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FY 2018 PRESIDENT'S BUDGET REQUEST SUMMARY

Fiscal Year

Budget Authority ($ in millions)
NASA Total

Earth Science Research
Earth Science Research
and Analysis
Computing and
Management

Earth Systematic Missions
Ice, Cloud, and land
Elevation Satellite
(ICESat-2)

GRACE FO
Surface Water and
Ocean Topography
Mission (SWOT)
NASA-ISRO Synthetic
Aperature Radar
(NISAR)
Sentinel-6

Landsat 9

Other Missions and
Data Analysis

Earth System Science

Pathfinder
Venture Class Missions
Other Missions and
Data Analysis

Earth Science Multi-

Mission Operations

Earth Science Technology

Applied Sciences

Planetary Science
Research
Planetary Science
Research and Analysis
Directorate
Management
Near Earth Object
Observations
Other Missions and
Data Analysis
Discovery
InSight
Lucy

Operating
Plan
2016

19,285.0
5,584.1

347.2

130.5
914.6

117.4

59.9

1141

724

38.2
56.0

456.7

233.6
151.1
825

192.4

60.7
47.6

274.0

163.2

3.3

50.0

575

189.0
921
0.0

Enacted
2017

19,653.3

5,764.9

86.5

33.7

61.7

19,092.2
57118

2019
19,092.2
5,728.7

Notional

2020
19,092.2
5,728.7

2021
19,092.2
5,728.7

287.8 296.5 299.6 313.7 309.1
118.9 138.6 141.4 146.0 168.7
778.0 787.1 755.0 708.7 680.4
92.3 14.2 14.2 144 14.7
20.5 11.3 12.3 12.2 144
90.9 121.3 85.0 63.9 328
55.4 128.1 125.4 101.2 83.9
53.4 67.5 64.5 40.4 14.9
175.8 167.4 127.9 121.2 8.8
289.7 277.4 325.8 355.5 510.9
264.5 243.8 256.0 2715 268.3
199.1 174.0 184.0 199.7 202.5
65.4 69.7 72.0 71.9 65.7
196.5 194.1 200.7 208.6 218.6
60.4 59.7 63.6 65.9 67.8
47.9 49.3 52.8 54.7 56.3
2915 295.1 298.4 298.9 304.7
197.9 201.2 201.2 201.2 201.2
0.0 0.0 0.0 0.0 0.0
50.0 50.0 50.0 50.0 50.0
43.6 43.9 47.2 47.7 535
306.1 4254 488.3 376.8 375.2
109.4 22.3 118 9.0 9.0
101.4 170.9 205.1 141.1 36.2

19,092.2

2022

5,728.7
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FY 2018 PRESIDENT'S BUDGET REQUEST SUMMARY

Fiscal Year
Operating
Plan Enacted PBR Notional
Budget Authority ($ in millions) 2016 2017 2018 2019 2020 2021 2022

Psyche 0.0 -- 25.0 160.4 210.0 169.2 181.0
Other Missions and 96.9 - 703 718 614 575 149.0
Data Analysis

New Frontiers 194.0 -- 82.1 121.7 169.4 227.8 307.0

Mars Exploration 513.0 - 584.7 562.5 5304 356.9 450.7
Mars Rover 2020 321.8 3775 374.3 363.8 322.8 150.0 120.0
Other Missions and 191.2 - 210.4 198.7 207.6 206.9 330.7
Data Analysis

Outer Planets and Ocean 261.0 - 457.9 318.1 229.3 446.2 267.2

Worlds
Jupiter Europa 175.0 275.0 425.0 303.0 215.7 432.4 253.6
Other Missions and 86.0 - 329 15.1 13.6 138 136
Data Analysis

Technology 197.0 -- 207.2 198.6 200.6 204.8 206.6

Astrophysics Research 192.8 - 204.4 220.5 2254 261.9 288.1
Astrophysics Research 69.7 - 741 81.4 82.6 84.2 84.2
and Analysis
Balloon Project 36.2 -- 37.3 40.4 39.9 40.4 374
STEM Science Activation 37.0 -- 44,0 44.6 45.9 47.0 48.7
Other Missions and 49.9 - 49.1 54.1 57.1 90.3 117.8
Data Analysis

Cosmic Origins 195.6 - 191.6 190.0 142.0 157.8 156.4
Hubble Space
Telescope (HST) 98.3 - 83.3 83.3 83.3 98.3 98.3
Stratospheric
Observatory for Infrared 83.6 - 79.9 79.8 39.8 16.6 0.0
Astronomy (SOFIA)
Other Missions and 137 - 28.4 26.9 18.9 429 58.1
Data Analysis

Physics of the Cosmos 125.3 -- 99.9 109.4 111.1 93.6 93.7

Exoplanet Exploration 141.2 -- 176.0 350.8 473.3 475.8 440.2

Astrophysics Explorer 107.6 - 144.7 175.1 201.3 2115 2221
Transiting Exoplanet
Survey Satellite (TESS) 62.5 89.0 36.9 9.1 2.5 0.0 0.0
Other Missions and 45.1 - 107.8 166.0 198.8 2115 222.1
Data Analysis

Heliophysics Research 160.0 - 200.2 217.2 214.8 219.0 2195
Heliophysics Research 36.3 - 49.9 58.2 58.6 58.6 58.6
and Analysis
Sounding Rockets 49.8 - 59.0 61.1 63.1 63.1 63.1
Research Range 21.6 -- 24.1 255 255 25.6 25.6
Other Missions and 52.2 - 67.1 72.4 67.6 717 72.2
Data Analysis

Living with a Star 337.1 -- 381.0 255.9 123.3 118.9 122.1
Solar Probe Plus 255.6 210.3 265.8 107.2 30.6 22.1 22.2
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FY 2018 PRESIDENT'S BUDGET REQUEST SUMMARY

Fiscal Year
Operating
Plan Enacted PBR Notional
Budget Authority ($ in millions) 2016 2017 2018 2019 2020 2021 2022
Solar Orbiter 32.8 97.7 51.4 66.3 23 2.4 23
Collaboration
Other Missions and 487 - 63.8 82.4 905 94.4 97.6
Data Analysis
Solar Terrestrial Probes 49.5 -- 37.8 97.9 1715 185.1 191.1
Heliophysics Explorer 100.6 - 58.9 116.8 183.1 174.9 165.1
Program
lonospheric Connection
Explorer (ICON) 48.4 49.4 9.0 45 13 0.0 0.0
Other Missions and 52.3 - 50.0 1122 181.8 174.9 165.1
Data Analysis
Aeronautics 633.8 660.0 624.0 624.4 624.4 624.4 624.4
Airspace Operations and 1471 - 1087 107.7 107.1 107.8 109.7
Safety Program
Advanced Air Vehicles 254.9 - 232.7 22338 2332 236.7 2418
Program
Integrated Aviation 1283 - 1735 1785 167.8 139.2 132.9
Systems Program
Low Boom Flight 0.0 - 79.2 88.3 80.0 4538 30.0
Demonstrator
Transformative Aero 1035 - 109.2 1145 116.3 140.7 139.9
Concepts Program
Space Technology 686.4 686.5 678.6 679.3 679.3 679.3 679.3
Agency Technology and 315 - 319 31.9 31.9 319 319
Innovation
SBIR and STTR 200.9 - 180.0 180.0 180.0 180.0 180.0
Space Technology
Research and 454.0 - 466.7 467.4 467.4 467.4 467.4
Development
RESTORE-L 133.0 130.0 0.0 0.0 0.0 0.0 0.0
Laser Communications 305 25.7 215 17.2 0.0 0.0 0.0
Relay Demonstration
Exploration 3,996.2 4,324.0

Orion Program
Crew Vehicle
Development
Orion Program
Integration and Support

Space Launch System
Launch Vehicle
Development
SLS Program
Integration and Support

1,270.0
1,251.5

18.5
1,971.9
1,921.9

50.0

1,186.0
1,1755

10.5
1,937.8
1,881.7

56.1

1,170.2
1,159.7

10.5
2,083.6
2,032.7

50.9

1,123.4
1,112.9

10.5
2,265.6
2,189.9

75.6

1,124.5
1,114.0

10.5
2,177.6
2,101.1

76.5

1,124.5
1,114.0

10.5
2,177.4
2,101.1

76.3
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FY 2018 PRESIDENT'S BUDGET REQUEST SUMMARY

Fiscal Year
Operating
Plan Enacted PBR Notional
Budget Authority ($ in millions) 2016 2017 2018 2019 2020 2021 2022

Exploration Ground 398.9 4290 460.4 486.0 509.1 4695 4605
Systems

Exploration Ground 398.9 - 460.4 470.7 493.7 4538 444.8

Systems Development

EGS Program 0.0 - 0.0 153 15.4 157 157

Integration and Support

Human Research
Program
Advanced Exploration
Systems

Space Operations

International Space
Station Program
ISS Systems Operations
and Maintenance
ISS Research

Crew and Cargo Program
Commercial Crew
Program

145.0

210.4

5,032.3

1,436.4

1,092.5
343.9

1,424.0
1,243.8

4,950.7

21st Century Space
Launch Complex
Space Communications
and Navigation
Space Communications
Networks
Space Communications
Support
Human Space Flight
Operations
Launch Services
Rocket Propulsion Test
Education
Safety, Security, and Mission
Services

Center Institutional
Capabilities
Center Programmatic
Capabilities

284

669.8

592.2

1.7

100.6
81.2

115.0
2,772.4

140.0

210.0

4,740.8

1,490.6

1,173.1
3175

1,683.2
731.9

576.3

493.0

140.0

380.0
4,532.8

1,561.3

1,219.7
341.7

1,945.6
173.1

580.4

489.5

90.9

136.1
88.6

0.0
2,859.4

140.0

475.1
4,279.2

1,611.4

1,214.7
396.7

1,775.5
35.8

576.4

4335

142.9

143.9
88.6

140.0

526.4
4,354.6

1,616.5

1,213.9
402.6

1,832.3
36.3

0.0 0.0 0.0 0.0 0.0

585.5

461.4

124.0

147.8
88.6

140.0

547.6

1,635.2

1,232.5
402.6

1,772.6
36.3

614.6

464.5

150.1

147.8
88.6
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FY 2018 PRESIDENT'S BUDGET REQUEST SUMMARY

Fiscal Year
Operating
Plan Enacted PBR Notional
Budget Authority ($ in millions) 2016 2017 2018 2019 2020 2021 2022
Agency Management 361.9 -- 361.2 376.3 376.3 376.3 376.3
Safety and Mission 176.2 - 1714 171.4 171.4 1714 1714
Success
Safety and Mission 49.7 - 498 498 498 49.8 49.8
Assurance
Chief Engineer 834 - 83.7 83.7 83.7 83.7 83.7
Chief Health and
Medical Officer 4.0 - 4.4 4.4 4.4 4.4 4.4
Independent
Verification and 39.1 - 335 335 335 335 335
Validation
Agency IT Services
(AITS) 219.8 -- 278.1 247.9 247.9 2479 247.9
IT Management 15.1 -- 26.0 20.7 211 20.8 20.9
Applications 55.8 - 59.0 57.2 56.4 56.4 56.4
Infrastructure 148.9 -- 193.1 170.0 170.4 170.7 170.6
Strategic Capabilities 26.9 - 27.0 27.0 27.0 27.0 27.0
Asset Program

Construction and Environmental

Compliance and Restoration

Institutional CoF
Exploration CoF

Space Operations CoF

Science CoF
Aeronautics CoF

Inspector General
NASA Total

37.4
19,285.0

37.9
19,653.3

39.3
19,092.2

39.3
19,092.2

39.3
19,092.2

39.3
19,092.2

39.3

19,092.2

FY 2016 reflects funding amounts specified in Public Law 114-113, Consolidated Appropriations Act, 2016, as executed under
the Agency's current FY 2016 Operating Plan.

FY 2017 Enacted reflects the funding amounts specified in Division B of the Consolidated Appropriations Act, 2017, P.L. 115-

31. Table does not reflect emergency supplemental funds also appropriated in FY 2017, totaling $184 million.
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FY 2018 Budget Request Executive Summary
MESSAGE FROM THE ADMINISTRATOR (ACTING)

I am pleased to present President Trump’s FY 2018 $19 billion budget request for NASA.

NASA helps fuel the engine of American innovation by planning to take humans deeper into space,
increasing U.S. technological capabilities, making new discoveries about our solar system and the
universe, and inspiring the next generation even as it creates good jobs and great economic benefits for
our nation.

This budget enables continued American leadership in space. It focuses on NASA’s core missions and the
cutting edge capabilities we’ll need to carry them out. It supports a sustained cadence of science and
technology breakthroughs and missions that will take humans back to the vicinity of the moon and
beyond.

The budget supports and expands public-private partnerships as the foundation of future U.S. civilian
space efforts. Such partnerships have enabled American industry to provide cargo resupply services for
the International Space Station and the imminent return of the capability to launch astronauts from
American soil. The Budget creates new opportunities for collaboration with industry in space station
operations, deep space habitation, Earth observation, and the development of new technologies. In this
and many other ways, NASA remains a good investment for the nation. Our missions help develop our
evolving industrial base — which strengthens our economic and national security — and give our nation
greater capabilities and flexibility to achieve challenging exploration goals.

Building on an incredible history of achievement in science, this request pushes out the frontiers of
knowledge by enabling us to bring testing and construction of our next Great Observatory, the James
Webb Space Telescope, to its final stages before its 2018 launch. It continues our work to put the InSight
lander on Mars and send the Mars 2020 rover to the Red Planet in advance of sending humans there, in
addition to a diverse portfolio of missions to explore our solar system and universe. It advances
development of our next great outer planets mission — the long awaited visit to Jupiter’s moon Europa.

We remain committed to studying our home planet and the universe, but are reshaping our focus within
the resources available to us. While some planned missions in Earth science will not go forward, this
budget is not far from where we have been in recent years. It enables our wide ranging science work on
many fronts, which continues to lead the world in its size, scope, and scientific output.

While we are ending our mission to an asteroid, known as the Asteroid Redirect Mission, many of the
central technologies in development for that mission, such as solar electric propulsion, will continue, as
they constitute vital capabilities needed for future human deep space missions. Our commitment to
breakthroughs on many fronts in space technology remains strong.

NASA remains commited to conducting world-class Aeronautics research and development, and we will
continue to develop the next generation technologies to improve air travel and air traffic management,
including a focus on making supersonic commercial air travel a reality once again.

While we will no longer operate a formal Office of Education, we will continue to leverage our unique
assets to further advance our Nation’s education goals. NASA remains committed to engaging the next
generation of explorers, indeed learners of all ages, to maintain our competitiveness now and for
generations to follow.

In his speech to both houses of Congress, the President said, “American footprints on distant worlds are
not too big a dream.” NASA is already working toward that goal, and we look forward to the amazing
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milestones this budget will help us reach, and to continuing America’s leadership in achieving long-term
goals in space.

