especially in the Southwest, is a critically scarce resource for most 
of the year. This view of the Snake Range was taken along the Great Basin National Park access road. Great Basin National 
Park in eastern Nevada is known for its ecological diversity ranging from low, desert basin to high, alpine tundra, with many 
ecozones and habitats in between. SOURCE: Courtesy of the U.S. Geological Survey.
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11.2

1978

2000

FIGURE 11.2 Changes in the Qori Kalis Glacier, Quelccaya Ice Cap, Peru, from 1978 to 2000. SOURCE: Courtesy of L. Thomp-
son, Byrd Polar Research Center.
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BOX 11.1  DROUGHT IN WESTERN NORTH AMERICA

Drought is a nebulous concept for which there is no universal definition. All definitions—whether based on 
precipitation, soil moisture, or availability of water in rivers or reservoirs—are ultimately driven by conditions 
of abnormally low precipitation or high evaporative demand. Those conditions are particularly chronic in the 
western United States where water is scarce. The settlers of the 1800s found, for instance, that although land was 
in ample supply, the success of settlements depended heavily on ample rainfall. Post-Civil War settlers flourished 
during a period when precipitation generally was ample, but immense hardship followed in the generally dry 
decade of the 1880s. In modern history, the Dust Bowl years of the 1930s made an indelible impression on a 
generation of Americans. Although the 1930s drought was not restricted to the West (see Figure 11.1.1), its 
implications were most serious there (few of the major water systems now in place existed then). The drought 
of the 1950s was also widespread, but its effects were felt more in the Great Plains region than in the far West. 
The most recent western U.S. drought began in the late 1990s and persisted for at least 5 years over parts of 
the region. It has resulted in damages estimated at tens of billions of dollars. Reservoirs in the Colorado River 
system in particular have declined to near record low levels (see Figure 11.1.2).

An important property of droughts in arid and semiarid regions is that small decreases in precipitation can 
produce large decreases in runoff. Figure 11.1.3 shows stream flow in the Rio Conchos River of northern Mexico, 
a major tributary of the Rio Grande. During the 1990s, precipitation fell short of its long-term average by only 
about 10 percent. Runoff, however, fell by about 50 percent. In contrast, in humid basins, a 10 percent dropoff in 
precipitation would produce only about the same decrease in runoff, which helps to explain why the severity 
and duration of droughts tend to be greater in the western than in the eastern United States.

FIGURE 11.1.1 Drought extent in August 1934. Soil-moisture percentiles expressed relative to 1960-2003 climatology. 
SOURCE: See www.hydro.washington.edu/forecast/monitor.shtml. Courtesy of Land Surface Hydrology Research Group, 
University of Washington.
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11.1.2
top and bottom

FIGURE 11.1.2 Replicate photographs of Lake Powell at the confluence with the Dirty Devil River (entering from left). 
(Top) June 29, 2002. (Bottom) December 23, 2003. SOURCE: Photos by John C. Dohrenwend, Southwest Satellite Imaging, 
Moab, Utah.

BOX 11.1 CONTINUED
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11.1.3

FIGURE 11.1.3 Rio Conchos discharge, 1955-2001. The 1993-2001 discharge was less than half that of 1955-1992 and 
included the 3 lowest discharge years on record, but precipitation over the same period was only about 10 percent 
below the long-term mean. SOURCE: After Vigerstol (2002). Courtesy of Kari Vigerstol.

Industrialized societies have generally become less susceptible to drought because of their ability to pro-
vide buffers to water supply in the form of either reservoir storage or groundwater. Short, 1- or 2-year droughts 
in the Colorado River basin are barely noticed, for instance, because total reservoir storage exceeds four times 
the mean annual flow. But the explosion of population in the “sunshine belt” of the Southwest is changing the 
balance of supply and demand, and the western states have been more aggressively pursuing management 
options, including drought plans. Basic sources of hydrologic data that allow “nowcasting” and forecasting of 
drought evolution that are required for effective drought response are incomplete. Among the key deficien-
cies is information about the space-time distribution of soil moisture and snow-water storage information 
that is nearly impossible to obtain from in situ sensors but would be produced by the SMAP and SCLP mission 
concepts proposed in the section “Prioritized Observation Needs.” 
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FIGURE 11.3 Soil moisture exerts substantial control on evapotranspiration in terrestrial ecosystems. Field measurements 
of soil moisture by a truck-mounted L-band radiometer are plotted with normalized evapotranspiration flux in a California 
agricultural field. As the soil becomes drier, the flux is reduced. Evapotranspiration is the key flux that links the water, energy, 
and carbon cycles in terrestrial ecosystems. SOURCE: Dara Entekhabi, Massachusetts Institute of Technology, after Cahill et 
al. (1999).
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SCIENCE AND APPLICATIONS NEEDS AND REQUIREMENTS

Observing the Global Water Cycle: A Strategic View
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Summary of Existing and Planned Missions and Products

Global Precipitation Measurement Mission
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BOX 11.2 FLOODS IN LARGE RIVERS THE POTENTIAL FOR GLOBAL FLOOD FORECASTING

Floods are among the most destructive of natural disasters. From a monetary standpoint, flood damages 
in the United States averaged around $5 billion per year in the 1990s in 1995 dollars (Table 3.1 in Pielke et 
al., 2002). Outside the United States, the impact is even more striking; flood losses globally increased 10-fold 
(inflation-corrected) over the second half of the 20th century to a total of around $300 billion in the decade of 
the 1990s (Kabat and van Schaik, 2003). Aside from the economic costs, the social consequences of flooding 
can be staggering. The Mississippi River flood of 1927 displaced over 700,000 people and had impacts on the 
social structure of the lower Mississippi River valley that persist to this day (Barry, 1997). 

Both the number of floods (Figure 11.2.1) and flood damages (in constant dollars) have been increasing in 
recent decades (UNDP, 2004). Although it is not clear whether climate change or increased economic develop-
ment is playing a greater role in those changes (Pielke, 2005), the trend is of concern to both governments and 
the insurance industry. The magnitude of flood losses is generally greatest in the developed world (losses from 
the 1993 Mississippi River flood were estimated to be about $15 billion, and from the 2003 Elbe River flood 
about 9 billion Euros, or about $11 billion), but the impact in terms of loss of life and economics is great-
est in the developing world. For instance, flooding associated with Hurricane Mitch caused an estimated $3 
billion to $4 billion (U.S. dollars) in damages in Honduras, which was almost 70 percent of that country’s gross 
domestic product (GDP) (UNDP, 2004). In comparison, the 1993 Mississippi River flood damages represented 
less than 0.3 percent of the U.S. GDP.

Most of the developed world has reasonably sophisticated flood-forecasting systems. They are based 
on a combination of precipitation-gauge and radar precipitation observations, river-stage observations, and 
hydrologic models coupled with quantitative precipitation forecasts derived from weather prediction models. 
However, the forecast systems are almost all regional. For instance, in Europe, each country has an agency (gen-
erally affiliated with the weather services) that is responsible for flood forecasts in that country. In the United 
States, flood-forecasting responsibilities lie with the National Weather Service River Forecast Centers, of which 
there are 13 (generally partitioned according to major river basins). On a global basis, there is no coherent 
flood-forecasting capability as there is for global weather (Lettenmaier et al., 2006).

The absence of a global flood-forecasting capability affects the developing world especially. In the Mozam-
bique flood of 2000, for instance (Figure 11.2.2), there were only a handful of precipitation stations reporting 
on the Global Telecommunications System, and the precipitation radar systems that are a key element of flood-
forecasting systems in the developed world were nonexistent. But the capability for global flood forecasting 
clearly exists, particularly for large river floods, which are responsible for most loss of life and economic dam-
ages (Webster et al., 2006). 