This budget reflects tough choices within today’s constrained fiscal environment, but we are confident
and optimistic that as NASA leads the world in space, it also can lead the way in a more effective, modern
government. Our nation needs NASA more than ever. The agency’s work every single day is vitally
important, and we look forward with this budget to delivering continued great value for the taxpayer.

MUm A

Robert M. Lightfoot, Jr.

Administrator (Acting)
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The President’s strong support and vision for NASA are reflected in the FY 2018 President’s Budget,
which will drive new breakthroughs in science and technology while ensuring that we maintain our
continuity of purpose. NASA’s historic and enduring purpose is captured in three major strategic thrusts:
Discover, Explore, Develop. These correspond to our missions of scientific discovery of our world, of
other worlds, and of the cosmos as a whole; missions of exploration in our solar system with humans and
robotic probes that expand the frontiers of human experience; and missions that develop and advance new
technologies in aeronautics and space systems that allow American industry to increase market share and
create new markets, on Earth and increasingly in the near-Earth region of space.

NASA conducts its missions in support of and aligned to 6 major National strategic themes:

Making New Discoveries, Expanding Human Knowledge and Pushing Human Presence Deeper into
Space

NASA’s discoveries literally re-write science textbooks and transform our knowledge of ourselves, our
planet, solar system, and universe. Through its missions and sponsored research, NASA provides access
to the farthest reaches of space and time and essential information about our home planet. We seek to
solve the mysteries of the Universe and to better prepare for continued journeys beyond Earth. On the
practical side, NASA research into the human body and cutting-edge developments in aeronautics are
areas that have a direct relationship with our quality of life and our economy. From scientific discovery,
expanding human presence in space, to helping the nation in other ways, are all built upon developing
new technologies that fuel these innovations.

One of NASA’s core missions is to expand scientific knowledge. Currently, we do this by tackling some
of the world’s greatest questions: Are we alone? How does our planet work? Addressing these and other
questions yields insights into the human condition and advances humanity’s scientific knowledge.

Strengthening Global Engagement and Diplomacy

Since its establishment in 1958, international cooperation has been a significant component of NASA’s
missions because of the visibility and national-level importance space efforts have represented. As a
result, the Agency plays a unique role in U.S. global engagement and diplomacy. This role extends from
data sharing agreements to joint science and technology payloads, all the way up to major diplomatic
initiatives. For example, NASA recently opened a regional data center in the increasingly strategic area of
West Africa that will help capacity building and aid development efforts in this region. Over two-thirds of
our science missions have foreign partners who enhance missions in ways we could not achieve on our
own. The International Space Station (ISS), a complex partnership of 15 nations, relies upon partner
contributions for essential elements, from launching astronauts to on-orbit operations. The ISS took fresh
impetus from the addition of Russia to the partnership at the end of the Cold War.

Enhancing National Security and the Industrial Base

NASA was established at the dawn of the Cold War with a very specific strategic and national power
projection mission. Today, the security environment has evolved to include more divergent and diffuse
threats and actors. With more nations having access to space and space technology come challenges as
well as opportunities. New regional alliances and non-state players also challenge traditional U.S.
relationships on Earth and in space. Of particular relevance are the assertion of national power in space
and the increasing global competition in advanced science and technology. Because of NASA’s role in
the international community, it can help national security leaders manage global risks.
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NASA also contributes to the Nation’s security, driving technology and innovation using the country’s
vast intellectual, economic, and industrial base to contribute to our unique challenges. NASA also
engages new and existing U.S. companies and academia, supporting and growing the national industrial
base shared by many other government agencies.

Catalyzing Economic Development and Growth

NASA has always been a driver of national economic development and growth. In fact, our founding
charter calls out this important theme and historically, over 80 percent of our funds have been spent
outside the Agency.

As nations vie for advantage on the global stage, economic growth and productivity are the engines that
drive national power. Such power is measured in a variety of ways, but one important way is through
competitiveness, or the ability of a nation’s firms to perform in the global marketplace. Drawing upon a
highly diffuse and technical supply chain and workforce, firms at the leading edge of aircraft development
represent a rough yardstick and benchmark of national capability across a wide spectrum of activities.

Overall, recognizing the growth of technologies and innovations increasing outside of the Agency, NASA
is instituting a robust partnership and acquisition strategy, in part focused on leveraging and collaborating
with the private sector and academia to harness their innovations for our missions.

Addressing Societal Challenges

NASA strives to maintain its importance, utility, and relevance to the U.S. public. We do this by tackling
significant societal challenges and providing invaluable benefits to citizens. The scope and nature of the
challenges that NASA seeks to address have changed over time. Originally tied to supporting national
security and improving the quality of life with advances in aeronautics, communications satellites, and
Earth remote sensing, our mandate is now much broader. We seek to address challenges associated with:
data gathering and research to improve prediction of weather, climate, and natural hazards; advancing the
state of technology R&D across a spectrum of fields, including aeronautics; developing launch, space
transportation and human spaceflight capabilities; cybersecurity; gathering of data regarding our home
planet to improve and protect life; planetary/heliophysics/astrophysics questions; and improving U.S.
national innovation capacity. NASA also addresses civilization-level challenges to society research and
discoveries that address the very nature of life, its ability to adapt outside our planet, and its origin,
possible diversity, and future.

Providing Leadership and Inspiration

From big firsts to dramatic discoveries, to sharing its information and programs globally, NASA is a
platform for U.S. leadership and inspiration. We are most successful when we lead through example and
practice, attracting partners who realize the benefits of shared values. Such principles include a shared
understanding of the responsible use of space, free and open data policies, and the broad benefits of
fundamental public R&D.

Additionally, leadership in space is in part due to our ability to inspire and create access to challenges that
are out of this world. A core component of national power is a nation’s technical workforce, responsible
for developing many of the innovations that have contributed to U.S. productivity gains over the last
century. In February 2017, NASA announced the discovery of the largest batch of Earth-size, habitable-
zone planets around a single star. The announcement was downloaded over 4 million times, and NASA
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fielded over 10,000 questions via social media. With over 10 million views on the mission page, and
42% of all government website traffic going to NASA during the historic flyby. The Agency similarly
inspired millions during Scott Kelly’s yearlong stay aboard the ISS.

Even as over 80 percent of NASA funds go out externally to industry and academia, the Agency
continues to retain and serve as a unique national resource of systems engineers, scientists, business and
international specialists, and technologists. From this foundation and the facilities that support them,
NASA provides the nation a tool for leadership and inspiration.

Connecting Strategy and Budget

NASA achieves its strategic goals through its flight missions, research, and enabling capabilities.
NASA’s management and budget are organized to efficiently carry out the agency’s mission.

SCIENCE IS ANSWERING ENDURING QUESTIONS IN, FROM, AND ABOUT SPACE

NASA’s Science account funds on-going discovery and exploration of our planet, other planets and
planetary bodies, our star system in its entirety, and funds observations out into our galaxy and beyond.
Through the development of space observatories and probes, NASA will continue to inspire the next
generation of scientists, engineers, and explorers, provide National leadership in space, and expand
human knowlege. The FY 2018 budget request for Science is $5,711.8 million.

This budget reinvigorates robotic exploration of the solar system, including funding for a Europa Clipper
mission to fly repeatedly by Jupiter’s icy ocean moon Europa. It provides full funding for launch in 2018
of the InSight mission to study the deep interior of Mars, the Mars 2020 mission, and the recently selected
Discovery asteroid missions (Lucy and Psyche).

Webb, a successor to the Hubble telescope, is on schedule for its October 2018 launch. The request also
funds formulation of the Wide Field Infrared Survey Telescope (WFIRST) mission, the next major
observatory beyond Webb and the highest-priority large mission in the Decadal Survey. Astrophysics
Explorer missions in formulation and development include the Transiting Exoplanet Survey Satellite
(TESS), and the Imaging X-Ray Polarimetry Explorer (IXPE). NICER, launching to the ISS in 2017 as
part of an innovative use of the platform for SMD objectives, will study the extraordinary gravitational,
electromagnetic, and nuclear-physics environments of neutron stars. The request also includes funding
for the Stratospheric Observatory for Infrared Astronomy (SOFIA), which will be subject to the 2019
Senior Review for Astrophysics.

NASA continues to learn more about Earth. The Sustainable Land Imaging program will provide U.S.
users with high-quality, global, land imaging measurements that are compatible with the existing 44-year
Landsat record; that will address near- and longer-term issues of continuity risk; and that will evolve
flexibly and responsibly through investment in, and introduction of, new sensor and system technologies.
This budget supports launch of Landsat 9 as early as FY 2021. The request fully funds Ice, Cloud, and
land Elevation Satellite (ICESat-2); Gravity Recovery and Climate Experiment (GRACE-FO); Surface
Water and Ocean Topography (SWOT); NASA-ISRO Strategic Aperture Radar (NISAR); and many
other future Earth Science missions.

The request fully funds several major missions to advance our understanding of the Sun and its impact on
the Earth, including Solar Probe Plus (SPP) and Solar Orbiter Collaboration (SOC). The request also
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funds the lonospheric Connection Explorer (ICON) and Global-scale Observations of the Limb and Disk
(GOLD) Explorer missions. ICON’s goal is to understand the tug-of-war between Earth’s atmosphere and
the space environment, in the "no man’s land" of the ionosphere, while GOLD will measure densities and
temperatures in Earth's thermosphere and ionosphere. The request includes NASA work in support of
interagency space weather efforts outlined in Space Weather Action Plan and Space Weather Strategy.

The budget also supports initiatives that use smaller, less expensive satellites and/or public-private
partnerships to advance science. A Science-wide CubeSat/SmallSat initiative will implement the
recommendations from a recent study of the National Academies that concluded that, due to recent
technological progress in both private sector and through federal investments, these small satellites are
suitable to address specific high-priority science goals. A targeted $70 million per year investment
strategy will focus technology development on CubeSats/SmallSats in all four SMD science themes to
exploit this value, and will provide novel partnership opportunities between commercial partners and
NASA. This initiative will also leverage and align with investments by the Space Technology Mission
Directorate (STMD).

AERONAUTICS RESEARCH TO ADDRESS AVIATION’S CHALLENGES

The air transportation system of today is a vital part of the U.S. and global economies. It enhances our
national security and the industrial base and provides a key catalyst to the nation’s economic development
and growth.

It is the primary mechanism for connecting major population centers in the U.S. and countries across the
world for people and cargo. NASA conducts aeronautics research to bring transformational advances in
the safety, capacity, and efficiency of the air transportation system while minimizing negative impacts on
the environment. The FY 2018 budget request for Aeronautics is $624.0 million.

The FY 2018 budget request for NASA Aeronautics will demonstrate and validate concepts that enable
breakthroughs in the speed and efficiency of aircraft through cutting edge research into new aircraft
shapes and propulsion systems. The request supports development of a supersonic X-plane, referred to as
the Low Boom Flight Demonstrator (LBFD), scheduled for first flight in FY 2021. The LBFD will
demonstrate quiet supersonic flight over land, which will ultimately open a new market to U.S. industry.
Also, NASA will continue to advance new fuel efficient subsonic aircraft configurations that can reduce
fuel consumption by 50 percent while also dramatically reducing noise. NASA will also continue
exploring new hybrid and all electric propulsion technologies including a flight demonstration of a
general aviation scale all electric X-plane.

The request supports a robust investment in air traffic management improvements that will safely increase
air traffic capacity and reduce flight delays. In cooperation with FAA, NASA will conduct a series of
flight tests that will demonstrate new concepts and technologies that will increase the rate of arrivals and
departures. NASA Aeronautics is developing key technologies and standards that will enable safe
operations of unmanned aircraft systems (UAS) in the Nation’s airspace including low altitude operations
of small UAS. The request also supports a healthy hypersonic research effort, coordinated with the
Department of Defense (DoD), to leverage flight test data that supports NASA’s research while
simultaneously reducing risk and enhancing effectiveness of DoD’s programs.
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SPACE TECHNOLOGY DRIVES INNOVATION AND EXPLORATION

Space Technology rapidly develops, demonstrates, and infuses revolutionary, high-payoff technologies
through transparent, collaborative partnerships, expanding the boundaries of the aerospace enterprise.
NASA’s space technology feeds missions that strengthen our national security and the industrial base
while contributing to economic development and growth. These transformative technologies also enable
NASA’s missions by reducing cost and complexity while increasing capabilities, and often have broad
application within American industry and other government agencies. Technology drives innovation and
exploration by expanding utilization of near-Earth space, developing efficient and safe transportation
through space; increasing access to planetary surfaces; enabling humans to live and explore beyond low
Earth orbit; enabling the next generation of Science missions; and growing the U.S. industrial and
academic base to continue the Nation’s economic leadership. The FY 2018 budget request for Space
Technology is $678.6 million

The FY 2018 budget continues development of high-powered solar electric propulsion technologies that
will enable extremely efficient orbit transfer and accommodate increasing power demands for satellites.
The Agency plans to incorporate high power solar electric propulsion technology in its human exploration
architecture for deep space missions. In addition, over the next year, Space Technology will conduct
several in-space demonstrations including a deep space atomic clock for advanced navigation and flight
testing of a high performing propellant alternative to highly toxic hydrazine. Space Technology will
complete flight hardware development for the Laser Communications Relay Demonstration and four
technologies for the Mars 2020 mission. Industry partners will conduct In-Space Robotic Manufacturing
& Assembly ground tests to reduce the risk associated with robotic manipulation of structures and remote
manufacturing of structural trusses. NASA will also restructure its investment in satellite servicing
technology to reduce its cost and better position it to support a nascent commercial satellite servicing
industry.

In addition, Space Technology has developed a diverse portfolio of early-stage research and technology
creating a technology pipeline to solve the Agency and Nation’s most difficult exploration challenges by
partnering with researchers across academia and industry. Space Technology will continue to prioritize
“tipping point” technologies through public private partnerships and early-stage innovation with over 600
awards to small businesses, private innovators, and academia to spark new ideas for the benefit of U.S.
aerospace and high tech industries. As efforts complete, appropriate technologies will be transferred and
commercialized to benefit a wide range of users to ensure the nation realizes the full economic value and
societal benefit of these innovations.

EXTENDING HUMAN PRESENCE INTO THE SOLAR SYSTEM

One of NASA’s key goals is opening the space frontier. With the objective of extending human presence
deeper into the solar system through a sustainable human and robotic spaceflight program, the Agency
has developed a strategic, pioneering approach to expand the distance and duration of human space
exploration, building off the research happening today on the International Space Station. NASA is
pushing human presence deeper into space while making new discoveries, and strengthening the Nation’s
diplomatic posture.

Exploration programs continue to develop robust capabilities intended to ensure flexibility in destination,

affordability, and sustainability in the Nation’s human spaceflight program leading initially towards a
cislunar presence and missions to Mars and beyond. NASA will evolve these core capabilities through
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continued technical advancements maintaining our leadership role in human spaceflight. The agency has
developed a phased approach for this activity, starting with 1SS and progressing to cislunar space and
beyond. The Exploration account develops systems and capabilities required for deep-space exploration.
The FY 2018 budget request for Exploration is $3,934.1 million. NASA plans to explore approaches for
reducing the costs of exploration missions to enable a more expansive exploration program.