Accurate flood forecasting requires good knowledge of the initial state of the land system (primarily soil 
moisture and, where relevant, snow-water storage) and river levels, an accurate forecast of the space-time dis-
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FIGURE 11.2.1 Number of major flood disasters 
globally, 1975-2001. SOURCE: Reprinted from 
UNDP (2004). Copyright 2004 United Nations, 
with the permission of the United Nations.
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tribution of future precipitation, and an accurate hydrologic and river-routing model. The missions proposed 
the section “Prioritized Observation Needs” will especially improve the ability to estimate initial conditions 
for flood forecasting: the proposed SMAP soil-moisture mission will provide direct estimates of near-surface 
soil moisture, the SCLP cold-lands mission will provide estimates of snow-water storage, and the SWOT swath 
altimetry mission will provide estimates of initial conditions of river levels and floodplain storage. Other 
missions, such as atmospheric moisture profiles and transport, will also help to improve weather forecasts, 
especially in parts of the world where in situ (e.g., radiosonde) methods of measuring atmospheric profiles are 
sparse. Already, impressive advances have been made in the ability to “nowcast” precipitation in data-sparse 
parts of the globe (Figure 11.2.3), and these nowcasts (in combination with land-surface models) also help to 
estimate soil moisture, following approaches pioneered in the North American Land Data Assimilation System 
(Mitchell et al., 2004). Those advances, coupled with improved global water-cycle observations, not only will 
facilitate the development of flood forecasts globally but also will enhance the quality of existing forecasts in 
the developed world.

FIGURE 11.2.2 The Mozambique flood of 2000 
flooded over 19,000 square miles at its maxi-
mum and damaged as much as 90 percent of the 
 country’s irrigation infrastructure. Some 45,000 
people were rescued from rooftops. SOURCE:  AP/
Wide World Photos.
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FIGURE 11.2.3 European Centre for Medium-Range Weather 
Forecasts’ 40-yr global reanalysis (ERA-40) and observed 
(from gridded station data) mean monthly precipitation 
for the Uruguay, Paraná, and Paraguay tributaries of La 
Plata River, 1979-1999. The figure suggests that weather-
model precipitation-analysis fields (for which ERA-40 is a 
surrogate) offer a useful alternative to surface networks 
to force land-surface models and in turn to estimate initial 
soil moisture for flood forecasts. SOURCE: Lettenmaier et 
al. (2006). Reproduced courtesy of Fengge Su, University of 
Washington.
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PRIORITIZED OBSERVATION NEEDS
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Soil Moisture and Freeze-Thaw State

Mission Summary—Soil Moisture and Freeze-Thaw State

Variables: Surface freeze-thaw state, soil moisture
Sensors: L-band radar, radiometer
Orbit/coverage: LEO/global
Panel synergies: Climate, Weather

Related RFI responses: WOWS (27), Hydros (56), MOSS (70)

Mission Objectives and Technical Summary

Science Value
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Societal Benefits

Complementarity

Cost
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Long-Term Observations 

Multidisciplinarity 

Readiness 

Surface Water and Ocean Topography

Mission Summary—Surface Water and Ocean Topography

Variables: River and lake elevation; ocean circulation
Sensors: Radar altimeter, nadir SAR interferometer, microwave radiometer, GPS receiver
Orbit/coverage: LEO/global
Panel synergies: Climate, Ecosystems, Health, Weather

Related RFI responses: Hydrosphere Mapper (56), OOLM (62), WaTER (108)

Mission Objectives and Technical Summary
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FIGURE 11.4 Spatial coverage of the proposed SWOT swath altimeter for a 16-day-repeat mission. The swath of the instru-
ment is shown in green, and the nadir altimeter coverage is in red. The figures to the right show the coverage of rivers and 
lakes for the swath instrument (black) and the nadir instrument (red). Even at the equator, near-global coverage is achieved 
by the swath instrument, whereas most global lakes and rivers are missed by the nadir instrument. SOURCE: Alsdorf et al. 
(2007). Copyright 2007 American Geophysical Union. Reproduced by permission of American Geophysical Union.
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FIGURE 11.5 Conceptual drawing of the Ka-band Hydrosphere Mapper interferometer. Swaths on either side of nadir are 
mapped by horizontal (red) and vertical (blue) polarizations to avoid signal contamination. The spatial resolution will be 
2 m in the along-track direction and will vary from 70 m in the near-nadir to 10 m in the far swath. SOURCE: Courtesy of 
Ernesto Rodriguez, Jet Propulsion Laboratory.
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Science Value
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Societal Benefits

Cost 

Long-Term Observations 
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Complementarity 

Multidisciplinarity 

Readiness

Snow and Cold Land Processes

Mission Summary—Snow and Cold Land Processes

Variables: Snow water equivalent, snow depth, snow wetness
Sensors: SAR, passive microwave radiometry
Orbit/coverage: LEO/global
Panel synergies: Climate, Ecosystems, Weather

Related RFI response: CLPP (19)
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Mission Objectives and Technical Summary
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Science Value

FIGURE 11.6 Comparison of snow-water equivalent (SWE) retrieved from QuikSCAT Ku-band data with a SWE radiative-
transfer model function; SWE analyzed from NWS National Snow Analyses (NSA) observations in and near the scatterometer 
footprints throughout a single season at four sites in the Colorado Rocky Mountains. SOURCE: Courtesy of Don Cline, National 
Operational Hydrologic Remote Sensing Center.
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Societal Benefits

Cost 

FIGURE 11.7 Accumulated annual snowfall divided by annual runoff over global and land regions. Red lines indicate regions 
where stream flow is snowmelt-dominated and where there is not adequate reservoir storage capacity to buffer shifts in 
seasonal hydrograph. Pink lines indicate additional areas where water availability is influenced predominantly by snowmelt 
generated upstream (but runoff generated within these areas is not snowmelt-dominated). Inset shows regions of globe 
that have complex topography according to the criterion of Adam et al. (2006). SOURCE: Reprinted from Barnett et al. (2005). 
Copyright 2005, by permission from Macmillan Publishers Ltd.
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Long-Term Observations 

Complementarity 

Multidisciplinarity 

Readiness 
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Other High-Priority Water-Cycle Observations

Water Vapor Transport

Mission Summary Water Vapor Transport

Variables: Water vapor profile; wind speed and direction
Sensors: Passive microwave; GPS
Orbit/coverage: LEO/global
Panel synergies: Weather, Climate

Related RFI responses: AIRS (8), WOWS (27), GPSRO (92)
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Sea Ice Thickness, Glacier Surface Elevation, and Glacier Velocity 

Mission Summary—Sea Ice Thickness, Glacier Surface Elevation, and Glacier Velocity

Variables: Sea ice thickness, glacier surface elevation, glacier velocity
Sensors: Lidar, InSAR
Orbit/coverage: LEO/global
Panel synergies: Climate, Solid Earth

Related RFI responses: InSAR (83), ICESat++ (111)

Groundwater Storage, Ice Sheet Mass Balance, and Ocean Mass

Mission Summary—Groundwater Storage, Ice Sheet Mass Balance, and Ocean Mass

Variables: Groundwater storage, glacier mass balance, ocean mass distribution
Sensor: Laser ranging
Orbit/coverage: LEO/global
Panel synergies: Climate, Solid Earth

Related RFI responses: GRACE follow-on (GRACE-II) (42), ICESat++ (111)
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Inland and Coastal Water Quality

Mission Summary—Inland and Coastal Water Quality

Variables: Inland, coastal water quality; land-use, land-cover change
Sensors: Hyperspectral imager, multispectral thermal sensor
Orbit/coverage: LEO or GEO/global or regional
Panel synergies: Climate, Ecosystems, Health

Related RFI responses: FLORA (38), SAVII (97)
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NEXT-GENERATION CHALLENGES

Evaporation



Copyright © National Academy of Sciences. All rights reserved.

Earth Science and Applications from Space:  National Imperatives for the Next Decade and Beyond
http://www.nap.edu/catalog/11820.html



Copyright © National Academy of Sciences. All rights reserved.

Earth Science and Applications from Space:  National Imperatives for the Next Decade and Beyond
http://www.nap.edu/catalog/11820.html

Coordinated Observing Systems

Integrated Water-Cycle Observing System
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TABLE 11.2 Elements of an Integrated Water-Cycle Observing System

Mission Science Objective Science Requirement

SMAP–extended 
(includes P-band)

• Monitor processes that link water, energy, 
carbon cycles 

• Monitor vegetation and water relationships 
over land

• Extend capability of climate and weather 
prediction 

• Near-surface soil moisture: 
4 percent of volumetric content RMSE in top 
2-5 cm soil for vegetation cover <5 kg/m2 

• Root-zone soil moisture: 
top 50 cm of soil for vegetation  
cover <20 kg/m2

• Land freeze-thaw state: 
detect state transition to within 1-2 days

Biomass monitoring • Monitor aboveground forest biomass and 
terrestrial stock

• Estimate changes in terrestrial carbon sources 
and sinks

• Aboveground woody biomass: 
20 percent relative accuracy or 1 kg/m2

SCLP • Support operational weather and water-
resources applications

• Study cause and effects of changes in water 
cycle

• Develop freshwater inventory

• Snow water equivalent: 
2 cm RMSE in snowpacks <20 cm 
10 percent relative in snowpacks >20 cm

Ocean-surface monitoring • Improve weather prediction with high-
resolution ocean wind speed and direction in 
all-weather conditions

• Monitor heat content of oceans and improve 
air-sea interaction modeling and climate 
prediction

• Improve weather prediction and 
characterization of moist processes in models

• Monitor coastal and open-ocean climate 
variability and water cycle

• Extend capabilities for climate and weather 
prediction

• Ocean wind speed and direction: 
1 m/s and 20°

• Sea-surface temperature: 
0.5°C

• Cloud water: 2 mm (land), 0.1 mm (ocean)
• Rain rate: 5 mm/hr 

Snow water equivalent: 3 cm
• Sea-surface salinity:  

0.2 practical salinity unit

Cloud-Aerosol-Precipitation Initiative 
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FIGURE 11.9 Saharan dust storm of July 24, 2003, showing dust cloud over the Atlantic Ocean and Canary Islands off north-
west Africa, as captured by NASA’s MODIS instrument on the Terra satellite.  Earlier, USSR cosmonaut Vladimir Kovalyonok 
had observed, “As an orange cloud formed as a result of a dust storm over the Sahara and, caught up by air currents, reached 
the Philippines and settled there with rain, I understood that we are all sailing in the same boat.”  SOURCE: Image courtesy 
of NASA.
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TABLE 11.A.1 Water-Cycle-Relevant RFI Responses Examined by the Panel

RFI Response 
Number Response Title Comment

2 SIRICE Submillimeter Infrared Radiometer Ice Cloud Experiment (SIRICE): Daily Global 
Measurements of Upper Tropospheric Ice Water Path and Ice Crystal Size 

5 ATOMMS Active Temperature, Ozone, and Moisture Microwave Spectrometer: Constellation of 
small satellites to provide high vertical resolution moisture, ozone, temperature and 
pressure measurements in troposphere and middle atmosphere

9 ARIES Atmospheric Remote-Sensing and Imaging Emission Spectrometer: Observe the 
infrared spectrum from 3.6 to 15.4 µm at high spatial resolution  1 1 km globally; 
both of these features are critical for the study of the hydrology cycle and for 
understanding the water vapor feedback

13 CHARMS Cloud Height and Altitude-Resolved Motion Stereo-imager 

14 CHASM Cloud Hydrology and Albedo Synthesis Mission: Mission to measure the water 
content of clouds, concurrently with their albedo and cloud-top height

17 Climate Scope Reanalysis 
Mission Concept 

A mission to produce, validate, and disseminate physically consistent climate research 
quality data sets from separate missions and satellite platforms

19 CLPP Cold Land Processes Pathfinder: Advanced Space-based Observation of Fresh Water 
Stored in Snow

21 COCOA Coastal Ocean Carbon Observations and Applications: Integrated observations 
(hyperspectal from GEO) and models to discriminate and quantify particulate and 
dissolved carbon species in coastal waters, as well as the exchanges of carbon 
between the land, atmosphere, and ocean

23 C-CAN Continuous Coastal Awareness Network will measure sea surface height, coastal 
currents and winds and sea spectral reflectance from different Earth vantage points at 
high spatial and/or temporal resolution

25 Daedalus Daedalus: Earth-Sun Observations from L1: Simultaneously observe key solar 
emission/space weather parameters and spectrally resolved radiances over the entire 
illuminated Earth to characterize the direct influence of solar variability on the Earth 
system

27 WOWS Water and Ocean Wind Sensor using active and passive microwave concepts 

36 Emory CU Surge GPS to measure ocean wind speed/direction, sea surface height and land surface soil 
moisture

38 FLORA Global, high spatial resolution measurements of vegetation composition, ecosystem 
processes and productivity controls, and their integrated responses to climate

42 Grace Follow-on Mission GRACE follow-on

44 GISMO Glaciers and Ice Sheets Mapping Orbiter 

46 Global Water Resources  
Mission

An international effort consisting of about two dozen satellite systems, each of which 
is comparable with current operational GEO and LEO satellites

49 GPS-HOT High resolution/high temporal revisit oceanography mission for mesoscale process 
characterization, will also yield data suitable for global tsunami warning

50 H2S Ocean Emissions H2S emitting from ocean surface

55 Human-Induced Land 
Degradation 

Detecting Human Induced Land Degradation Impact on Semi-Arid Tropical Rainfall 
Variability. Uses satellite-derived precipitation data, satellite-derived vegetation index 
data (no apparent observation program proposed)

56 Hydros Hydrosphere Mapper: Radar interferometry system to make high-resolution 
measurement of the surface of the ocean and water bodies on land

61 CAMEO Composition of the Atmosphere from Mid-Earth Orbit 
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RFI Response 
Number Response Title Comment

62 OOLM Operational Ocean and Land Mission: Wide swath ocean altimeter, and dual frequency 
(C- or X-band and L-band) SAR, plus Visible/Infrared Imaging Spectrometer on two 
satellites, for various (primarily ocean/coastal) needs

66 CLAIM 3-D Mission Satellite mission to advance understanding of cloud and precipitation development 
by measuring vertically resolved cloud microphysical parameters in combination with 
state of the art aerosol measurements

67 MATH Monitoring Atmosphere Turbulence and Humidity 

70 MOSS The Microwave Observatory of Subcanopy and Subsurface is a synthetic aperture 
radar (SAR) operating at the two low frequencies of 137 MHz (VHF) and 435 MHz 
(UHF) with the primary objective of providing measurements for estimation of global 
soil moisture under substantial vegetation canopies (200 tons/ha or more of biomass) 
and at useful soil depths (2-5 meters)

71 GEOCarb Explorer GEOCarb mission will provide continent-wide measurements of ecosystem carbon 
and water dynamics with multiple observations per day

72 Multiplatform InSAR Forest Subcanopy Topography and Soil Moisture

74 Suborbital Earth System 
Surveillance

UAVs to be used for synoptic weather, hurricanes, air quality, stratospheric ozone, 
ozone depleting substances, greenhouse gases, ice sheets, forest fires, droughts, and 
storm damage

76 Far IR Far-Infrared for understanding natural greenhouse effect, atmospheric cooling by 
water vapor, and the role of cirrus clouds in climate 

79 Integrated Water Cycle 
Observations 

Coordinated water cycle observations from space

80 Low-Cost Multispectral Earth 
Observing System

Global land observation system that enhances Landsat and OLI with stereo 
multispectral imaging, greater coverage, revisit (eight days and better), and higher 
resolution

82 Surface Uncertainty Surface Shortwave and Longwave Broadband Network Observation Uncertainty for 
Climate Change Research

83 InSAR InSAR from orbital platform, in particular to produce spatially continuous maps of 
ground displacements at fine spatial resolution, for natural hazards science and 
applications

86 OCEaNS Ocean Carbon, Ecosystem and Near-Shore Mission designed to advance quantification 
of ocean primary production, understanding of carbon cycling, and capacity for 
predicting ecosystem responses to climate variability

87 OLOM Ocean and Land Operational Mission: Similar to OOLM except that second satellite 
would carry a 2 frequency Delay-Doppler Altimeter and a Water Vapor Radiometer 
rather than WSOA

88 Our Vital Skies Program to address scientific questions at the interface between aerosol, cloud and 
precipitation research using combination of in situ and space-based observations

90 Polar Polar Environmental Monitoring, Communications, and Space Weather from Pole 
Sitter Orbit

91 ABYSS Radar altimeter for bathymetry, geodesy, oceanography

92 GPS RO Contributions of Radio Occultation Observations to the Integrated Earth Observation 
System

97 SAVII Spaceborne Advanced Visible Infrared Imager Concept: Hyperspectral measurements 
in vis-near IR; multispectral measurements in short wave infrared, and multispectral 
measurements in thermal infrared for vegetation studies, changes in surface cover 
and composition, and thermal monitoring

TABLE 11.A.1 Continued
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RFI Response 
Number Response Title Comment

99 SH2OUT Sensing of H2O in the Upper Troposphere 

100 GPM Global Precipitation Mission

103 Surface Observatories in 
Support of Observations of 
Aerosols and Clouds

Surface observations of water vapor, temperature, and winds, plus surface radiative 
fluxes and cloud and aerosol properties 

104 Terra-Luna Earth-Moon science mission that would provide Earth measurements over a relatively 
short period during Earth-orbiting phase, revisited at intervals of a decade or so, 
including boreal and tropical forest land cover and biomass mapping, global ocean 
eddies, coastal currents and tides, and land cover and canopy height

107 Water Vapor Monitoring 
Missions 

108 WatER The Water Elevation Recovery Satellite Mission 

110 Climate-Quality Observations 
from Satellite Lidar

Lidar measurements to address the themes of climate variability and change, weather, 
and water resources and the global hydrologic cycle

111 Advanced ICESat Ice Cloud and land Elevation Satellite

NOTE: A complete list of RFI responses is provided in Appendix E. Full-text versions of the responses are included on the compact disk 
that contains this report.