The Exploration Systems Development programs are creating the first components of this architecture for
human exploration beyond low Earth orbit. Orion, the deep space crew vehicle, will take us to cislunar
space atop the Space Launch System (SLS), the deep space rocket supported by Exploration Ground
Systems (EGS) for integration and launch. NASA will conduct deep-space missions to test systems and
concepts, paving the way for long-duration human space exploration while conducting a variety of
science missions. Opening the space frontier requires expansion of technical and scientific knowledge to
tackle complex problems and creative new solutions to meet demands never before encountered by
humans. NASA must understand and mitigate the effects of long-term human exposure to space and the
Human Research Program (HRP) is conducting research on the ISS toward this end. NASA’s Advanced
Exploration Systems (AES) is also developing technologies and maturing systems required for deep-space
missions by identifying and pioneering new solutions to technical and human challenges.

L1IVING AND WORKING IN SPACE

The Space Operations Account funds critical NASA capabilities that create pathways for discovery and
human exploration of space. NASA is making discoveries, creating economic and commercial markets
and applications, while addressing societal challenges.

These capabilities include research on, operation of, and crew and cargo transportation to ISS; rocket
propulsion testing; safe, reliable, and affordable access to space for NASA science missions and
communications satellites, as well as other civil sector missions such as weather satellites for NOAA; and
secure, dependable communications with crewed and robotic missions across the solar system and
beyond. The FY 2018 budget request for Space Operations is $4,740.8 million.

ISS is an unparalled global project that exhibts National leadership and engages the pubic and students. It
offers a unique platform for NASA and its international partners to learn how to live and work in space.
Research, technology demonstrations, tests, and experiments on ISS continue to advance the capabilities
required for future long-duration missions. NASA is making technological advances aboard ISS in
autonomous rendezvous and docking, advanced communications systems, human health and behavior in
space, life support systems for habitats, and space suit systems, as well as in basic research in biological
and physical sciences. The 1SS National Lab, managed by the non-profit Center for the Advancement of
Science in Space (CASIS), is making great strides in getting new users to the ISS, including private
industry and other U.S. government agencies. These entities are using the ISS for research into
pharmaceuticals, biotechnology, and in-space manufacturing, among others, as well as being able to
iterate on technology design before moving to operational production.

NASA and the U.S. space transportation industry are well on the way to developing an affordable
capability to carry crew to ISS by the end of 2018, bolstering American leadership while eliminating
reliance on the Russian Soyuz to transport American astronauts. This competitive commercial approach,
distinct from a traditional NASA-owned and operated system, allows the Agency to reduce costs, improve
affordability and sustainability, and stimulate the private sector space industry. With U.S. commercial
industry providing cargo resupply services to ISS, NASA is funding development activities for
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commercial crew systems. The Agency will purchase commercial crew transportation services using the
same model used for cargo services.

NASA’S MISSIONS AND DISCOVERIES STRENGTHEN THE NATION’S STEM
EDUCATION AND FUTURE WORKFORCE

NASA'’s programs continue to share the excitement of the Agency’s science and engineering missions
with learners, educators, and the public. NASA’s discoveries and the many resources available about it
online and in numerous public outreach and engagement activities across our missions ensures that
students and educators will have access to NASA information and the work of the top scientists and
engineers in government.

NASA remains committed to providing internships and fellowships and using its unique capabilities,
resources, and expertise to inspire the future STEM workforce. The FY 2018 budget request terminates
the Office of Education, given its challenges in implementing a NASA-wide education strategy and
current fiscal constraints.

MANAGING NASA’S PEOPLE AND CAPABILITIES TO SAFELY ACCOMPLISH OUR
MISSION

NASA'’s mission support directly enables NASA’s portfolio of missions in aeronautics and space
exploration. The Safety, Security, and Mission Services account funds the essential day-to-day technical
and business operations required to safely operate and maintain NASA centers and facilities and the
independent technical authority required to reduce risk to life and program objectives for all missions.
These mission support activities provide the proper services, tools, and equipment to complete essential
tasks, protect and maintain the security and integrity of information and assets, and ensure that personnel
work under safe and healthy conditions. Planning, operating, and sustaining this infrastructure and our
essential services requires a number of critical institutional capabilities including management of: human
capital; finance; information technology; infrastructure; acquisitions; security; real and personnel
property; occupational health and safety; equal employment opportunity and diversity; small business
programs; external relations; strategic internal and external communications; stakeholder engagement;
and other essential corporate functions. In FY 2018, NASA will strengthen cybersecurity capabilities,
safeguarding critical systems and data. NASA will continue to provide strategic and operational planning
and management over a wide range of services to help NASA operate in a more efficient and sustainable
manner. The FY 2018 budget request for Safety, Security, and Mission Services is $2,830.2 million.

The Construction and Environmental Compliance and Restoration account enables NASA to manage the
Agency’s facilities with a focus on reducing infrastructure, implementing efficiency and high
performance upgrades, and prioritizing repairs to achieve the greatest return on investment. In FY 2018,
NASA continues to consolidate facilities via institutional construction projects to achieve greater
operational efficiency, replacing old, obsolete, costly facilities with fewer, high performance facilities.
Programmatic construction of facilities projects provide the specialized technical facilities required by the
missions. NASA will decommission and continue preparations to dispose of property and equipment no
longer needed for missions. To protect human health and the environment, and to preserve natural
resources for future missions, environmental compliance and restoration projects will clean up pollutants
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released into the environment during past NASA activities. The FY 2018 request for Construction and
Environmental Compliance and Restoration is $496.1 million.
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NASA’s WORKFORCE

NASA’s workforce continues to be its greatest asset for enabling missions in space and on Earth. The
civil service staffing levels proposed in the FY 2018 Budget support NASA’s scientists, engineers,
researchers, managers, technicians, and business operations workforce. It includes civil service personnel
at NASA Centers, Headquarters, and NASA-operated facilities. The mix of skills and distribution of
workforce across the Agency is, however, necessarily changing.

NASA will continue to explore opportunities across the Agency to find efficiencies in workforce
productivity, especially in mission support functional areas. The Agency will apply the valued civil
service workforce to priority mission work, adjusting the mix of skills where appropriate. Centers will
explore cross-mission opportunities for employees whenever possible, use the range of tools available to
reshape the workforce, and continue to identify, recruit, and retain a multi-generational workforce of
employees who possess skills critical to the Agency.
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NASA presents the FY 2018 budget request in full-cost, where all project costs are allocated to the
project, including labor funding for the Agency’s civil service workforce. Note that budget figures in
tables may not sum because of rounding.

OUTYEAR FUNDING ASSUMPTIONS
At this time, funding lines beyond FY 2018 should be considered notional.

EXPLANATION OF FY 2016 AND FY 2017 BUDGET COLUMNS

FY 2016 Column

The FY 2016 Actual column in budget tables is consistent with the approved Agency spending plan (i.e.
operating plan) control figures at the time of the budget release. Budget structure and figures are adjusted
for comparability to the FY 2017 request.

All FY 2016 budget figures represent appropriations reflect funding amounts specified in the July 2016
Operating Plan per P.L. 114-113.

FY 2017 Column

FY 2017 Enacted reflects the funding amounts specified in Division B of the Consolidated
Appropriations Act, 2017, P.L. 115-31. The numbers do not reflect emergency supplemental funds also
appropriated in FY 2017, totaling $184 million. As of budget release, an initial FY 2017 operating plan
has not been developed and submitted to the Congress. As a result, budget tables show only accounts,
themes, or programs where appropriations are called out in P.L. 115-31. Tables also show tentatively
planned FY 2017 funding for projects in development (subject to change pending finalization of the FY
2017 initial operating plan).
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EXPLANATION OF PROJECT SCHEDULE COMMITMENTS AND KEY MILESTONES

Programs and projects follow their appropriate life cycle. The life cycle is divided into phases. Transition
from one phase to another requires management approval at Key Decision Points (KDPs). The phases in
program and project life cycles include one or more life-cycle reviews, which are considered major
milestone events.

¢ Phase A: concept and technology development; and
¢ Phase B: preliminary design and technology completion.

Formulation
¢ Phase C: final design and fabrication;
¢ Phase D: system assembly, integration, test, launch and checkout;
¢ Phase E: operations and sustainment; and
Implementation ¢ Phase F: closeout.

A life-cycle review is designed to provide the program or project with an opportunity to ensure that it has
completed the work of that phase and an independent assessment of a program’s or project’s technical and
programmatic status and health. The final life-cycle review in a given life-cycle phase provides essential
information for the KDP that marks the end of that life-cycle phase and transition to the next phase if
successfully passed. As such, KDPs serve as gates through which programs and projects must pass to
continue.

The KDP decision to authorize a program or project’s transition to the next life-cycle phase is based on a
number of factors, including technical maturity; continued relevance to Agency strategic goals; adequacy
of cost and schedule estimates; associated probabilities of meeting those estimates (confidence levels);
continued affordability with respect to the Agency’s resources; maturity and the readiness to proceed to
the next phase; and remaining program or project risk (safety, cost, schedule, technical, management, and
programmatic). At the KDP, the key program or project cost, schedule, and content parameters that
govern the remaining life-cycle activities are established.

For reference, a description of schedule commitments and milestones is listed below for projects in
Formulation and Implementation. A list of common terms used in mission planning is also included.
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Formulation

NASA places significant emphasis on project Formulation to ensure adequate preparation of project
concepts and plans and mitigation of high-risk aspects of the project essential to position the project for
the highest probability of mission success. During Formulation, the project explores the full range of
implementation options, defines an affordable project concept to meet requirements, and develops needed
technologies. The activities in these phases include developing the system architecture; completing
mission and preliminary system designs; acquisition planning; conducting safety, technical, cost, and
schedule risk trades; developing time-phased cost and schedule estimates and documenting the basis of
these estimates; and preparing the Project Plan for Implementation.

Formulation
Milestone Explanation
The lifecycle gate at which the decision authority determines the readiness of a program or
project to transition into Phase A and authorizes Formulation of the project. Phase A is the
first phase of Formulation and means that:
KDP-A e The project addresses a critical NASA need;
e  The proposed mission concept(s) is feasible;
e The associated planning is sufficiently mature to begin activities defined for
formulation; and
e The mission can likely be achieved as conceived.
System The lifecycle review in which the decision authority evaluates whether the functional and
Requirements performance requirements defined for the system are responsive to the program’s
Review (SRR) requirements on the project and represent achievable capabilities
System Definition | The lifecycle review in which the decision authority evaluates the credibility and
Review or responsiveness of the proposed mission/system architecture to the program requirements
Mission and constraints on the project, including available resources, and determines whether the
Definition maturity of the project’s mission/system definition and associated plans are sufficient to
Review begin the next phase, Phase B.
The lifecycle gate at which the decision authority determines the readiness of a program or
project to transition from Phase A to Phase B. Phase B is the second phase of Formulation
and means that:
KDP-B e The proposed mission/system architecture is credible and responsive to program
requirements and constraints, including resources;
e  The maturity of the project’s mission/system definition and associated plans is
sufficient to begin Phase B; and
e The mission can likely be achieved within available resources with acceptable risk.
- The lifecycle review in which the decision authority evaluates the completeness/consistency
Preliminary ) . ; . . -
Design Review of t_he planning, technical, cost, and schedul_e t?asellnes Qevelpped du_nng Formglatlon. This
(PDR) rewew_also assesses _com_pllanc_e _of the preliminary d§5|gn with applicable requirements and
determines if the project is sufficiently mature to begin Phase C.
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Implementation

Implementation occurs when Agency management establishes baseline cost and schedule commitments
for projects at KDP-C. The projects maintain the baseline commitment through the end of the mission.
Projects are baselined for cost, schedule, and programmatic and technical parameters. Under
Implementation, projects are able to execute approved plans development and operations.

Implementation

Milestone Explanation
The lifecycle gate at which the decision authority determines the readiness of a program or
project to begin the first stage of development and transition to Phase C and authorizes the
Implementation of the project. Phase C is first stage of development and means that:
KDP-C e The project’s planning, technical, cost, and schedule baselines developed during

Formulation are complete and consistent;
e The preliminary design complies with mission requirements;
e The project is sufficiently mature to begin Phase C; and
e The cost and schedule are adequate to enable mission success with acceptable risk.

Critical Design

The lifecycle review in which the decision authority evaluates the integrity of the project
design and its ability to meet mission requirements with appropriate margins and acceptable
risk within defined project constraints, including available resources. This review also

Review (CDR) determines if the design is appropriately mature to continue with the final design and
fabrication phase.
The lifecycle review in which the decision authority evaluates the readiness of the project
System and associated supporting infrastructure to begin system assembly, integration, and test. The
Integration lifecycle review also evaluates whether the remaining project development can be
Review (SIR) completed within available resources, and determine if the project is sufficiently mature to
begin Phase D.
The lifecycle gate at which the decision authority determines the readiness of a project to
continue in Implementation and transition from Phase C to Phase D. Phase D is a second
phase in Implementation; the project continues in development and means that:
KDP-D

e The project is still on plan;

e  The risk is commensurate with the project’s payload classification; and

e The project is ready for assembly, integration and test with acceptable risk within
its Agency baseline commitment.

Launch Readiness
Date (LRD)

The date at which the project and its ground, hardware, and software systems are ready for
launch.
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Other Common Terms for Mission Planning

Term

Definition

Decision Authority

The individual authorized by the Agency to make important decisions on programs and
projects under their authority.

Formulation
Authorization
Document

The document that authorizes the formulation of a program whose goals will fulfill part of
the Agency’s Strategic Plan and Mission Directorate strategies. This document establishes
the expectations and constraints for activity in the Formulation phase.

Key Decision Point
(KDP)

The lifecycle gate at which the decision authority determines the readiness of a program or
project to progress to the next phase of the life cycle. The KDP also establishes the
content, cost, and schedule commitments for the ensuing phase(s).

Launch Manifest

This list that NASA publishes (the “NASA Flight Planning Board launch manifest™)
periodically, which includes the expected launch dates for NASA missions. The launch
dates in the manifest are the desired launch dates approved by the NASA Flight Planning
Board, and are not typically the same as the Agency Baseline Commitment schedule dates.
A launch manifest is a dynamic schedule that is affected by real world operational
activities conducted by NASA and multiple other entities. It reflects the results of a
complex process that requires the coordination and cooperation by multiple users for the
use of launch range and launch contractor assets. Moreover, the launch dates are a mixture
of “confirmed” range dates for missions launching within approximately six months, and
contractual/planning dates for the missions beyond six months from launch. The NASA
Flight Planning Board launch manifest date is typically earlier than the Agency Baseline
Commitment schedule date to allow for the operationally driven delays to the launch
schedule that may be outside of the project’s control.

Operational
Readiness Review

The lifecycle review in which the decision authority evaluates the readiness of the project,
including its ground systems, personnel, procedures, and user documentation, to operate
the flight system and associated ground system(s), in compliance with defined project
requirements and constraints during the operations phase.