TABLE 11.A.1 Continued
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FIGURE C.13 Radar altimeter coverage in a 24-hour period from Jason and Envisat missions. SOURCE: Courtesy of Saleh 
Abdalla and Peter Janssen, European Centre for Medium-Range Weather Forecasts.
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D

Request for Information from Community
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List of Responses to Request for Information
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TABLE E.1 List of Responses to Committee’s RFI

RFI 
Response 
Number Response Title Summary Description 

1 ACCURATE: Atmospheric Climate and 
Chemistry in the UTLS Region And 
climate Trends Explorer

To advance understanding of climate processes and atmospheric physics 
and chemistry in the UTLS region, monitor climate variability and change, 
and provide climate model validation and improvement via combined 
radio and IR laser-crosslink occulation

2 Submillimeter Infrared Radiometer Ice 
Cloud Experiment

To provide spatially resolved daily global measurements of upper 
tropospheric ice water path and ice crystal size via submillimeter IR 
radiometry

3 Combined Active and Passive 
Environmental Sounder (CAPES) Mission 
for Water Vapor, Temperature, Aerosol 
and Cloud Profiling From Space

To provide high vertical resolution measurements of water vapor, aerosols, 
and clouds along the satellite ground track, and full three-dimensional (3D) 
water vapor and temperature coverage at a lower vertical resolution cross-
track via a differential absorption lidar and fourier transform spectrometer

4 Active Mission for Global CO2 
Measurements

To significantly expand the set of global atmospheric CO2 observations 
via an active laser instrument for column measurements of CO2 down to 
the surface or cloud tops and pulsed aerosol and cloud lidar to determine 
surface elevation and aerosol and cloud distributions along lidar line of 
sight

5 Active Temperature, Ozone and Moisture 
Microwave Spectrometer

To provide long-term characterization of state of Earth’s troposphere and 
middle atmosphere via cm- and mm-wavelength satellite-to-satellite 
occultation measurements

6 Adaptive Atmospheric Sounding Mission To sound the atmosphere via long-life networked stratospheric balloon 
platforms instrumented with remote sensing and in situ instruments

7 Aerosol Global Interactions Satellite To measure the three-dimensional distribution of aerosol abundances, 
sizes, shapes, and absorption, and determine aerosol impacts on climate 
and air quality via multiangle spectropolarimetric imager and high spectral 
resolution lidar

8 Moderate Resolution Infrared Imaging 
Spectrometer (MIRIS)

To improve studies of small scale meteorological and climatologic forcing 
and improve accuracy of measurements of minor gas species via high 
spatial and spectral resolution IR imager

9 Atmospheric Remote-Sensing and 
Imaging Emission Spectrometer

To measure upper atmospheric water vapor with unprecedented accuracy, 
while providing temperature profiles, surface emissivity, ozone, CH4, 
CO, CO2, SO2, aerosols, cloud top height, and cloud temperature via 
observation of the IR spectrum with high resolving power 

10 The National Global Operational 
Environmental Satellite System 
(NGOESS): Designed to Fulfill NOAA’s 
Future Satellite System Requirements 
and those of the GEOSS

To observe key climate and environmental parameters post-GOES-R 
and NPOESS via a constellation instrumented with an ultra-spectral 
imager/sounder and synthetic thinned aperture microwave pushbroom 
radiometer/sounder

11 Cellular Interferometer for Continuous 
Earth Remote Observation: A Concept for 
Radio Holography of the Earth

To provide continuous, high-resolution global imaging, surveillance, and 
remote sensing both actively and passively at radio frequencies via a 
constellation of 1000+ radio satellites

12 The Geohazards IGOS Theme: Space 
Component Requirements, An analysis 
for discussion at CEOS SIT-13

To describe IGOS Geohazard Theme’s five specific priority requirements for 
space observations
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RFI 
Response 
Number Response Title Summary Description 

13 Cloud Height and Altitude-Resolved 
Motion Stereo-imager (CHARMS)

To provide measurements of cloud-top height and cloud-motion vectors 
by a multi-angle stereo technique that is uniquely relevant to long-term 
climate data records

14 Cloud Hydrology and Albedo Synthesis 
Mission

To measure water content of clouds concurrently with albedo and cloud-
top height via multi-angle imager and dual angle passive microwave 
instrument, extending application to land/ocean day/night

15 E-mail Comment on Operational 
Oceanography

To emphasize importance of addressing satellite remote sensing needs of 
operational oceanography

16 The Climate Benchmark Constellation: 
A Critical Category of Small Satellite 
Observations

To provide absolute infrared spectrally resolved radiance, GPS radio 
occultation and millimeter-wave absorptive radio occultation, solar 
irradiance and absolute shortwave flux reflected to space, and enable 
absolute climate records in perpetuity via on-orbit standards with 
International System of Units traceability

17 Climate Scope Mission Concept Paper To assemble assimilated data sets via an R&D program, validation and 
verification program, integration and production program, and the 
necessary computing, data management and dissemination infrastructure

18 Climate Calibration Observatory: NIST 
in Orbit

To calibrate radiometers, spectrometers, and interferometers in orbit 

19 Cold Land Processes Pathfinder Mission 
Concept

To measure fresh water stored in snow on land and on ice sheets, enabling 
a major leap-ahead in understanding snow process dynamics in the global 
water cycle and to forge a pathway to operations, initiating significantly 
enhanced global monitoring and prediction of snow properties for 
multiple water, weather, and climate applications.

20 Orbital Laser Sounder Mission for Global 
CO2 Measurements

To measure global distribution of CO2 mixing ratio in the lower 
troposphere, day and night, and generate the first monthly global maps 
of the lower tropospheric CO2 column abundance to help understand the 
global carbon cycle and global climate change via active laser sounding

21 Coastal Ocean Carbon Observations and 
Applications

To quantify the pools and fluxes of carbon in the coastal ocean, knowledge 
of which is essential for understanding the role of the global carbon cycle 
in climate variability and change, via high resolution hyperspectral imagery

22 E-mail Comment: Landsat 5 To urge the removal of downlink fees for Landsat 5 data

23 Continuous Coastal Awareness Network 
(C-CAN): A Response to the NRC Decadal 
Study Request for Information

To detect, predict, and manage change for sustainable development 
in heavily populated coastal regions via a sensorweb system approach 
involving multi-sensor satellite observations of sea surface height, 
coastal currents and winds, and sea spectral reflectance from different 
Earth vantage points coupled with in situ observations for coastal event 
detection

24 Crustal Magnetic Field Measurement 
Missions

To provide systematic global magnetic field observations needed to 
distinguish magnetic field variations over various spatial and temporal 
scales, and to separate the effects of the components of the magnetic field 
via stratospheric balloon platforms

25 Daedalus: Earth-Sun Observations 
from L1

To characterize the direct influence of solar variability on Earth system  via 
simultaneous observation of key solar emission/space weather parameters 
and spectrally resolved radiances over the entire illuminated Earth  from an 
L1 vantage point

TABLE E.1 Continued
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RFI 
Response 
Number Response Title Summary Description 

26 The Need for New Geodetic Satellites 
for Observing Long-Term, Long-
Wavelength Gravity Variations and 
Improved Terrestrial Reference Frame 
Determination

To improve the determination of changes in the Earth’s gravity field, 
determination of the terrestrial reference frame, and the separation of tidal 
signals in space geodetic measurements via passive, laser retro-reflecting 
geodetic satellites