Mission Readiness
Review or Flight
Readiness Review
(FRR)

The lifecycle review in which the decision authority evaluates the readiness of the project,
ground systems, personnel and procedures for a safe and successful launch and
flight/mission.

KDP-E

The lifecycle gate at which the decision authority determines the readiness of a project to
continue in Implementation and transition from Phase D to Phase E. Phase E is a third
phase in Implementation and means that the project and all supporting systems are ready
for safe, successful launch and early operations with acceptable risk.

Decommissioning
Review

The lifecycle review in which the decision authority evaluates the readiness of the project
to conduct closeout activities. The review includes final delivery of all remaining project
deliverables and safe decommissioning of space flight systems and other project assets.

KDP-F

The lifecycle gate at which the decision authority determines the readiness of the project’s
decommissioning. Passage through this gate means the project has met its program
objectives and is ready for safe decommissioning of its assets and closeout of activities.
Scientific data analysis may continue after this period.
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For further details, go to:

¢ NASA Procedural Requirement 7120.5E NASA Space Flight Program and Project Management
Requirements: https://nodis3.gsfc.nasa.gov/displayDir.cfm?t=NPR&c=7120&s=5E.

o NASA Procedural Requirement NPR 7123.1B - NASA Systems Engineering Processes and
Requirements:
http://nodis3.gsfc.nasa.gov/npg_img/N_PR_7123 001B /N_PR_7123 001B_.pdf.

e NASA Launch Services Web site:
http://www.nasa.gov/directorates/heo/launch_services/index.html.
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SCIENCE

Actual Enacted = Request Notional

Budget Authority (in $ millions) FY 2016 FY 2017 [FY 2018 FY 2019 FY 2020 FY 2021 FY 2022

Earth Science 1926.6 -- 1754.1 1769.1 1769.1 1769.1 1769.1
Planetary Science 1628.0 -- 1929.5 1921.4 1916.4 1911.4 1911.4
Astrophysics 762.4 -- 816.7 1045.8 1153.2 1200.6 1200.4
James Webb Space Telescope 620.0 569.4 533.7 304.6 197.2 149.8 150.0
Heliophysics 647.2 -- 677.8 687.8 692.8 697.8 697.8
Total Budget 5584.1 5764.9 5711.8 5728.7 5728.7 5728.7 5728.7

FY 2016 reflects funding amounts specified in Public Law 114-113, Consolidated Appropriations Act, 2016, as
executed under the Agency's current FY 2016 Operating Plan.

FY 2017 Enacted reflects the funding amounts specified in Division B of the Consolidated Appropriations Act, 2017,
P.L. 115-31. Table does not reflect emergency supplemental funds also appropriated in FY 2017, totaling $184

million.

Yo 1] oY of = SR SCMD-4
Earth Science

EARTH SCIENCE RESEARCH ...ttt ES-2
EARTH SYSTEMATIC MISSIONS . ...t ES-14
Ice, Cloud, and land Elevation Satellite (ICESat-2) [Development] .........cccoecvveeiiiieeennn ES-16
GRACE FOllow-On [DeVEIOPIMENE] ......eiiiiiiiiiie ittt ES-21
Surface Water and Ocean Topography Mission (SWOT) [Development].........cccceevnuvneee. ES-27
NASA-ISRO Synthetic Aperture Radar (NISAR) [Development] ...........cccceeeeeeieieeeie e, ES-34
Sentinel-6 [DevelopmeNt] .........ocoovviiiiiiiii ES-39
Landsat 9 [FOrmuIation]........ccoooiiiiiii i ES-45
Other Missions and Data ANalYSIS ........coovvviviiiiiiiie e ES-50
EARTH SYSTEM SCIENCE PATHFINDER .......cooiiiii e ES-67
VeNtUre Class MISSIONS ....ccciiiiiiiiiiiie ettt ettt et e e et e e e e nene ES-69
Other Missions and Data ANAIYSIS ........cooiiiiiiiiiiiie e ES-79
EARTH SCIENCE MULTI-MISSION OPERATIONS .....ccoviiiiiiin e ES-84
EARTH SCIENCE TECHNOLOGY ...uiiiiiiiiieeiiiiiie ettt eaan e ean s ES-90
APPLIED SCIENCES ... .ottt e e e e et e e e e e e e eaeans ES-95
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Planetary Science
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OUTER PLANETS AND OCEAN WORLDS.... oottt PS-58
Europa Clipper [FOrMUIALION].......ccoiiiiiiiiiiiie et e e PS-60
Other Missions and Data ANAIYSIS ........c.oiiieiiiiiiiiieii et PS-68
TECHNOLOGY .ottt ettt e et e e et e e ettt e e e et e e e e abneaeeaeans PS-70
Astrophysics
ASTROPHYSICS RESEARCH ... .ot ASTRO-2
Other Missions and Data ANAIYSIS ........ccoiiiiiiiiiiiie e ASTRO-9
COSMIC ORIGINS ...t e et eeaaa e e ees ASTRO-12
Hubble Space Telescope Operations [OPerations] .........cc.eeeevieeeeiiiiieeeeiiieeeesieeeens ASTRO-14
Stratospheric Observatory for Infrared Astronomy (SOFIA) [Operations]................. ASTRO-17
Other Missions and Data ANAIYSIS ........cooiiiiiiiiiiiiiiiee e ASTRO-22
PHYSICS OF THE COSMOS ...ttt et ASTRO-25
Other Missions and Data ANalYSIS ........ccoveviviiiiiiii e ASTRO-27
EXOPLANET EXPLORATION ... ittt ASTRO-32
Other Missions and Data ANalYSIS ........ccovvvvviiiiiiii e ASTRO-33
ASTROPHYSICS EXPLORER ... oottt ASTRO-38
Transiting Exoplanet Survey Satellite (TESS) [Development] ..........ccccceeeeeiiiinnnee. ASTRO-41
Other Missions and Data ANAIYSIS ......cocoouiiiiiiiiiieee e ASTRO-46

James Webb Space Telescope
James Webb Space Telescope [Development] .........cooo i WEBB-2
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Heliophysics
HELIOPHYSICS RESEARCH ...t HELIO-2
Other Missions and Data ANAIYSIS .........coocuiiiiiiiiiieiiiee e HELIO-10
LIVING WITH A STAR ..ttt e e e HELIO-15
Solar Probe PIUS [DeVelOPMENT] ......iviiiiiiiiiiee ittt HELIO-16
Solar Orbiter Collaboration [Development]..........cvveeiiiiiiiieieeee e HELIO-22
Other Missions and Data ANAIYSIS ......cceveeiiiiiiiiiieeee e e e e srnrare e e HELIO-28
SOLAR TERRESTRIAL PROBES .......oiiiiiiiiiiii e HELIO-32
Other Missions and Data ANaAlYSIS .........oovvviiiiiiiiiieee e HELIO-35
HELIOPHYSICS EXPLORER PROGRAM ...ttt HELIO-39
lonospheric Connection Explorer (ICON) [Development] ........ccoooeeeiiiiiiiiiii e, HELIO-42
Other Missions and Data ANalYSIS .........oovvviiiiiiiiiiee e HELIO-48
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FY 2018 Budget

Actual Enacted = Request Notional

Budget Authority (in $ millions) FY 2016 FY 2017 [FY 2018 FY 2019 FY 2020 FY 2021 FY 2022
Earth Science 1926.6 - 1754.1 1769.1 1769.1 1769.1 1769.1
Planetary Science 1628.0 -- 1929.5 19214 1916.4 19114 19114
Astrophysics 762.4 -- 816.7 1045.8 1153.2 1200.6 1200.4
James Webb Space Telescope 620.0 569.4 533.7 304.6 197.2 149.8 150.0
Heliophysics 647.2 - 677.8 687.8 692.8 697.8 697.8
Total Budget 5584.1 5764.9 5711.8 5728.7 5728.7 5728.7 5728.7
Change from FY 2017 -53.1

Percentage change from FY 2017 -0.9%

FY 2016 reflects funding amounts specified in Public Law 114-113, Consolidated Appropriations Act, 2016, as
executed under the Agency's current FY 2016 Operating Plan.

FY 2017 Enacted reflects the funding amounts specified in Division B of the Consolidated Appropriations Act, 2017,
P.L. 115-31. Table does not reflect emergency supplemental funds also appropriated in FY 2017, totaling $184
million.

Since NASA'’s inception, scientific discovery
about our Earth, the Sun, the solar system and
the universe beyond has been an enduring
purpose of the Agency as part of its three major
strategic thrusts: discover, explore, and develop.
NASA’s Science Mission Directorate (SMD)
conducts scientific exploration enabled by
observatories that view Earth from space,
observe and visit other bodies in the solar
system, and gaze out into the galaxy and
beyond. NASA’s science programs deliver
answers to profound questions, such as:

e How did our solar system originate and
From the vantage point of space, NASA captures breath- change over time?

taking images of our world and the universe. These images e How did life originate, and are we
advance our scientific understanding in a multitude of alone? '

disciplines. They also have the power to inform policy, i
influre)nce action),, and inspire Ie;)rning. P e How anq why are Earth_’s climate and
the environment changing?
e How did the universe begin and evolve,
and what will be its destiny?
o What drives variations in the Sun, and how do these changes affect the solar system and drive
space weather?

NASA science programs address fundamental research about the universe and our place in it.
Fundamental research covers all areas of science and the intersections thereof when addressing questions
such as “are we alone”. NASA’s science programs also help protect and improve life on Earth through
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fundamental research that enables innovative and practical applications for decision-makers, including
disaster response and natural resource managers. NASA is also working to improve its operations and is
increasingly launching its science missions on schedule and on budget. Our discoveries continue to
rewrite textbooks; inspire children to pursue careers in science, technology, engineering, and mathematics
(STEM); and demonstrate U.S. leadership worldwide.

NASA uses the recommendations of the National Academies’ decadal surveys as an important input in
planning and prioritizing the future of its science programs. For over 30 years, decadal surveys have
proven vital in establishing a broad consensus within the national science community on the state of
science, the highest priority science questions we can address, and actions we can take to answer those
guestions. NASA uses these recommendations to prioritize future flight missions, including space
observatories and probes, as well as technology development and proposals for theoretical and suborbital
supporting research. In that process, NASA must also adapt the science-based decadal survey
recommendations to actual budgets, existing technological capabilities, national policy, partnership
opportunities, and other programmatic factors. Assessments of how this budget request supports the
recommendations of the most recent decadal surveys are included below.

EXPLANATION OF MAJOR CHANGES IN FY 2018

This budget reinvigorates robotic exploration of the solar system by providing $1.9 billion for Planetary
Science, including funding for a Europa Clipper mission to fly repeatedly by Jupiter’s icy ocean moon
Europa. It also provides full funding for the Mars 2020 mission.

The budget also supports initiatives that use smaller, less expensive satellites and/or public-private
partnerships to advance science in a cost-effective manner. An SMD-wide CubeSat/SmallSat initiative
will implement the recommendations from a recent study of the National Academies that concluded that,
due to recent technological progress in both private sector and through federal investments, these small
satellites are suitable to address specific high-priority science goals. A targeted $70 million per year
investment strategy will focus technology development on CubeSats/SmallSats in all four SMD science
themes to exploit this value, and will provide novel partnership opportunities between commercial
partners and NASA. This initiative will also leverage and align with investments by the Space
Technology Mission Directorate (STMD).

The budget provides $1.8 billion for a focused, balanced Earth science portfolio that supports the
priorities of the science and applications communities. Given budget constraints and higher priorities
within Science, the request terminates five Earth Science missions —Pre-Aerosol, Clouds, and ocean
Ecosystem (PACE), Orbiting Carbon Observatory (OCO)-3, Radiation Budget Instrument (RBI), Deep
Space Climate Observatory (DSCOVR) Earth-viewing instruments, and Climate Absolute Radiance and
Refractivity Observatory (CLARREO) Pathfinder—and reduces funding for Earth science research
grants. Except for the CLARREO Pathfinder (a technology demonstration for the CLARREO mission),
the terminated missions were not identified as high priority (Tier 1) in the 2007 Earth Science Decadal
Survey. The budget also terminates the Carbon Monitoring System, a project that NASA developed in
2010 in response to congressional direction.

The budget supports all planned activities within the Science Mission Directorate’s STEM Science

Activation project, unchanged by the proposed termination of the NASA Office of Education (OE). The
budget for Science does not support OE programs.
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ACHIEVEMENTS IN FY 2016
SCIENCE RESULTS

In Planetary Science, the Cassini mission had numerous exceptional accomplishments. In a January ring-
grazing orbit, Cassini obtained the closest-ever view of Saturn’s moon Daphnis. Gravity from this little
moon raises waves in the nearby rings in both directions (showing even little bodies can have a big impact
on ring structure). Cassini also made observations of the moon Pan at eight times the resolution ever seen
before. The odd-looking satellite has captivated the public, who described it as adorable, doughy, and
delicious because of its ravioli-like shape. Like a snowball rolling along and picking up more snow, Pan
is accreting material around its bulging mid-section. Scientists reported that the south polar region of the
moon Enceladus is warmer than expected just a few feet below the icy surface. This suggests the ocean of
liquid water may be only a couple miles beneath this region.

In Astrophysics, scientists using NASA’s Spitzer Space Telescope, along with observations from ground-
based telescopes, discovered a system of seven Earth-sized planets around the nearby ultra-cool dwarf
star Transiting Planets and Planetesimals Small Telescope (TRAPPIST)-1. A team of scientists measured
34 separate eclipses from the seven planets over a period of 20 days. The Spitzer observations preceded
75 days of near-continuous observations by the Kepler Space Telescope. Measurements of the mass and
size of these planets indicate that at least six and perhaps all seven planets are likely to be rocky in
composition. Three of these planets are located in the habitable zone, the area around the parent star
where a rocky planet is most likely to have liquid water on its surface. The discovery sets a new record
for greatest number of habitable-zone planets found around a single star outside our solar system. All of
these seven planets could have liquid water—key to life as we know it—under the right atmospheric
conditions, but the chances are highest with the three in the habitable zone.

A steady pace of important science results continued in the past year. In Earth Science, a new study of the
first year of observational data from NASA’s Soil Moisture Active Passive (SMAP) mission provided
significant surprises that will help in modeling Earth’s climate, forecasting our weather and monitoring
agricultural crop growth. Scientists used SMAP measurements to estimate how long it takes for soil
moisture from rainfall to dissipate in the top two inches of Earth’s topsoil. The team found that, on
average, about one-seventh of the amount of rain that falls is still present in the topmost layer of soils
three days later. This persistence is greatest in Earth’s driest regions. Although the top two inches of
topsoil contains an infinitesimal fraction of our planet’s water, that tiny amount plays a disproportionately
critical role in the cycling of water, which has major impacts in everything from agriculture, weather,
climate and even the spread of disease. Among the study’s other findings, the team found that SMAP data
identify regions where the rate at which soils dry may influence weather and affect and amplify droughts
and floods. When moisture evaporates from wet soil, it cools the soil, but when the soil gets too dry, that
cooling diminishes. This, in turn, can lead to hotter weather and heat waves that extend and deepen
drought conditions. Scientists had not directly studied such effects previously.

In Heliophysics, scientists directly observed magnetic reconnection for the first time in situ on October
16, 2015 when the four-spacecraft NASA Magnetospheric Multiscale (MMS) mission flew through an
invisible maelstrom in space. Magnetic reconnection occurs when magnetic fields collide and re-align
explosively into new positions, and it is one of the prime drivers of a host of explosive processes around
the universe—from giant eruptions on the sun to events near black holes to how interstellar matter
insinuates itself across the magnetic boundaries of our solar system. Magnetic reconnection also drives
space weather much closer to home; we must protect robotic missions and astronauts by understanding
our space environment and the constant dance of radiation and energy coursing through it. Thanks to its
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break-through technological advancements and complex orbits, MMS is the only mission capable of
observing particle interaction at the temporal and spatial resolutions needed to see the fast and highly
localized processes involved in magnetic reconnection. Since MMS began its prime mission phase in
September 2015, the spacecraft have observed at least nine reconnection events in Earth’s magnetosphere.

NASA highlights these and many other scientific results in the pages that follow.

COST AND SCHEDULE PERFORMANCE

The majority of Science missions continue to demonstrate good cost and schedule performance. NASA
launched four Science missions since the release of the FY 2017 Budget Request. The U.S. contribution
to Japan’s ASTRO-H mission, launched in February 2016, was 59 percent over its original 2010 budget.
NASA launched the Origins, Spectral Interpretation, Resource Identification, Security - Regolith Explorer
(OSIRIS-REX) in September 2016; it was 20 percent under budget. NASA launched the Cyclone Global
Navigation Satellite System (CYGNSS) five months early in December 2016; it was 15 percent under
budget. Finally, NASA launched the Stratospheric Aerosols and Gas Experiment (SAGE-III) to the
International Space Station (ISS) in February 2017, about 2.5 years late and 42 percent over its original
2012 budget. The net underrun for development of these four projects, compared to their original
commitments, was 12 percent.

Five Science missions under development for more than one year remain within their original cost and
schedule estimates: lonospheric Connection Explorer (ICON), Gravity Recovery and Climate Experiment
Follow-On (GRACE-FO), Transiting Exoplanet Survey Satellite (TESS), Solar Probe Plus (SPP), and
Solar Orbiter Collaboration (SOC).

NASA confirmed five new Science missions to enter development during the past year: Global
Ecosystem Dynamics Investigation (GEDI), Mars 2020 rover, Tropospheric Emissions: Monitoring of
Pollution (TEMPOQO), Surface Water and Ocean Topography (SWOT), and NASA-ISRO Synthetic
Aperture Radar (NISAR). These missions remain on track.

As reported last year, the Interior Exploration using Seismic Investigations Geodesy and Heat Transport
(InSight) mission to Mars, and NASA’s contribution to the European Space Agency (ESA)’s Euclid
mission, have exceeded their commitments. The James Webb Space Telescope (Webb) and the Ice,
Cloud, and land Elevation Satellite (ICESat)-2 experienced previous cost growth, but none since they
were re-baselined in 2013 and 2015 respectively.

WORK IN PROGRESS IN FY 2017

NASA is operating about 60 Science missions with over 70 spacecraft, most of which involve
collaboration with international partners or other U.S. agencies. Work on over 40 missions in formulation
and development continues. Suborbital flights using aircraft, sounding rockets, and balloons are ongoing,
as are more than 3,000 competitively selected research awards to scientists located at universities, NASA
field Centers, industry, and other government agencies.

On December 9, 2016, NASA released an Announcement of Opportunity (AO) for the next New
Frontiers mission. Two new Discovery missions (Lucy and Psyche) are now in formulation, after NASA
selected them on January 4. On February 14, 2017, NASA released an AO for the third Earth Venture
Suborbital competition. NASA will select the next Heliophysics Small Explorers (SMEX) mission during
FY 2017, as well as releasing AOs for the Solar Terrestrial Probe (STP)-5 mission (called the Interstellar
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Mapping and Acceleration Probe (IMAP)) and a Martian Moons eXploration (MMX) instrument. Work
on these opportunities is ongoing.

The Cassini mission will conclude when the spacecraft plunges into Saturn on September 15, following
many months of orbits passing between, and entirely inside of, Saturn’s rings. The images and science
return from these unprecedented orbits have been phenomenal, and there will be intense scientific and
public interest in September.

KEY ACHIEVEMENTS PLANNED FOR FY 2018

NASA plans to launch many new Science missions by the end of FY 2018, including ICON, GRACE-FO,
InSight, ICESat-2, TESS, and SPP. The James Webb Space Telescope (Webb) will complete its assembly
and testing, and NASA will ship Webb to the launch site in French Guiana for launch in October 2018.

NASA will award a Heliophysics Mission of Opportunity in FY 2018. NASA will also release AOs for a
Heliophysics Explorer mission and Mission of Opportunity, and for Earth Venture Instruments (EVI-5).

Themes
EARTH SCIENCE

From space, NASA satellites can view Earth as a planet and enable the study of it as a complex, dynamic
system of diverse components: the oceans, atmosphere, continents, ice sheets, and life. The Nation’s
scientific community can thereby observe and track global-scale changes, connecting causes to effects.
Scientists can study regional changes in their global context, as well as observe the role that human
civilization plays as a force of change. Through partnerships with agencies that maintain forecasting and
decision support systems, NASA improves national capabilities to predict climate, weather, and natural
hazards; manages resources; and inform the development of environmental policy.

The primary recommendations of the National Academies’ 2007 Decadal Survey for Earth Science and
Applications from Space (ESAS), which informed the 2010 Climate-Centric Architecture plan, were:

e Complete the ongoing program. All legacy Earth Science missions identified in the 2007 ESAS
Decadal [Jason-2 (2008), OCO (2009, 2014), Glory (2011), Aquarius (2011), Suomi-NPP (2011),
Landsat 8 (2013)] have been developed and launched. OCO-1 and Glory suffered launch vehicle failures.
OCO-2 was then developed and successfully launched. The FY 2018 request fully funds operations and
science exploitation of these on-orbit missions.

e Continue the balance between flight and non-flight activities. The FY 2018 request fully supports
this recommendation.

e Increase the scope and fraction of the Earth Science Technology program. The FY 2018 request
fully supports this recommendation, in part through funding for the In-Space Validation of Earth Science
Technologies (INVEST), which is part of the SMD-wide CubeSat/SmallSat initiative, leveraging
technological progress across the science disciplines.

o Establish a robust program of competed Venture-class missions. The FY 2018 request fully
supports this recommendation. It funds all EV missions selected under previous solicitations. It also fully
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funds the planned future solicitations in all three strands on schedule (4-year cadence for EV-Suborbital
and EV-Mission, 18-month cadence for EV-Instrument).

e Aqggressively develop a number of future strategic missions. The 2007 ESAS Decadal identified
four systematic Tier-1 missions [Soil Moisture Active Passive, ICESat-2, Deformation, Ecosystem
Structure, and Dynamics of Ice (DESDynl), CLARREOQ] for launch by 2013. The Decadal also identified
five Tier-2 missions [Hyperspectral Infrared Image (HysplIRI), Surface Water Ocean Topography
(SWOT), GEOstationary Coastal and Air Pollution Events (GEO-CAPE), Active Sensing of CO2
Emissions over Nights, Days, and Seasons (ASCENDS), and Aerosol-Cloud-Ecosystem (ACE)] by 2016.
Those Decadal recommendations assumed unrealistically low mission costs and overly optimistic
budgets, rendering the target launch dates unachievable. NASA launched the Soil Moisture Active
Passive mission in January 2015, and the Decadal-identified continuity SAGE-III mission in February
2017. The FY 2018 Budget request fully funds ICESat-2 (2018), and the radar portion of DESDynl
(NISAR, 2022). The request also funds completion of high-priority, Decadal-identified, continuity
missions: Landsat-9 (2021), GRACE-FO (2018, deferred to Tier-3 in the Decadal), and SWOT (2022).
These dates are consistent with the latest Key Decision Point decisions and Agency commitments. The
budget assumes termination of the PACE mission (previously planned for 2022) and technology
demonstration instruments for risk reduction for CLARREO Pathfinder (previously planned for launch to
the ISS in 2019).

NASA asks the Earth Science Advisory Committee for input regarding budget priorities, to ensure that
our proposed programs maximize scientific productivity, within the general framework established by the
National Academies.

PLANETARY SCIENCE

To answer questions about the solar system and the origins of life, NASA sends robotic space probes to
the Moon, other planets and their moons, asteroids and comets, and the icy bodies beyond Neptune.
NASA is continuing the exploration of Mars, and is planning the next Mars rover, which will launch in
2020 and address key questions about the potential for life on Mars. NASA plans to build on this and
other missions as it continues to develop and pursue its science, technology and human exploration
objectives. NASA is heading toward the first fly-by of a Kuiper Belt Object, operating spacecraft at
Saturn, Jupiter, the largest asteroid Ceres, and the Moon, and has begun the journey to a potentially
hazardous asteroid, Bennu, to capture and return a sample to Earth.

The primary recommendations of the National Academies’ 2012 Decadal Survey for Planetary Science
were:

e Continue Discovery solicitations, with the cost cap adjusted for inflation and a 24-month cadence.
NASA adjusted the cost cap of the latest AO to $450 million FY2015 constant dollars for phases A
through D, not including the cost of the launch vehicle or the value of any non-NASA contributions, per
the Decadal recommendation. The out-year budget supports an approximate 30-month cadence for future
launches.

e Continue New Frontiers with a $1 billion cost cap, and select two new missions by 2022. This
budget supports the adjusted cost cap for the AO released in February 2017, which will select one new
mission.

e Begin the two highest priority flagships: a Mars Astrobiology Explorer-Cacher and a Europa
mission. This budget supports both the Mars 2020 rover mission that will address the highest priority
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Mars science objectives recommended by the Planetary Decadal Survey and continued formulation of the
Europa Clipper project.

e Continue missions in development and flight, subject to senior review. This budget fully supports
all missions selected for development, all missions in prime operations, and all extended missions ranked
highly in the latest senior review.

o Increase research and analysis (R&A) spending by 5 percent above the FY 2011 budget level, and
then 1.5 percent above inflation thereafter. The total R&A budget in FY 2011 was $208 million. This
budget funds R&A programs at $229 million in FY 2018.

o Increase Planetary Technology spending to six to eight percent of the total division budget,
including completion of the advanced Stirling radioisotope generators. This budget funds technology at
roughly 12 percent, including approximately $20 million for Planetary Science’s contribution to the SMD
CubeSat/SmallSat initiative.

e Achieve a balanced program through a mix of Discovery, New Frontiers, and flagship missions
and an appropriate balance among the many potential targets in the solar system. This budget achieves a
balanced program by supporting the competed, Pl-led programs and two flagship missions (Mars 2020
rover and Europa Clipper). To preserve the balance of NASA’s science portfolio and maintain flexibility
to conduct missions that were determined to be more important by the science community, the Budget
provides no funding for a multi-billion-dollar mission to land on Europa.

NASA asks the Planetary Science Advisory Committee for input regarding budget priorities, to ensure
that our proposed programs maximize scientific productivity, within the general framework established
by the National Academies.

ASTROPHYSICS

The theories of the past century about the physical universe related to the origin of the universe, black
holes, and dark matter and dark energy challenge scientists and NASA to use observations from space to
test conventional understanding of fundamental physics. Having measured the age of the universe, the
scientific community now seeks to explore further extremes: its birth, the edges of space and time near
black holes, gravitational waves, and the mysterious dark energy filling the entire universe. Scientists
have recently developed astronomical instrumentation and analysis methodologies sensitive enough to
detect planets around other stars. With thousands of extrasolar planets now known, scientists are using
current NASA missions in conjunction with ground-based telescopes to seek Earth-like planets in other
solar systems.

The 2010 Decadal Survey in Astronomy and Astrophysics, New Worlds, New Horizons (Astro2010)
recommended a coordinated program of research, technology development, ground-based facilities, and
space-based missions for implementation during 2012-2021. The primary recommendations were:

o Complete the ongoing program. The Astro2010 Decadal Survey assumed launch of Webb in
2014; full operations of the Stratospheric Observatory for Infrared Astronomy (SOFIA) airborne
observatory in 2012; and completion of three Explorer missions: the Nuclear Spectroscopic Telescope
Array (NuSTAR) in 2012, the Gravity and Extreme Magnetism (GEMS) Explorer in 2014, and the U.S.
contribution to the Japanese ASTRO-H mission in 2014. This budget fully supports launch of Webb in
2018, continued operations of SOFIA at least through the end of its prime mission in FY 2019, and
NuSTAR (launched in 2012). NASA halted development of GEMS in 2012 due to cost overruns. NASA
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delivered the ASTRO-H instrument to Japan for launch in 2016; in response to the spacecraft failure, this
budget supports development of replacement hardware for Japan's planned recovery mission.

e Support the ongoing core research program to ensure a balanced program that optimizes overall
scientific return. This budget fully supports the ongoing core research program and funds a balanced
program of large missions, small missions, research and analysis, suborbital projects, and technology
development addressing the highest priorities in cosmic origins, exoplanet exploration, and physics of the
COSMOS.

e Launch WFIRST by 2020. This budget supports formulation of a 2.4-meter version of WFIRST,
incorporating the Astrophysics Focused Telescope Assets (AFTA) with starshade compatibility and a
potential coronagraph demonstration instrument. This request supports the continuation of Phase A
formulation activities, the potential transition to Phase B in October 2017, and launch as early as 2025.

e Augment the Astrophysics Explorers Program to support the selection of four missions and four
smaller missions of opportunity each decade. This budget fully supports the recommended cadence of
new Astrophysics Explorers missions, with AOs in 2014, 2016/2017, and 2018/2019.

e Launch the Laser Interferometer Space Antenna (LISA) by 2025. This budget supports studies
leading toward a potential contribution to an ESA-led gravitational wave observatory for launch in 2034.

e Invest in Technology leading toward an international X-ray observatory in the 2020s. This budget
supports a U.S. contribution to the ESA-led Athena advanced X-ray observatory for launch in 2028.

e Invest in a New Worlds technology development and precursor science program for a 2020s
mission to image habitable rocky planets. This budget supports the development of technology and
conduct of precursor science required for a potential future mission to directly image and characterize
habitable rocky exoplanets.

e Invest in technology development and precursor science for a 2020s mission to probe the epoch
of inflation. This budget supports the development of technology and conduct of precursor science
required for a potential future mission to probe the epoch of inflation at the immediate beginning of the
universe.

o Increase funding for several targeted areas of supporting research and technology. This budget
focuses investments on the science opportunities of CubeSats/SmallSats, taking advantage of the
technological progress in the public and private sector toward meeting high-priority science goals. This
budget also supports increased funding for research and analysis including recommended investments in
advanced technology development, theoretical and computational networks, suborbital programs,
laboratory astrophysics, and technology for future ultraviolet/visible space telescopes.