27 Water and Ocean Wind Sensor To enhance characterization, understanding, and prediction of persistent 
small-scale ocean-atmosphere coupling, tropical cyclones, and coastal 
processes by continuing the contiguous wide-swath measurement of 
ocean surface vector wind via a single instrument combining active and 
passive microwave techniques 

28 Improved Weather Prediction, Climate 
Understanding, and Weather Hazard 
Mitigation through Global Profiling of 
Horizontal Winds with a Pulsed Doppler 
Lidar System

To demonstrate a new capability that would meet the science and 
operational communities’ needs for global profiles of horizontal wind 
velocity via pulsed Doppler lidar

29 Providing Global Wind Profiles: The 
Missing Link in Today’s Observing System

To accurately measure the 3-D global wind field via multiple Doppler lidars

30 Earth Sciences from the Astonomer’s 
Perspective: A Deep Space Climate 
Observatory

To observe the Earth in a bulk thermodynamic sense, as an open system 
exchanging radiative energy with the Sun and space via continuous 
observation from an L1 orbit

31 Earth Sciences Applications in Human 
Health

To advocate greater emphasis on environmental causes for disease 
emergence and environmental monitoring of pathogens and vectors, 
involving disciplines beyond those of traditional biomedical science

32 The Ecology of Global Infectious Disease: 
A Research Program

To establish a research program using geoscience in combination 
with epidemiology to improve use of satellite data in epidemiological 
applications and develop requirements for a space-based platform

33 Air Pollution Investigation Constellation To quantify sub-regional emissions of precursors of smog and particulate 
matter, and the effects of transformation processes over long ranges on 
air quality, enabling accurate prediction and control of global air pollution 
via a constellation approach consisting of a MEO/GEO platform with a 
UV/VIS/NIR spectrometer and thermal emission IR spectrometer and a 
LEO platform with multiangle spectropolarimetric imager and IR solar 
occultation instrument

34 Monitoring Climate Change by Solar 
Occultation

To monitor climate change via HALOE-type solar occultation instruments

35 Geostationary Advanced Imager for New 
Science

To observe the diurnal cycle of the Earth’s surface temperature with 1 km 
resolution from GEO

36 Student Reflective GPS Experiment To provide space-based measurements of GPS reflections to determine the 
utility of measuring Earth surface parameters such as ocean wind speed/
direction, sea surface height, and land surface soil moisture

37 Global Environmental Micro Sensors 
(GEMS): A New Instrument Paradigm for 
In situ Earth Observation

To make ultra-high spatial and temporal resolution environmental 
measurements over an immensely broad range of atmospheric conditions 
to provide calibration/ground truth for space-based remote sensing 
systems, expand our understanding of the Earth system, and improve 
weather forecast accuracy and efficiency well beyond current capability via 
in situ airborne buoyant probes

TABLE E.1 Continued
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RFI 
Response 
Number Response Title Summary Description 

38 The Flora Mission for Ecosystem 
Composition, Disturbance and 
Productivity

To measure fractional cover of biological materials, canopy water content, 
vegetation pigments and light-use efficiency, plant functional types, fire 
fuel load and fuel moisture content, and disturbance occurrence, type, and 
intensity to advance global studies and models of ecosystem dynamics 
and change

39 GEM To improve severe weather forecasting by profiling temperature and 
moisture fields via combined microwave imager and a sounding 
radiometer

40 Geodetic Analysis Reference Network: 
GARNET Program

To develop and sustain the fundamental reference frame to meet NASA’s, 
NOAA’s, and the broader community’s needs over the next decade via a 
program for managing the high precision networks, analysis techniques 
and integrated data systems of the Global Positioning System (GPS), Very 
Long Baseline Interferometry (VLBI), and Satellite Laser Ranging (SLR), 
extending to gravity observation networks

41 The GeoSTAR GEO Microwave Sounder 
Mission: The Geostationary Synthetic 
Thinned Array Radiometer

To take temperature and humidity profiles, with emphasis on storms and 
tropical cyclones and to contribute important measurements to research 
related to the hydrologic cycle via a geostationary dual-array system for 
microwave sounding measurements

42 GRACE follow-on To contribute to continuous, multi-decadal monitoring of the temporal 
variations of Earth’s gravity field via a GRACE follow-on

43 GNSS Geospace Constellation To contribute to Sun-Earth connection science using transmissions of 
global navigation satellite systems to measure total electron content, 
giving information about ionosphere and plasmasphere dynamics via at 
least 6 LEO spacecraft with advanced GPS receivers tracking existing and 
anticipated Global Navigation Satellite System signals

44 Glaciers and Ice Sheets Mapping Orbiter To measure the surface and basal topography of terrestrial ice sheets and 
determine the physical properties of glacier beds via radar

45 Global Aerosol Monitoring Mission To globally monitor the scattering and absorption properties of aerosol 
particles

46  Global Water Resources Mission To provide a 20-year international plan for enabling society to assess and 
predict the global availability of fresh water under the influence of weather 
and climate variability via an international effort consisting of about 
two dozen satellite systems, each of which is comparable with current 
operational GEO and LEO satellites

47 Glory To monitor factors influencing radiative balance between Earth and space 
to improve ability to understand and predict climate change via aerosol 
and irradiance measurements by a total solar irradiance sensor 

48 Geostationary Observatory for 
Microwave Atmospheric Sounding

To provide a system for humidity and temperature sounding and frequent 
precipitation observation from geostationary orbit via sub-mm and mm-
wave radiometry

49 A Constellation for High Resolution 
Sea Surface Topography with Frequent 
Temporal Revisit

To provide continuous coverage oceanography for mesoscale process 
characterization and tsunami warning via a constellation of six satellites in 
low Earth orbit

50 Proposition to Observe H2S Emitting 
from Ocean Surface

To observe H2S emitting from the ocean surface and provide high-
resolution ocean color

TABLE E.1 Continued
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51 Decadal Survey Proposal To advocate measurement of the heat flux of the mantle of Earth in order 
to better understand how the systems of Earth work and interconnect

52 Exploration of the Earth-Sun System 
from L1

To provide global mapping of atmospheric composition every 30-60 
minutes from an L1 vantage point, enabling understanding of the 
relationship between solar activity and structure and dynamics of Earth’s 
atmosphere

53 Concept Paper Submitted to the Decadal 
Study Request for Information issued by 
the National Research Council

To encourage the Earth and environmental sciences communities to 
consider the importance of the “human factor” in usage and interpretation 
of data and advocate collaboration with cognitive systems engineers to 
create demonstrably useful and usable human-centered technologies

54 An Autonomous Aerial Observing System 
for the Exploration of the Dynamics of 
Hurricanes

To improve our scientific understanding of tropical cyclone genesis 
and intensity change processes by providing the first continuous high-
resolution observations of the thermodynamic and kinematic evolution of 
the inner core of a tropical cyclone from genesis to dissipation or landfall 
via long-endurance UAV platform

55 Detecting Human-Induced Land 
Degradation Impact on Semi-Arid 
Tropical Rainfall Variability Based on 
Measurements from Satellite Products

To obtain an improved understanding of the variation of spatial signature 
on land degradation in semi-arid tropical regions and how human induced 
land cover changes can have a direct effect on precipitation in these 
regions via analysis of existing satellite vegetation and precipitation data 
sets at various spatial and temporal scales

56 Global Hydrosphere Mapper To provide high-resolution measurements of the surface of the ocean and 
water bodies on land via radar interferometry

57 Biomass Monitoring Mission Lidar 
Instrument

To measure the amount of carbon stored in Earth’s above-ground biomass 
and gain a better understanding of forest ecosystem function in the global 
carbon cycle via lidar

58 Importance of Outreach and Education To emphasize the importance of outreach and education in 
communicating science information and new research

59 Infrared Thermal Imaging of the Earth’s 
Surface

To routinely measure the thermal energy of the surface of the North 
American continent and correlate with population distribution and urban 
centers

60 Observations of Tropospheric 
Air Chemistry Processes from a 
Geostationary Perspective

To understand roles of tropospheric ozone and aerosols in perturbing the 
Earth system and understand their effects on the global atmosphere and 
air quality from GEO

61 Composition of the Atmosphere from 
Mid-Earth Orbit

To fill gaps in observations of upper troposphere processes, while 
providing a new capability for determining the role of fast processes 
in linking regional pollution, global air quality, and climate change via 
measurement of chemical species, ice cloud parameters, temperature, 
lower troposphere O3, NO2, SO2, CO, H2CO, CH4, BrO, aerosol/cloud 
properties, and surface UV-B flux using a microwave sounder and imager 
in MEO orbit

62 Operational Ocean and Land Mission To gather data that can be used in croyspheric, land, land deformation, 
ecology, atmospheric, and hydrologic applications via synthetic aperture 
radar, spectometry, and altimetry

TABLE E.1 Continued
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Number Response Title Summary Description 

63 A Solar Occultation Mission to Quantify 
Long-Term Ozone and Aerosol Variability

To produce high vertical resolution profiles of ozone and aerosols from 
the upper troposphere through the stratosphere, provide a long-term (10 
year) ozone and aerosol data set, and corroborate the performance of new 
instruments via solar occultation

64 Pulsed LF-HF-VHF Radio Emission 
Possibly Associated with the Burakin 
Seismic Activity in Western Australia

To report a new kind of radio emission possibly related with seismic 
activity

65 E-mail Comment To advocate consideration of science-policy interfaces and provide 
background on the relationships between Earth system science and 
policies

66 The CLAIM 3-D Mission To advance understanding of aerosols and cloud and precipitation 
development via multi-angle, polarized spectral imaging, and a cloud 
rainbow camera

67 Monitoring Atmosphere Turbulence and 
Humidity

To measure temperature and water vapor profiles, tropospheric turbulence, 
and cloud and aerosol properties via differential absorption lidar

68 Long-Term Measurement Assurance 
Program for Climate-Change Satellite 
Systems

To provide a measurement assurance system at least as rigorous 
as international metrology institutes to ensure accurate climate 
measurements

69 A Constellation of Mixed-Orbit Micro-
Satellites for Monitoring Global Land 
Change and Ecosystem Dynamics

To acquire high-resolution data to document land use/cover change and 
ecosystem dynamics via a constellation of microsatellites in various orbits

70 Microwave Observatory of Subcanopy 
and Subsurface

To provide measurements for estimation of global soil moisture under 
substatial vegetation canopies and at useful soil depths via multi-
frequency synthetic aperture radar

71 GEOCarb Explorer: A Geosynchronous 
Hyperspectral Mission Providing 
Continental-Scale Carbon Cycle 
Ecosystem Observations

To advance scientific understanding of carbon cycle dynamical interactions 
between the Earth’s biota and the atmosphere via observation from GEO

72 Multiplatform Interferometric SAR 
for Forest Structure and Subcanopy 
Topography and Soil Moisture

To measure 3D forest structure, topography, and soil moisture underlying 
forest canopies using a multiplatform InSAR system

73 Biomass Monitoring Mission To make global measurements of above-ground woody biomass carbon 
stock, forest 3-D structure, and to monitor changes in terrestrial carbon 
pool as a result of disturbance and recovery processes via lidar and radar

74 Suborbital Earth System Surveillance To develop an environmental surveillance program filling observation gaps 
between satellite and aircraft observation capabilities via High Altitude 
Long Endurance (HALE) UAVs

75 Nightsat To measure the spatial distribution and brightness of nocturnal lighting 
worldwide at a spatial resolution that permits the delineation of key 
features found in human settlements via observation in the vis/NIR and 
thermal bands

76 The Far-Infrared Spectrum: Exploring a 
New Frontier in the Remote Sensing of 
Earth’s Climate

To improve understanding of the natural greenhouse effect, atmospheric 
cooling by water vapor, and the role of cirrus clouds in climate via direct 
measurements of the far-infrared portion of the Earth’s emission spectrum

TABLE E.1 Continued
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77 Low-Earth-Orbit Global Mapping of 
Boundary Layer Carbon Monoxide

To measure global boundary layer CO via polarization-modulated gas filter 
correlation radiometry

78 Space-based Doppler Winds LIDAR: A 
Vital National Need

To provide high-resolution global tropospheric wind observation in 
support of improved long-range weather forecasting and other societal 
applications via Doppler wind lidar

79 Need for Integrated Water Cycle 
Observations from Space

To provide comments and background information on numerous water 
cycle observations and outline key considerations for developing a future 
water cycle observation strategy

80 A Low-Cost Multispectral Earth 
Observing System

To enhance Landsat and OLI data and satisfy requirements currently 
unfilled by a single Landsat-type satellite via a constellation multispectral 
Earth observing system with four satellites

81 A Space Mission to Observe 
Phytoplankton and Assess its Role in the 
Oceanic Carbon Cycle

To provide daily global measurements of ocean color and aerosols to 
help to quantify ocean’s role in uptaking atmospheric CO2, via natural 
fluorescence and Raman scattering observations

82 Surface Shortwave and Longwave 
Broadband Network Observation 
Uncertainty for Climate Change 
Research, Verification is Needed

To provide climate quality surface downwelling LW and SW broadband 
irradiance on a global scale via improved cross-network calibration, 
instrument standardization, long-term instrument intercomparisons, and 
development of new instruments and sensors

83 InSAR Applications for Exploration of the 
Earth

To precisely map Earth surface change and deformation due to tectonic, 
volcanic, and glacial processes with sub-cm accuracy via space-borne radar 
interferometry

84 Solar Occultation Instruments for 
Measurements of Ozone Trends

To monitor global ozone trends, aerosols, water vapor, and NO2, and 
provide calibration of OMPS stability via solar occultation observations

85 Data Assimilation and Objectively 
Optimized Earth Observation

To describe a vision for a future objectively optimized Earth observation 
system with integrated scientific analysis via a dynamically-adapting 
system

86 Ocean Carbon, Ecosystem and Near-
Shore Mission Concept

To achieve the most accurate and spectrally-broad global measurements 
of ocean water-leaving radiances ever conducted via a single spectrometer, 
and to utilize these data to effectively separate the wide variety of optically 
active in-water constituents 

87 Ocean and Land Operational Mission of 
the U.S.

To gather data that can be used in croyspheric, land, land deformation, 
ecology, atmospheric, and hydrologic applications via synthetic aperture 
radar, spectometry, and altimetry

88 Our Vital Skies: A preliminary concept of 
a coordinated research program for the 
coming decade

To substantially improve understanding of the influence of cloud-aerosol-
precipitation interactions on regional and global weather and climate via a 
program focusing on the microphysical linkages between aerosols, clouds, 
and the hydrological cycle

89 Multispectral Land Sensing: Where From, 
Where to?

To assess the long-term potential of technology for land remote sensing 
and discuss needed development of a hyperspectral data analysis system

90 Polar Environmental Monitoring, 
Communications, and Space Weather 
from Pole Sitter Orbit

To provide continuous environmental and meteorological monitoring 
of polar regions, a unique perspective on space weather monitoring of 
Sun-Earth system, and constant communication links between deep polar 
regions and the rest of the world

TABLE E.1 Continued
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91 A radar altimeter for bathymetry, 
geodesy, and mesoscale oceanography

To provide a global map of deep ocean bathymetry and gravity field at a 
resolution of 6-9 km using delay-Doppler radar altimetry to measure sea-
surface slope

92 Contributions of Radio Occultation 
Observations to the Integrated Earth 
Observation System

To resolve temperature and water vapor of the global atmosphere with 
unprecedented accuracy and resolution sufficient to meet requirements of 
weather and climate forecasting and climate monitoring via an operational 
system of radio occultation observations

93 Advanced Limb Imaging Sounder 
Experiment Mission

To measure the distribution of upper troposphere and lower stratosphere 
temperature, water vapor, ozone, clouds, and aerosols at high vertical and 
improved horizontal resolution in order to understand the role of the 
upper troposphere and lower stratosphere region in the radiative forcing 
of climate and climate-chemistry feedback 

94 Molniya Orbit Imager To extend GOES-type imagery to high-latitudes via an imager in Molniya 
orbit

95 Robust IR Remote Sensing for Carbon 
Monoxide, Methane, and Ozone Profiles

To make daily measurements of the vertical structure of trace gases 
including CO, methane, and ozone

96 GRACE follow-on To provide global measurements of terrestrial water, ice, and ocean mass 
variations via measurement of temporal variations in Earth’s gravitational 
field 

97 Spaceborne Advanced Visible Infrared 
Imager Concept

To produce high-resolution maps of reflected and emitted radiance of 
surface every 8 days via thermal IR imagery

98 Mission of Scatterometer and Along-
Track Interferometer for Ocean Current 
and Vector Wind Applications

To acquire high-resolution measurements of both ocean surface current 
and vector wind as a significant improvement over current measurements 
via scatterometry and along-track interferometry