NASA has and is continuing to address many of the Decadal Survey recommendations, though in some
cases at a slower pace. Adjustments to the Decadal Survey recommendations are primarily due to overly
optimistic Decadal assumptions regarding future budgets and challenges and delays to programs such as
Webb. Other factors that could not be anticipated by the Decadal Survey include the availability of the
AFTA, changing international partnership opportunities, emerging technologies that have changed what
can be accomplished, and advances in our scientific understanding of the universe. The 2016 Midterm
Assessment of decadal survey progress found that “NASA has maintained a balanced portfolio through
the first half of the decade and, with the assumption of successful completion of an ambitious Explorer
schedule, will do so during the second half of the decade as well.”

NASA asks the Astrophysics Advisory Committee for input regarding budget priorities, to ensure that our

proposed programs maximize scientific productivity, within the general framework established by the
National Academies.
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JAMES WEBB SPACE TELESCOPE (WEBB)

Webb is a large, space-based astronomical observatory. The mission is a successor to the Hubble Space
Telescope, extending beyond Hubble’s discoveries by looking into the infrared spectrum where unlike
shorter wavelengths, the highly red-shifted early universe is observable, and relatively cool objects like
protostars and protoplanetary disks strongly emit light unobscured by dust. Webb is progressing well
toward its scheduled launch in October 2018, within the cost and schedule baseline NASA established in
2011.

HELIOPHYSICS

The Sun, a typical small star midway through its life, governs the solar system. The Sun wields its
influence through its gravity, radiation, solar wind, and magnetic fields, all of which interact with the
Earth and its space environment to produce space weather, which can affect human technological
infrastructure and activities. Using a fleet of sensors on various spacecraft in Earth orbit and throughout
the heliosphere, NASA seeks to understand the fundamental processes of how and why the Sun varies;
how Earth and our solar system respond to the Sun; how the Sun and the solar system interact with the
interstellar medium; and how human activities are affected by these processes. The science of
heliophysics, including space weather, enables the predictions necessary to safeguard life and society on
Earth and the outward journeys of human and robotic explorers.

The primary recommendations of the National Academies’ 2013 Decadal Survey for Heliophysics were:

e Maintain and complete the current program. The Decadal assumed launch of Van Allen Probes
by 2012, Interface Region Imaging Spectrograph (IRIS) by 2013, MMS by 2014, Solar Orbiter
Collaboration (SOC) by 2017, SPP by 2018, and continued current funding of the Research program. Van
Allen, IRIS, and MMS have launched, and SPP is on schedule. NASA will launch the ESA-led SOC
mission in early FY 2019.

o Implement the DRIVE (Diversify, Realize, Integrate, Venture, Educate) initiative, including the
incorporation of smaller spacecraft and an increase in the competed research program from 10 percent to
about 15 percent of the budget request. This budget request meets these objectives, and supports the
SMD-wide CubeSat/SmallSat initiative.

e Accelerate and expand the Heliophysics Explorer Program, resulting in an increase to the cadence
of competed missions to one launch every 2-3 years, starting in roughly 2018. This budget supports the
launch of ICON and GOLD in 2017/2018 respectively, six years after the previous Explorer launch. The
notional out-year budgets, if realized, would support the next launch around 2022.

e Restructure Solar Terrestrial Probes (STP) as a moderate-scale, principal investigator-led flight
program, and implement three mid-scale missions with an eventual recommended 4-year cadence. This
budget assumes an AO release in 2017 for a launch of an IMAP mission in about 2024. NASA will
initiate Science and Technology Definition Team (STDT) activities in preparation for two subsequent
AOs for multi-spacecraft missions. NASA will competitively select these and all future STP strategic
missions from principal investigator-led proposals. The program will also directly benefit from current
investments in the CubeSat/SmallSat initiative.

e Implement a large Living with a Star (LWS) mission to study Global Dynamic Coupling with a
launch in 2024. NASA will initiate an STDT to leverage technical advancements and enable cost-
effective solutions, in anticipation of an AO in 2018.
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The decadal survey also made recommendations related to space weather applications, addressed
collectively to the relevant government agencies. NASA will continue collaborating with other agencies
to improve space weather observation and forecasting capabilities.

NASA asks the Heliophysics Advisory Committee for input regarding budget priorities to ensure that our

proposed programs maximize scientific productivity within the general framework established by the
National Academies.
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EARTH SCIENCE

Actual  Enacted | Request Notional

Budget Authority (in $ millions) FY 2016 FY 2017 FY 2018 FY 2019 FY 2020 FY 2021 FY 2022

Earth Science Research 477.7 -- 406.7 435.1 441.1 459.7 477.8
Earth Systematic Missions 914.6 -- 778.0 787.1 755.0 708.7 680.4
Earth System Science Pathfinder 233.6 - 264.5 243.8 256.0 2715 268.3
Earth Science Multi-Mission Operations 192.4 - 196.5 194.1 200.7 208.6 218.6
Earth Science Technology 60.7 - 60.4 59.7 63.6 65.9 67.8
Applied Sciences 47.6 - 47.9 49.3 52.8 54.7 56.3
Total Budget 1926.6 -- 1754.1 1769.1 1769.1 1769.1 1769.1

FY 2016 reflects funding amounts specified in Public Law 114-113, Consolidated Appropriations Act, 2016, as
executed under the Agency's current FY 2016 Operating Plan.

FY 2017 Enacted reflects the funding amounts specified in Division B of the Consolidated Appropriations Act, 2017,
P.L. 115-31. Table does not reflect emergency supplemental funds also appropriated in FY 2017, totaling $184

million.

Earth Science

EARTH SCIENCE RESEARCH ... .ot ES-2
EARTH SYSTEMATIC MISSIONS . ... ES-14
Ice, Cloud, and land Elevation Satellite (ICESat-2) [Development] ...........ccoeeeeeeeeeeeieeennn, ES-16
GRACE Follow-0On [Development] .......ooviiiiiiiieieeeeeeeeee e ES-21
Surface Water and Ocean Topography Mission (SWOT) [Development].........ccccceevnunneee. ES-27
NASA-ISRO Synthetic Aperture Radar (NISAR) [Development] ........c.cocoveeeiiieeniiiieeeens ES-34
Sentinel-6 [DeVEIOPMENT] ......ooiiiiiii it ES-39
Landsat 9 [FOrMUIALION].......coiiiiiie ettt e e e sbnee e e ES-45
Other Missions and Data ANalYSIS ........coovvviiiiiiiiiie e ES-50
EARTH SYSTEM SCIENCE PATHFINDER ... ES-67
VENIUrE CIASS MISSIONS ...ceiuiriiieiiieiie ittt ettt s e e s e e e e e e ES-69
Other Missions and Data ANalYSIS ........cocvvviiiiiiiiiie e ES-79
EARTH SCIENCE MULTI-MISSION OPERATIONS ..ot ES-84
EARTH SCIENCE TECHNOLOGY ...ttt ES-90
APPLIED SCIENCES ... .ottt e e e e e e e eea s ES-95
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FY 2018 Budget

Actual  Enacted | Request Notional
Budget Authority (in $ millions) FY 2016 FY 2017 FY 2018 FY 2019 FY 2020 FY 2021 FY 2022
Earth Science Research and Analysis 347.2 -- 287.8 296.5 299.6 313.7 309.1
Computing and Management 130.5 -- 118.9 138.6 141.4 146.0 168.7
Total Budget 477.7 -- 406.7 435.1 441.1 459.7 477.8

FY 2016 reflects funding amounts specified in Public Law 114-113, Consolidated Appropriations Act, 2016, as
executed under the Agency's current FY 2016 Operating Plan.

FY 2017 Enacted reflects the funding amounts specified in Division B of the Consolidated Appropriations Act, 2017,
P.L. 115-31. Table does not reflect emergency supplemental funds also appropriated in FY 2017, totaling $184
million.

NASA'’s Earth Science Research program
develops a scientific understanding of Earth
and its response to natural or human-induced
changes. Earth is a system, like the human
body, comprised of diverse components
interacting in complex ways. Understanding
Earth’s atmosphere, crust, water, ice, and life
as a single, connected system is necessary in
order to improve our predictions of climate,
weather, and natural hazards.

The Earth Science Research program
addresses complex, interdisciplinary Earth
science problems in pursuit of a

An atmospheric river (“Pineapple Express”) delivered over ComprehenSiVe UnderStanding of the Earth

five inches of rainfall in parts of California during January system. This strategy involves six

3-10, 2017 as viewed by Global Precipitation Measurement interdisciplinary and interrelated science focus
(GPM) data. areas, including:

e Water and Energy Cycle: quantifying the key reservoirs and fluxes in the global water cycle,
assessing water cycle change, and water quality;

e Weather: enabling improved predictive capability for weather and extreme weather events; and
Earth Surface and Interior: characterizing the dynamics of the Earth’s surface and interior and
forming the scientific basis for the assessment and mitigation of natural hazards and response to
rare and extreme events.

e Climate Variability and Change: understanding the roles of ocean, atmosphere, land, and ice in
the climate system and improving our ability to predict future changes;

e Atmospheric Composition: understanding and improving our predictive capability for changes in
the ozone layer, Earth’s radiation budget, and air quality associated with changes in atmospheric
composition;
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e Carbon Cycle and Ecosystems: quantifying, understanding, and predicting changes in Earth’s
ecosystems and biogeochemical cycles, including the global carbon cycle, land cover, and
biodiversity;

NASA'’s Earth Science Research program pioneers the use of both space-borne and aircraft measurements
in all of these areas. NASA’s Earth Science Research program is critical to the advancement of the
interagency U.S. Global Change Research Program (USGCRP). NASA’s Earth Science Research
program also makes extensive contributions to international science programs, such as the World Climate
Research Programme.

EXPLANATION OF MAJOR CHANGES IN FY 2018

NASA transferred $15M of FY 2018 High End Computing Capability (HECC) funds to the Construction
and Environmental Compliance and Restoration (CECR) account in support of modular supercomputer
facility construction. See the CECR section of this document for more information. In light of budget
constraints and higher priorities within the Science budget, the request reduces funding for Earth Science
competed research awards and eliminates funding for new Carbon Monitoring System awards.

ACHIEVEMENTS IN FY 2016

The Earth Science Subcommittee of the NASA Advisory Council Science Committee determined in
September 2016 that NASA remained on track in its annual performance towards the achievement of the
research goals relevant to the six science focus areas described in the previous section. Below are
examples of the scientific progress reported in FY 2016.

The Global Ozone Chemistry and Related trace gas data records for the Stratosphere (GOZCARDS)
provides information and access for the public on data on hydrogen chloride, water vapor, and ozone
decline and recovery. This data set is a global long-term stratospheric Earth system data record, based on
high-quality measurements from several NASA satellite instruments and the Canadian Atmospheric
Chemistry Experiment Fourier Transform Spectrometer (ACE-FTS) on SCISAT.

While emissions of nitrogen oxides have decreased over North America during the 2005-2010 period, the
increased downwelling from the stratosphere and increased pollution from China offset the expected
resulting tropospheric ozone decrease. A recent study reported that transport of ozone and its precursors
from China had offset about 43 percent of the 0.42 Dobson unit reduction in free-tropospheric ozone over
the western U.S. that was expected between 2005 and 2010, because of emissions reductions associated
with federal, state, and local air quality policies.

With the use of satellite retrievals and surface observations of atmospheric methane, researchers found
that U.S. methane emissions have increased by more than 30 percent over the 2002-2014 period.
Researchers found the largest increase in the central part of the country; they could not attribute it to any
specific source. The researchers concluded that these “top-down” derived emissions (i.e. emission
estimates based on methane satellite observations) were far greater than estimated from the “bottom-up”
approach that computes emissions as the product of activity rates.
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Earth’s physical climate is changing and there are measurable impacts on Earth’s biogeochemistry and
ecosystems. Researchers used inputs from a variety of process-based biophysical models to examine the
net balance of the three major gases that trap heat (carbon dioxide, methane, and nitrous oxide), which
revealed that human-induced emissions of methane and nitrous oxide overwhelmingly surpass the ability
of the land to absorb carbon dioxide emissions.

Researchers use remote sensing-derived tools and models to capture shifting climate and other ecosystem
and habitat parameters, and improve natural resource management. For example, in order to build niche
models of Atlantic Bluefin tuna habitats for use in better managing this species within a high-profile
fishery, researchers used remote sensing-derived environmental data, such as chlorophyll-a fronts and
concentration, sea surface current and temperature, and sea surface height anomaly. Defining key spatial
and temporal habitats further helps in building spatially-explicit stock assessment models, thus improving
the spatial management of bluefin tuna fisheries.

High-resolution lidar-derived biomass maps provided a valuable bottom-up reference to improve the
analysis and interpretation of large-scale maps produced in carbon monitoring systems. Researchers
developed a global gridded data product of agricultural carbon budgets, including crop- and animal-based
food intake, crop biofuels, crop residues left on-field and used as feed, crop byproducts used as feed,
livestock grazing, additions to food reserves, and food supply chain losses and waste.

Researchers used the Normalized Difference Vegetation Index (NDVI) data set to constrain estimates of
net biome production (NBP) over Europe between 1982 and 2012, which revealed links to anomalies in
heat and water transport controlled by interactions between the North Atlantic Oscillation and the East
Atlantic Pattern. These results suggest that human alterations of land cover and management practices
over the past century have resulted in a substantial increase of carbon exported from the land to the ocean.

The loss of Arctic sea ice and its effect on sea levels has important implications for defense and economic
activity. The September 2015 seasonal minimum extent was the fourth lowest on record and reinforced
the long-term downward trend. The nine lowest September sea ice extents in the satellite record have all
occurred in the last nine years. Arctic winter maximum sea ice extents have also experienced a long-term
downward trend, though smaller in magnitude. However, Antarctic sea ice has experienced a small
increasing trend, with recent years experiencing record highs. The contrasting behavior of sea ice in the
Antarctic is at a much lower level than the strong decrease observed in the Arctic, and is due to a stronger
influence of natural variability in the region.

The processes controlling ice loss from the Greenland ice sheet continue to be the subject of intense
focus. Multi-beam echo sounding observations revealed that marine-terminating glaciers are grounded
deeper below sea level than previously measured, and are undercut by warm, salty Atlantic water,
increasing iceberg calving, impacting ice front stability and, in turn, glacier mass balance. Researchers
used ice-penetrating radar and a subglacial flow model to show that the connectivity of different regions
influences how glacier velocity responds to variations in surface melting.