99 Sensing of H2O in the Upper 
Troposphere

To simultaneously measure vertical profiles of H2O and HDO in the tropics 
and subtropics through the upper troposphere and lower stratosphere 
via IR solar occultation in order to constrain the dominant mechanisms 
regulating the abundance of water in critical regions of the Earth’s 
atmosphere

100 Draft GPM Overview Document To provide near-global measurements of rainfall, 3-D cloud structure, and 
precipitation using a microwave imager and a dual-frequency precipitation 
radar

101 Stratospheric Earth Radiation Balance 
(SERB) Missions using Balloons

To investigate stratospheric Earth radiation balance via long-life 
stratospheric balloons

102 Structure and Inventory of Vegetated 
Ecosystems

To gain information on composition, density, optical properties, and 
geometric structure of vegetation canopies and other surfaces using a 
combined lidar and stereo imager and a multi-angle global imager

103 Surface Observatories and in situ 
Observations in Support of Space-based 
Observations of Aerosols and Clouds

To monitor surface radiative fluxes and cloud and aerosol properties via a 
three-tiered system of surface-based observatories

TABLE E.1 Continued
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104 Terra-Luna: An Earth-Moon Science 
Exploration Mission

To construct a near-global baseline map of boreal and tropical forest 
land cover and biomass during multiple seasons, conduct first synoptic 
measurements of global ocean eddies, coastal currents and tides, and 
characterize land cover and canopy height for ecosystem and global 
climate modeling via L-band SAR and altimetry, then transfer to lunar orbit 
for lunar science measurements

105 Earth’s First Time Resolved Mapping of 
Air Pollution Emissions and Transport 
from Space

To discover spatial and temporal emission patterns of the precursor 
chemicals for tropospheric ozone and aerosol transport across continents 
from GEO

106 Technology Coupling Innovative 
Observations to Test Forecasts in Order 
to Provide Decision Structures in Service 
to Society

To measure OH, HO2, HDO/H2O ratios, NO2, H2O, total H2O, CH4, N2O, CO, 
CO2, O3, ClO, BrO, BrONO2, ClOOCl, and ClONO2 in order to bridge A-Train 
global observations with in situ detail via long-range, long-duration UAV 
observations

107 Water Vapor Monitoring Missions To provide direct measurements of water vapor and other atmospheric 
constituents in the region of the tropical atmosphere extending from 
about 14 km (upper troposphere) to 35 km via long-life stratospheric 
balloons

108 Water Elevation Recovery Satellite 
Mission

To acquire elevations of inland water surfaces at spatial and temporal 
scales necessary for answering key water cycle and water management 
questions of global importance via swath-based altimetry

109 Wind Imaging Spectrometer and 
Humidity-sounder (WISH): a Practical 
NPOESS P3I High-spatial Resolution 
Sensor

To measure tropospheric winds by tracking high spatial resolution altitude-
resolved water vapor sounding features via a wind imaging spectrometer 
and humidity-sounder

110 Climate-Quality Observations from 
Satellite Lidar

To continue lidar cloud observation data record after CALIPSO for climate 
change recognition

111 Advanced ICESat (Ice Cloud and Land 
Elevation Satellite)

To provide/determine polar ice-sheet mass balance; sea-ice freeboard 
and thickness; high-latitude oceanography and global sea level change; 
atmosphere-cloud heights and aerosol distributions; land topography 
referenced to a globally consistent datum; vegetation-canopy heights and 
structure; river stage and discharge and lake and wetland water storage; 
glaciers and ice cap dynamics and mass balance, via laser altimeter

TABLE E.1 Continued



Copyright © National Academy of Sciences. All rights reserved.

Earth Science and Applications from Space:  National Imperatives for the Next Decade and Beyond
http://www.nap.edu/catalog/11820.html

3-D Winds Three-Dimensional Tropospheric Winds from Space-based Lidar

ABBA automated biomass burning algorithm
ABI advanced baseline imager
ABYSS Altimetric Bathymetry from Surface Slopes
A-CD Aerosol-Cloud Discovery (mission)
ACE aerosol-cloud-ecosystem
ACRIM Active Cavity Radiometer Irradiance Monitor
ADM Atmospheric Dynamics Mission
AERONET Aerosol Robotics Network
AGAGE Advanced Global Atmospheric Gases Experiment
AIRS Aerometric Information Retrieval System or Atmospheric Infrared Sounder
ALOS Advanced Land Observing Satellite
ALT radar altimeter
AMSR-E Advanced Microwave Scanning Radiometer-Earth Observation System
AMSU Advanced Microwave Sounding Unit
AOD Aerosol Optical Depth
APS advanced polarimetric sensor
AQI air quality index
ARIES Atmospheric Remote-Sensing and Imaging Emission Spectrometer
ARM Atmospheric Radiation Measurement
ASCAT advanced scatterometers
ASCENDS Active Sensing of CO2 Emissions over Nights, Days and Seasons
ASTER Advanced Spaceborne Thermal Emission and Reflection Radiometer 
ATLS Across Trophic Level Systems
ATMS Advanced Technology Microwave Sounder
ATOMMS Active Temperature, Ozone, and Moisture Microwave Spectrometer
AVHRR Advanced Very High Resolution Radiometer
AVIRIS Airborne Visible/Infrared Imaging Spectrometer

BC black carbon
BRDF bidirectional reflectance distribution function
BSRN broadband solar radiometer

F

Acronyms and Abbreviations
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CALIPSO Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations
CAMEO Composition of the Atmosphere from Mid-Earth Orbit
C-CAN Continuous Coastal Awareness Network
CCSP Climate Change Science Program
CDOM colored dissolved organic matter
CDR climate data record
CERES Clouds and the Earth’s Radiant Energy System
CHAMP Coral Health and Monitoring Project or Challenging Minisatellite Payload
CHARMS Cloud Height and Altitude-Resolved Motion Stereo-imager
CHASM Cloud Hydrology and Albedo Synthesis Mission
CIMSS Cooperative Institute for Meteorological Satellite Studies
CLARREO Climate Absolute Radiance and Refractivity Observatory
CLIVAR Climate Variability and Predictability
CLPP Cold Land Processes Pathfinder 
CM1 Climate Mission 1
CMDL Climate Monitoring and Diagnostics Laboratory
CME coronal mass ejection
CMIS Conical-Scanning Microwave Imager/Sounder
CNES Centre National d’Etudes Spatiales 
C/NOFS Communication/Navigation Outage Forecasting System
COCOA Coastal Ocean Carbon Observations and Applications
COSMIC Constellation Observing System for Meteorology, Ionosphere and Climate
COSPAR Committee on Space Research
CPR cloud profiling radar
CrIS cross-track infrared sounder
CRYSTAL FACE Cirrus Regional Study of Tropical Anvils and Cirrus Layers–Florida Area Cirrus Experiment
CTM chemical transport models
CZCS coastal zone color scanner

DESDynI Deformation, Ecosystem Structure, and Dynamics of Ice
DIAL Differential Absorption Lidar
DLR German Aerospace Center (Deutsches Zentrum fuer Luft-und Raumfahrt e.V.)
DMSP Defense Meteorological Satellite Program
DOC dissolved organic carbon
DOD Department of Defense
DOE Department of Energy
DOM dissolved organic matter
DSCOVR Deep Space Climate Observatory
DWL Doppler wind lidar

ECMWF European Centre for Medium-Range Weather Forecasts
EDR environmental data record
EIT Extreme-ultraviolet Imaging Telescope
ENSO El Niño Southern Oscillation
Envisat environmental satellite
EOS Earth Observing System
E – P freshwater flux
EPA Environmental Protection Agency
ERA-40 European Centre for Medium-Range Weather Forecasts 40-yr global reanalysis
ERB Earth radiation budget
ERBE Earth Radiation Budget Experiment
ERBS Earth radiation budget sensor
ERS European Remote-Sensing Satellites
ESA European Space Agency
ESAP Earth Science Applications Pathfinder 
ESSP Earth System Science Pathfinder
ETM+ Enhanced Thematic Mapper +
EUV extreme ultraviolet
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FEMA Federal Emergency Management Agency
FOV field of view
FY fiscal year