Landslide inventories are critical to support investigations of where and when landslides have and, may
occur in the future; however, there is little information on the historical occurrence of landslides at the
global scale. NASA scientists presented a new publicly available global landslide catalog (GLC), based
on media reports, online databases, and other sources. Researchers also compared reported landslide
events to precipitation estimates from Tropical Rainfall Measuring Mission (TRMM) to evaluate the co-
occurrence of extreme precipitation and landslide activity. Of the 3,550 points considered in a subset of
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the GLC, approximately 60 percent of the reported landslides have daily precipitation exceeding the 95th
percentile of precipitation calculated over a 14-year TRMM record for the same location.

Researchers used in-situ and satellite data to review the surface temperature of 235 lakes, on six
continents, and discovered that threats to more than half of the world’s freshwater supply by rising water
temperatures. They found that lake temperatures are increasing at an average of 0.34°C each decade,
which is a higher rate than seen in either the ocean or the atmosphere. The study projected that lakes will
produce 4 percent more methane per decade over the next century and lake algal bloom outbreaks may
increase by 20 percent.

Earth Surface and Interior (ESI) focus area investigators continued to advance understanding of
interactions between hydraulic systems and solid-Earth deformation. Researchers used Uninhabited
Aerial Vehicle Synthetic Aperture Radar (UAVSAR) data acquired in June 2009 and July 2012 to
measure ongoing subsidence (gradual caving in or sinking of an area of land) near New Orleans,
Louisiana. Researchers identified primary drivers of subsidence as groundwater withdrawal, and surficial
drainage/dewatering activities, with high subsidence rates, also observed around some major industrial
facilities and due to shallow compaction in highly localized areas. UAVSAR also captured subsidence in
California’s Sacramento-San Joaquin Delta. The study measured subsidence rates across Sherman Island
averaging 1.3 cm/year with a systematic uncertainty of 0.3 cm/year, consistent with previous
measurements at electric transmission line towers. Results have important implications for maintaining a
reliable water supply for California and protecting the Delta ecosystem.

Key field campaigns implemented in FY 2016 include:

The Korea U.S.-Air Quality Study (KORUS-AQ) used observations from three research aircraft, eight
ground sites, ships, and satellites to test air quality models and remote sensing methods, to prepare for
future geostationary observations from satellite instruments focused on air quality over Asia, North
America, and Europe.

The GPM-sponsored Olympic Mountains Experiment (OLYMPEX) collected precipitation observations
in the Olympic Mountains in Washington from November 2015 through January 2016. OLYMPEX was
one of the most comprehensive campaigns for GPM for validating rain and snow measurements in mid-
latitude frontal systems moving from ocean to coast to mountains. Researchers will use OLYMPEX
observations to investigate the optimal use of GPM precipitation observations in a range of hydrologic,
weather forecasting, and climate process studies and products. For more information, go to
https://pmm.nasa.gov/OLYMPEX.

The Salinity Processes in the Upper Ocean Regional Study 2 (SPURS-2) is a field campaign in a low
salinity, rainy area of the eastern Tropical Pacific, and is a follow-up study to SPURS-1. SPURS-1
focused on a high salinity area in the North Atlantic Ocean during 2012-13. The purpose of both SPURS
campaigns is to identify ocean processes that lead to the salinities observed by NASA’s Aquarius and
SMAP missions. As part of SPURS-2, a 20m schooner rigged sailing vessel called Lady Amber sailed
June 2016 from Mexico to Honolulu, deploying 10 surface salinity drifters. In addition to this schooner,
the Scripps Institution of Oceanography’s research vessel R/V Roger Revelle, which sailed during August
2016, deployed three moorings, floats, gliders, as well as Conductivity-Temperature-Depth (CTD) and
air-sea flux measurements.

During FY 2016, HECC started a pilot facility project to examine the feasibility to use ambient air to cool
the computing systems. HECC is able to expand the computing facility using a modular system approach.
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The pilot project demonstrated higher energy efficiency, with the measured Power Usage Effectiveness of
1.06 compared to 1.7 for traditional cooling systems. The benchmarked computing throughput is 1.09
petaFlops (1.06 x 1,015 floating-point operations per second).

Scientific Computing significantly increased their operational capabilities to support key NASA science
projects. The project installed an additional computational unit consisting of over 18,000 processor cores
with a peak computing capacity of 0.72 petaFlops (0.72 x 1,015 floating-point operations per second).
Scientific computing requires large amounts of storage, and to meet these needs, NASA integrated an
increase in the overall storage capacity of 10 petabytes into the operational environment. To supplement
the large-scale computational environment, Scientific Computing introduced the Advanced Data
Analytics Platform (ADAPT), which is a high-performance NASA science cloud designed specifically for
“Big Data” applications. Finally, Scientific Computing began to prototype the next generation
combination of storage and computing systems designed for the future of data analytics.

Airborne Science conducted over 4,200 flight hours in support of Earth Science. Major campaigns
included AfriSAR, GPM OLYMPEX/RADEX, KORUS-AQ, and Operation IceBridge, as well as the
start of Earth Venture Suborbital-2 (EVS-2) investigation campaigns for Act-America, ATom, CORAL,
NAAMES, OMG, and ORACLES.

WORK IN PROGRESS IN FY 2017

NASA and the European Space Agency (ESA) are co-sponsoring the next Ice-sheet Mass Balance
Intercomparison Exercise (IMBIE-2). In the original exercise, a series of workshops brought together
experts in various remote-sensing techniques in an attempt to reconcile estimates for the mass balance for
the Greenland and Antarctic ice sheets. Based on the success of that effort researchers established the
scope, structure and timeline for IMBIE-2 with open participation to anyone with ice-sheet mass balance
estimates to contribute, and a one-month registration period opened on July 1, 2016.

Following the NASA airborne campaign in 2016 in the Hawaiian Islands for volcano and coral reef
research, NASA solicited and recently initiated research to utilize data collected during the campaign.
Data collected with the Airborne Visible/Infrared Imaging Spectrometer (AVIRIS) and the
MODIS/ASTER Airborne Simulator (MASTER) instruments will serve as precursor datasets in advance
of the Hyperspectral Infrared Imager (HyspIRI) mission.

The EXport Processes in the Ocean from RemoTe Sensing (EXPORTS) is a science plan for a future
NASA field campaign to develop a predictive understanding of the export and fate of the global ocean’s
primary production and its implications for the Earth’s carbon cycle in present and future climates. NASA
plans to execute the EXPORTS field campaign, likely in the Atlantic and Pacific Oceans, during the next
five to seven years following a 2016/2017 open competition. NASA’s satellite ocean-color data record
has revolutionized our understanding of global marine systems by providing synoptic and repeated global
observations of phytoplankton stocks and rates of primary production.

The Arctic-Boreal Vulnerability Experiment (ABoVE) is a major NASA field campaign in Alaska and
western Canada over the 2015 to 2023 timeframe. ABoVE seeks a better understanding of the
vulnerability and resilience of ecosystems and society to environmental changes in this region. Following
the selection of the initial science team in 2015, the team has produced the first version of the ABoVE
Science Implementation Plan, and field-based investigations began in January 2016. NASA has finalized
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Memorandums of Agreement with our Canadian partner Polar Knowledge Canada, and with the
Department of Energy’s Next Generation Ecosystem Experiment — Arctic.

NASA will continue the ShowEx multi-year airborne snow campaign, a ground and aerial field campaign
underway in the fall of 2016 and winter of 2017. SnowEx will study how much water is stored in Earth’s
terrestrial snow-covered regions. The data will help researchers investigate the distribution of snow-water
equivalent (SWE) and the snow energy balance in different canopy types and densities and terrain. It
employs a unique combination of sensors, including lidar, active and passive microwave, an imaging
spectrometer, and infrared to determine the sensitivity and accuracy of different remote sensing
techniques for measurement of SWE. Future plans include ground-based instruments, snowfield
measurements, and modeling.

HECC plans to add the second pilot module and additional computing racks to the existing
supercomputing systems. Scientific Computing will continue to add both computing and storage to its
operational high-performance environment during FY 2017. The next generation Advanced Data
Analytics Platform (ADAPT) prototyped during FY 2016 will be put into operations. The projects plans a
significant increase in the ADAPT system (both in computing and storage). In addition, Scientific
Computing will begin to explore the use of computing systems specialized in machine executable learning
algorithms to solve problems in climate and weather applications. As the model and observational data
continue to grow at increasing rates, leveraging the capabilities of machine learning systems for science
will be necessary for future research.

Major airborne campaigns will continue in FY 2017 to include ABoVe, Operation Icebridge, HyspIRI
Tropics, and the continuation of all EVS-2 investigations.

KEY ACHIEVEMENTS PLANNED FOR FY 2018

NASA will perform the Clouds, Aerosol, and Monsoon Processes-Philippines Experiment (CAMP2EX) in
partnership with Philippine research and operational weather communities. Currently scheduled for the
summer of 2018, it will characterize the role of anthropogenic and natural aerosol particles in modulating
the frequency and amount of warm and mixed phase precipitation near the Philippines during the
Southwest Monsoon.

NASA will conduct the Fire Impacts on Regional Emissions and Chemistry (FIREChem) mission, a
cooperative biomass burning and air quality field study, in the continental United States from late June to
mid-September 2018. FIREChem will focus on the links between satellite and ground-based
measurements of both fresh and aged biomass burning plumes generated from both wildfires and
prescribed burns (e.g., agriculture and forest management). The FIREChem mission will include in situ
measurements and remote sensing observations from the NASA DC-8 to sample upwind and downwind
of natural and managed fires.

As part of a broader cooperative effort in Earth science research and applications, NASA and the Indian
Space Research Organization (ISRO) agreed to operate the NASA AVIRIS — Next Generation (AVIRIS —
NG) instrument aboard the ISRO National Remote Sensing Centre King Air B-200 aircraft. This airborne
campaign will generate data products relevant to Earth science research and applications activities in a
number of topic areas by capturing spectra from terrestrial, freshwater, and marine sites throughout India.
The products will provide ISRO with important baseline spectroscopy data for a wide variety of Indian
environments and offer NASA researchers an opportunity to use an important new dataset. Both NASA
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and ISRO will have access to all scientific data coming from the AVIRIS-NG instrument. This campaign
marks the first step in a potential multiyear effort between NASA and ISRO to advance imaging
spectroscopy of the Earth.

In FY 2018, HECC plans to build a one-acre concrete pad to support the modular computing facility
expansion. They will add three new computing modules to the facility.

Scientific Computing will continue to increase its high-performance compute and storage capacities to
meet emerging NASA science requirements. Expansions to Scientific Computing’s primary services in
ADAPT and the next generation data analytics systems will continue. Additional investment into deep
learning capabilities will occur during FY 2018.

In FY 2018, major airborne campaigns planned include Operation IceBridge, CAMP2EXx, FIREChem,
and the continuation of EVS-2 investigations.

Program Elements
CARBON CYCLE SCIENCE TEAM

Carbon Cycle Science Team funds research on the distribution and cycling of carbon among Earth’s
active land, ocean, and atmospheric reservoirs.

GLOBAL MODELING AND ASSIMILATION OFFICE

The Global Modeling and Assimilation Office creates global climate and Earth system component models
using data from Earth science satellites and aircraft. Investigators can then use these products worldwide
to further their research.

AIRBORNE SCIENCE

The Airborne Science project is responsible for providing manned and unmanned aircraft systems that
further science and advance the use of satellite data. NASA uses these assets worldwide in campaigns to
investigate extreme weather events, observe Earth system processes, obtain data for earth science
modeling activities, and calibrate instruments flying aboard earth science spacecraft. NASA Airborne
Science platforms support mission definition and development activities. For example, these activities
include:

Conducting instrument development flights;

Gathering ice sheet observations as gap fillers between missions (e.g., Operation IceBridge);
Serving as technology test beds for Instrument Incubator Program missions;

Serving as the observation platforms for research campaigns, such as those competitively selected
under the suborbital portion of Earth Venture; and

e Calibrating and validating space-based measurements and retrieval algorithms.
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EARTH SCIENCE RESEARCH

OzONE TRENDS SCIENCE

The Ozone Trends Science project produces a consistent, calibrated ozone record used for trend analyses
and other studies.

INTERDISCIPLINARY SCIENCE

Interdisciplinary Science includes science investigations, as well as calibration and validation activities,
that ensure the utility of space-based measurements. In addition, it supports focused fieldwork (e.g.,
airborne campaigns) and specific facility instruments upon which fieldwork depends.

EARTH SCIENCE RESEARCH AND ANALYSIS

Earth Science Research and Analysis is the core of the research program and funds the analysis and
interpretation of data from NASA’s satellites. This project funds the scientific activity needed to establish
a rigorous base for the satellites’ data and their use in computational models.

FELLOWSHIPS AND NEW INVESTIGATORS

The Fellowships and New Investigators project supports graduate and early career research in the areas of
Earth system research and applied science.

SPACE GEODESY

The Space Geodesy Project (SGP) encompasses the development, operation, and maintenance of a global
network of space geodetic technique instruments, a data transport and collection system, analysis and the
public disseminations of data products required to maintain a stable terrestrial reference system. SGP
provides the data and analysis essential for fully realizing the measurement potential of the current and
coming generation of Earth Observing spacecraft. Geodesy is the science of measuring Earth’s shape,
gravity, and rotation and how these properties change over time. The SGP manages the operations and
development of NASA’s Space Geodetic Network that is comprised of the following major space
geodetic observing systems: Very Long Baseline Interferometry, Satellite Laser Ranging, and Global
Navigation Satellite System. It currently develops the next generation Space Geodetic Stations. The Space
Geodesy project began in 2011. It is a Goddard Space Flight Center (GSFC) and Jet Propulsion
Laboratory (JPL) partnership, with participation from the Smithsonian Astrophysical Observatory.

EARTH SCIENCE DIRECTED RESEARCH AND TECHNOLOGY

Earth Science Directed Research and Technology funds the civil service staff who work on emerging
Earth Science flight projects, instruments, and research.

GLOBAL LEARNING AND OBSERVATIONS TO BENEFIT THE ENVIRONMENT

Global Learning and Observations to Benefit the Environment (GLOBE) is a worldwide hands-on
primary and secondary school-based science and education program that promotes collaboration among
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EARTH SCIENCE RESEARCH

students, teachers, and scientists to conduct inquiry-based investigations about our environment. NASA
works in close partnership with NOAA and NSF Earth System Science Projects to study the dynamics of
Earth’s environment, focused on atmosphere, hydrology, soil, and land cover. Students take
measurements, analyze data, and participate in research in collaboration with scientists.

SCIENTIFIC COMPUTING

The Scientific Computing project funds NASA’s Earth Science Discover supercomputing system, high-
end storage, and network, software engineering, and user interface projects at GSFC, including climate
assessment modeling and data analysis. Scientific Computing supports Earth system science modeling
activities based on data collected by earth science spacecraft. The system is separate from the HECC
program at NASA Ames Research Center, so it can be close to the satellite data archives at GSFC. The
proximity to the data and the focus on satellite data assimilation makes the Discover cluster unique in the
ability to analyze large volumes of satellite data quickly. The system currently has approximately 90,000
computer processor cores.