GACM Global Atmospheric Composition Mission
GAW Global Atmosphere Watch
GCOS Global Climate Observing System
GEO geostationary Earth orbit 
GEO-CAPE Geostationary Coastal and Air Pollution Events
GeoSAR Geographic Synthetic Aperture Radar
GEOSS Global Earth Observing System of Systems
GEWEX Global Energy and Water Cycle Experiment
GFE government furnished equipment
GFO Geosat Follow-On
GIFTS Geostationary Imaging Fourier Transform Spectrometer
GISMO Glaciers and Ice Sheets Mapping Orbiter
GLAS Geoscience Laser Altimeter System
GLONASS Global Navigation Satellite System
GNSS Global Navigating Satellite System
GOCE European Gravity Field and Steady State Ocean Circulation Explorer
GODAE Global Ocean Data Assimilation Experiment
GOES Geostationary Operational Environmental Satellite
GOES-R Geostationary Operational Environmental Satellite-R (the next generation of GOES satellites)
GOME Global Ozone Monitoring Experiment 
GPM Global Precipitation Measurement (mission)
GPS Global Positioning System
GPSRO Operational GPS Radio Occultation
GRACE Gravity Recovery and Climate Experiment
GSFC Goddard Space Flight Center

HAB harmful algal bloom
HAZUS Hazards US
HDWL Hybrid Doppler Wind Lidar
HES Hyperspectral Environmental Sensor
HIRDLS High-Resolution Dynamics Limb Sounder
HIRS high resolution infrared radiation sounder
HPS hantavirus pulmonary syndrome
HSB Humidity Sounder for Brazil
HSRL high-spectral-resolution lidar
HyspIRI Hyperspectral Infrared Imager

IASI Infrared Atmospheric Sounding Interferometer. 
ICESat Ice, Cloud, and Land Elevation Satellite
ICOS Integrated Carbon Observing System
ICSU International Council for Science
IEOS International Earth Observing System
IGACO Integrated Global Atmospheric Chemistry Observations
IGOS Integrated Global Observing Strategy
IIP Instrument Incubator Program
InSAR Interferometric Synthetic Aperture  Radar
IORD-II Integrated Operational Requirements Document II
IPCC Intergovernmental Panel on Climate Change
IPO Integrated Program Office
IR infrared
ISCCP International Satellite Cloud Climatology Project

JAXA Japan Aerospace Exploration Agency
JPL Jet Propulsion Laboratory
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LASCO Large Angle and Spectrometric Coronagraph
LDCM Landsat Data Continuity Mission
LEO low Earth orbit
Lidar Light Detection and Ranging
LIST Lidar Surface Topography
LST land radiometric surface temperature
LTER long term ecological research
LVIS Laser Vegetation Imaging Sensor

M3 Moon Mineralogy Mapper
MAPSAR Multi Application Purpose SAR
MATH Monitoring Atmosphere Turbulence and Humidity
Mbps megabits per second
MDI Michelson Doppler Imager
MEO medium Earth orbit
MetOp Meteorological Operational Satellite Program
MIS microwave imager/sounder
MISR multi-angle imaging spectroradiometer
MLS microwave limb sounder 
MODIS Moderate Resolution Imaging Spectroradiometer
MOPITT Measurements of Pollution in the Troposphere
MOSAIC Measurement of Ozone by Airbus In-service Aircraft
MOSS Microwave Observatory of Subcanopy and Subsurface
MSS multispectral scanner
MSU microwave sounding units
MTSAT Multi-Function Transport Satellite

NASA National Aeronautics and Space Administration
NASDA National Space Development Agency (of Japan)  
NCEP National Centers for Environmental Prediction
NDVI Normalized Difference Vegetation Index
NEON National Ecological Observatory Network
NESDIS National Environmental Satellite, Data and Information Service
NH Northern Hemisphere
NIST National Institute of Standards and Technology
NOAA National Oceanic and Atmospheric Administration
NPOESS National Polar-orbiting Operational Environmental Satellite System
NPP NPOESS Preparatory Project
NRC National Research Council
NSA National Snow Analysis
NSCAT NASA scatterometer
NSF National Science Foundation
NWP numerical weather prediction

OCEaNS Ocean Carbon, Ecosystem and Near-Shore
OCO Orbiting Carbon Observatory
OLOM Ocean and Land Operational Mission
OMI ozone monitoring instrument
OMPS ozone monitoring and profiling suite
OOLM Operational Ocean and Land Mission
ORION Ocean Research Interactive Observatory Networks
OSTP Office of Science and Technology Policy
OVWM Ocean Vector Winds Mission

PARAGON Progressive Aerosol Retrieval and Assimilation Global Observing Network
PARASOL Polarization and Anisotropy of Reflectances for Atmospheric Sciences coupled with Observations from a Lidar
PATH Precipitation and All-Weather Temperature and Humidity
PBL planetary boundary layer
PM particulate matter
POLDER Polarization and Directionality of the Earth’s Reflectances
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R&A research and analysis
R&D research and development
RADARSAT radar satellite
RAOB rawinsonde observation
RASS radio acoustic sounding system
RCTRO Radiance Calibration and Time Reference Observatory
RFI request for information
RMSE root mean square error
RO radio occultation

SAC-C Satelite de Aplicaciones Cientificas-C
SAGE Stratospheric Aerosol and Gas Experiment
SAR synthetic aperture radar
SATCOM satellite communication
SAVII Spaceborne Advanced Visible Infrared Imager
ScanSAR Scanning Synthetic Aperture Radar
SCIAMACHY Scanning Imaging Absorption Spectrometer for Atmospheric Chartography
SCLP Snow and Cold Land Processes
SeaWiFS Sea-viewing Wide Field of View Sensor
SESWG Solid Earth Sciences Working Group
SH Southern Hemisphere
SH2OUT Sensing of H2O in the Upper Troposphere
SI Systeme Internationale
SIM Spectral Irradiance Monitor
SIRCUS Spectral Irradiance and Radiance Responsivity Calibrations with Uniform Sources
SIRICE Submillimeter Infrared Radiometer Ice Cloud Experiment
SLR Satellite Laser Ranging 
SMAP Soil Moisture Active-Passive
SMD Science Mission Directorate
SMMR Scanning Multichannel Microwave Radiometer
SNOTEL Snowpack Telemetry
SOHO Solar and Heliospheric Observatory
SORCE Solar Radiation and Climate Experiment
SPOT Satellite Probatoire de l’Observation de la Terre
SRTM Shuttle Radar Topography Mission
SSI satellite-to-satellite interferometer
SSM/I special sensor microwave/imager
SSO Sun-synchronous orbit
SST sea-surface temperature
STEREO Solar Terrestrial Relations Observatory
SURFRAD Surface Radiation Budget Network
SWE snow water equivalent
SWIR short-wave infrared
SWOT Surface Water and Ocean Topography

TanDEM-X TerraSAR-X add-on for Digital Elevation Measurement
TAO Tropical Atmosphere Ocean 
TCHP tropical cyclone heat-potential field
TES Tropospheric Emission Spectrometer
TIM total irradiance monitor
TIROS-N Television Infrared Observation Satellite-N
TM thematic mapper
TOA top of atmosphere
TOGA Tropical Ocean-Global Atmosphere Program
TOMS Total Ozone Mapping Spectrometer
TOPEX Ocean Topography Experiment
TOPSAR Topographic Synthetic Aperture Radar
T/P TOPEX/Poseidon (mission)
TRMM Tropical Rainfall Measuring Mission
TSI total solar irradiance
TSIS total solar irradiance sensor
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UAV unmanned aerial vehicle
UHF ultra high frequency
ULDB ultra-long duration balloon
USCRN U.S. Climate Reference Network
USDA U.S. Department of Agriculture
USGCRP U. S. Global Change Research Program
USGS U.S. Geological Survey
UV ultraviolet

VBZ vector-borne and zoonotic
VCL vegetation canopy lidar
VHF very high frequency
VIIRS Visible Infrared Imager Radiometer suite
VLBI Very Long Baseline Interferometry
VOC volatile organic chemical

WatER Water Elevation Recovery Satellite Mission
WCRP World Climate Research Programme
WF-ABBA Wildfire Automated Biomass Burning Algorithm
WMO World Meteorological Organization
WOWS Water and Ocean Wind Sensor
WRF-CHEM Weather Research and Forecasting Regional Chemical Transport Model
WRSI Water Requirement Satisfaction Index
WSOA Wide Swatch Ocean Altimeter
WTC World Trade Center

XBT expendable bathythermograph
XOVWM Extended Ocean Vector Winds Mission