HiGH END COMPUTING CAPABILITY (HECC)

HECC focuses on the Endeavour, Merope, Pleiades, and Electra supercomputer systems and the
associated network connectivity, data storage, data analysis, visualization, and application software
support. It serves the supercomputing needs of all NASA mission directorates and NASA-supported
principal investigators at universities. The funding supports the operation, maintenance, upgrade, and
expansion of NASA’s supercomputing capability. These four supercomputer systems, with approximately
248,000 computer processor cores, support NASA’s aeronautics, human exploration, and science
missions. For example, the systems are used to model the aerodynamic characteristics of the Space
Launch System (SLS) at different attach angles and different air speeds. The systems also analyze the
Kepler mission observation data to search for habitable exoplanets.

DIRECTORATE SUPPORT

The Directorate Support project funds the Science Mission Directorate’s (SMD) institutional and
crosscutting activities including: National Academies studies, proposal peer review processes, printing
and graphics, information technology, the NASA Postdoctoral Fellowship program, working group
support, independent assessment studies, procurement support for the award and administration of all
grants, and other administrative tasks.
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Program Schedule

Date

Significant Event

Q2 FY 2017

Research Opportunities in Earth and Space Science (ROSES)-2017
solicitation release

Q1 FY 2018

ROSES-2017 selection within six to nine months of receipt of proposals

Q2 FY 2018

ROSES-2018 solicitation release

Q1 FY 2019

ROSES-2018 selection within six to nine months of receipt of proposals

Q2 FY 2019

ROSES-2019 solicitation release

Q1 FY 2020

ROSES-2019 selection within six to nine months of receipt of proposals

Q2 FY 2020

ROSES-2020 solicitation release

Q1 FY 2021

ROSES-2020 selection within six to nine months of receipt of proposals

Program Management & Commitments

Program Element

Provider

Carbon Cycle Science Team

Provider: Various and defined in the acquisition strategy
Lead Center: Headquarters (HQ)
Performing Center(s): HQ, JPL, GSFC

Cost Share Partner(s): USGCRP and Subcommittee on Ocean Science and
Technology (SOST) agencies

Assimilation Office

Global Modeling and

Provider: Various

Lead Center: HQ
Performing Center(s): GSFC
Cost Share Partner(s): N/A

Airborne Science

Provider: Various

Lead Center: HQ

Performing Center(s): Armstrong Flight Research Center (AFRC), Ames
Research Center (ARC), GSFC Wallops Flight Facility (WFF), Glenn
Research Center (GRC), Johnson Space Center (JSC), Langley Research
Center (LaRC)

Cost Share Partner(s): Federal Aviation Administration (FAA), Department
of Defense (DoD), Department of Energy (DOE), NOAA, NSF

Scientific Computing

Provider: GSFC

Lead Center: HQ
Performing Center(s): GSFC
Cost Share Partner(s): N/A
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Program Element

Provider

Ozone Trends Science

Provider: Various and defined in the acquisition strategy
Lead Center: HQ

Performing Center(s): LaRC, GSFC

Cost Share Partner(s): USGCRP and SOST agencies

Interdisciplinary Science

Provider: Various
Lead Center: HQ

Performing Center(s): HQ, JPL, GSFC, ARC, AFRC, GRC, LaRC, MSFC,
JSC

Cost Share Partner(s): USGCRP and SOST agencies

Earth Science Research and
Analysis

Provider: Various and defined in the acquisition strategy
Lead Center: HQ

Performing Center(s): All NASA Centers

Cost Share Partner(s): USGCRP and SOST agencies

High-End Computing Capability

Provider: ARC

Lead Center: HQ
Performing Center(s): ARC
Cost Share Partner(s): N/A

Directorate Support

Provider: HQ

Lead Center: HQ
Performing Center(s):

Cost Share Partner(s); None

Fellowships and New
Investigators

Provider: Various

Lead Center: HQ

Performing Center(s): All NASA Centers
Cost Share Partner(s): N/A

Space Geodesy

Provider: Various

Lead Center: GSFC

Performing Centers: GSFC, JPL
Cost Share Partners: None

Global Learning and
Observations to Benefit the
Environment

Provider: University Corporation for Atmospheric Research
Lead Center: HQ

Performing Center(s): HQ, GSFC

Cost Share Partner(s): N/A
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Acquisition Strateqy

NASA implements the Earth Science Research program via competitively selected research awards.
NASA releases research solicitations each year in the ROSES NASA Research Announcements. All
proposals in response to NASA ROSES are peer reviewed and selected based on defined criteria. The
program competitively awards funds to investigators from academia, the private sector, NASA Centers

and other government agencies.

INDEPENDENT REVIEWS

G Performer Datg ot Purpose Outcome NexF
Type Review Review
All six science focus
NASA Advisory To review prr(])gress areas were rated
Council Earth tov_vards Ea_rt o green as documented 2017:
Relevance Science 2016 | Science objectives in | inthe FY 2016 annuall ’
. the NASA Strategic Performance and y
Subcommittee o
Plan Accountability
Report
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EARTH SYSTEMATIC MISSIONS

FY 2018 Budget

Actual  Enacted | Request Notional
Budget Authority (in $ millions) FY 2016 FY 2017 FY 2018 FY 2019 FY 2020 FY 2021 FY 2022
Ice, Cloud, and land Elevation Satellite 117.4 86.5 92.3 14.2 14.2 14.4 14.7
(ICESat-2)
GRACE FO 59.9 33.7 20.5 11.3 12.3 12.2 144
Surface Water and Ocean Topography 1141 61.7 90.9 121.3 85.0 63.9 32.8
Mission (SWOT)
NASA-ISRO Synthetic Aperature Radar 724 101.4 554 128.1 1254 101.2 83.9
(NISAR)
Sentinel-6 38.2 42.5 53.4 67.5 64.5 40.4 149
Landsat 9 56.0 -- 175.8 167.4 127.9 121.2 8.8
Other Missions and Data Analysis 456.7 -- 289.7 277.4 325.8 355.5 510.9
Total Budget 914.6 - 778.0 787.1 755.0 708.7 680.4

FY 2016 reflects funding amounts specified in Public Law 114-113, Consolidated Appropriations Act, 2016, as
executed under the Agency's current FY 2016 Operating Plan.

FY 2017 Enacted reflects the funding amounts specified in Division B of the Consolidated Appropriations Act, 2017,
P.L. 115-31. Table does not reflect emergency supplemental funds also appropriated in FY 2017, totaling $184
million.

Earth Systematic Missions (ESM) includes a

. broad range of multi-disciplinary science

e investigations aimed at understanding the Earth
system and its response to natural and human-
induced forces and changes. Understanding
these forces will help determine how to predict
future changes and mitigate or adapt to these

Latitude [deg]
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The ESM program develops Earth-observing
Global map and associated averages, by zone, of a new satellite missions, manages the operation of
measure of how long it takes for soil moisture from these missions once on orbit, and produces
rainfall to dissipate (estimated soil moisture water cycle mission data products in support of the research
fraction), produced from one year of data from NASA’s and appl ications communities.

Soil Moisture Active Passive (SMAP) mission.

Interagency and international partnerships are a
central element throughout the ESM program. Several on-orbit missions provide data products in near-
real time for use by U.S. and international meteorological agencies and disaster responders. Five missions
involve significant international or interagency collaboration in development. The Landsat Data
Continuity Mission (LDCM), now operating on orbit as Landsat 8, involves collaboration with the U.S
Geological Survey (USGS). The GPM mission, now operating on orbit, is a partnership with the Japanese
Aerospace Exploration Agency (JAXA), and the GRACE Follow-On (GRACE-FQO) mission is a
partnership between NASA and the German Research Centre for Geosciences (GFZ). The Surface Water
and Ocean Topography (SWOT) mission includes significant collaborations with the Centre National
d’Etudes’ Spatiales (CNES), the Canadian Space Agency (CSA), and the United Kingdom Space Agency
(UKSA). The NISAR mission is a major collaboration between NASA and ISRO. Sentinel-6 is a four-
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partner collaboration between NASA, the National Oceanic and Atmospheric Administration (NOAA),
the European Space Agency (ESA), and the European Organisation for the Exploitation of Meteorological
Satellites (EUMETSAT).

EXPLANATION OF MAJOR CHANGES IN FY 2018

ICESat-2 experienced delays in the Advanced Topographic Laser Altimeter System (ATLAS) instrument
development, driving a delay of launch from June 2018 to no earlier than September 2018.

The request includes no funding for the Radiation Budget Instrument (RBI), which is experiencing cost
growth and continues to experience technical challenges. RBI was to fly on the Joint Polar Satellite
System 2 (JPSS-2) mission to make measurements of the Earth’s radiation budget. RBI’s predecessor
instruments — the Clouds and the Earth’s Radiant Energy System (CERES) series of instruments —
continue to operate on existing NASA and NOAA satellites (Terra, Aqua, S-NPP). The sixth flight model
of CERES will launch on JPSS-1 to extend the data record.

The request includes no funding for the Pre-Aerosol, Clouds, and ocean Ecosystem (PACE) mission. The
PACE mission incorporated selected ocean color and atmospheric aerosol measurement capabilities of the
Decadal Survey-recommended Tier-2 Aerosol, Cloud, and ocean Ecosystem (ACE) mission, ensuring
continuity and additional capability in the measurement record, particularly for ocean color. Ocean color
measurements are or will be acquired by the MODIS instrument on Aqua and the VIIRS instruments on
S-NPP and JPSS-1.

The request includes no funding for the CLARREO Pathfinder mission. CLARREO Pathfinder was to
validate the high accuracy radiometry approaches required for early detection of long-term climate trends
in support of other decadal survey missions, in particular the Decadal Survey Tier-1-recommended
CLARREOQO mission.

The request includes no funding for the NASA-provided instruments on the Deep Space Climate
Observatory (DSCOVR) mission (the Earth Poly-Chromatic Imaging Camera (EPIC) and the National
Institute of Standards and Technology (NIST) Advanced Radiometer (NISTAR)). The Earth Science
Decadal Survey did not mention these instruments.
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ICE, CLOUD, AND LAND ELEVATION SATELLITE (ICESAT-2)

FY 2018 Budget

Actual Enacted Request Notional

Budget Authority (in $ millions) Prior FY 2016 FY 2017 FY 2018 FY 2019 FY 2020 FY 2021 FY 2022 | BTC  Total
Formulation 249.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2491
Development/Implementation 4806 1174 86.4 79.4 0.0 0.0 0.0 0.0 0.0 7638
Operations/Close-out 0.0 0.0 0.0 12.9 14.2 14.2 9.4 0.0 0.0 50.7
2017 MPAR LCC Estimate 729.7 1174 86.4 92.3 14.2 14.2 9.4 0.0 0.0 1063.6
Total Budget 7295 1174 86.5 92.3 14.2 14.2 144 14.7 0.0 1083.2
Change from FY 2017 5.8

Percentage change from FY 2017 6.7%

FY 2016 reflects funding amounts specified in Public Law 114-113, Consolidated Appropriations Act, 2016, as

executed under the Agency's current FY 2016 Operating Plan.

FY 2017 Enacted reflects the funding amounts specified in Division B of the Consolidated Appropriations Act, 2017,
P.L. 115-31. Table does not reflect emergency supplemental funds also appropriated in FY 2017, totaling $184

million.

ICESat-2 will use a multi-beam micropulse laser altimeter
to measure the topography of the Greenland and Antarctic
ice sheets as well as the thickness of Arctic and Antarctic
sea ice. The satellite LIDAR also will measure vegetation
canopy heights and support other NASA environmental
monitoring missions. By discovering the anatomy of ice
loss, researchers may be able to forecast how the ice sheets
will melt in the future and what impact this will have on
sea-levels.

PROJECT PURPOSE

The ICESat-2 mission will serve as an ICESat
follow-on satellite to continue the assessment of
polar ice changes. ICESat-2 will also measure
vegetation canopy heights, allowing estimates of
biomass and carbon in above ground vegetation
in conjunction with related missions, and allow
measurements of solid earth properties.

ICESat-2 will continue to provide an important
record of multi-year elevation data needed to
determine ice sheet mass balance and cloud
property information. It will also provide
topography and vegetation data around the globe
in addition to the polar-specific coverage over
the Greenland and Antarctic ice sheets.

The ICESat-2 mission is a Tier 1 mission,
recommended by the National Academies. It
entered formulation in FY 2010 and entered
implementation in FY 2013.

For more information, go to http://icesat.gsfc.nasa.gov/icesat2.
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ICE, CLOUD, AND LAND ELEVATION SATELLITE (ICESAT-2)

EXPLANATION OF MAJOR CHANGES IN FY 2018

Repairs to the ATLAS instrument lasers have delayed the project schedule. The project now plans to
launch in September 2018.

PROJECT PARAMETERS

The ICESat-2 observatory employs a dedicated spacecraft with a multi-beam photon-counting surface
elevation lidar, which measures distance by illuminating the Earth’s surface with a laser and analyzing the
reflected light. ICESat-2 will continue the measurements begun with the first ICESat mission, which
launched in 2003, and will improve upon ICESat by incorporating a micro-pulse multi-beam laser to
provide dense cross-track sampling, improving elevation estimates over inclined surfaces and very rough
(e.g., crevassed) areas and improving lead detection for above-water sea ice estimates.

ACHIEVEMENTS IN FY 2016

The project completed the spacecraft and addressed issues identified by risk reduction testing. The final
ATLAS instrument subsystems were completed, delivered, and integrated during early FY 2016. Final
ATLAS Dynamics and Electromagnetic Interference/Electromagnetic Compatibility (EMI/EMC) testing
was completed. An issue developed with one of the two onboard lasers during thermal vacuum testing
requiring the removal of the laser from the ATLAS instrument and subsequent troubleshooting and repair.

WORK IN PROGRESS IN FY 2017

The project installed a mass simulator in the ATLAS instrument in place of the removed laser and
delivered the instrument to the spacecraft manufacturer. The spacecraft manufacturer will mate the
instrument to the spacecraft and test the resultant observatory during FY 2017. In parallel, the laser
vendor will repair the broken laser component and refurbish similar high-risk internal components in the
flight laser and the spare laser to reduce the risk of a repeat failure going forward. Upon completion of the
laser refurbishment, the spacecraft manufacturer will remove the ATLAS instrument from the spacecraft
and ship it back to NASA. The project will install the reworked laser within the instrument and will
prepare for its KDP-D review.

KEY ACHIEVEMENTS PLANNED FOR FY 2018

After instrument-level testing has assured proper performance of the replaced laser, the Project will
deliver the ATLAS instrument back to the spacecraft manufacturer for the second time, but in its final
flight configuration. The spacecraft vendor will re-integrate ATLAS with the spacecraft and complete
additional testing. After observatory testing concludes, there will be a series of reviews leading up to
launch including the Mission Pre-Ship review, the Operational Readiness Review (ORR), and the Key
Decision Point-E (KDP-E).
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ICE, CLOUD, AND LAND ELEVATION SATELLITE (ICESAT-2)

SCHEDULE COMMITMENTS/KEY MILESTONES

NASA plans to launch ICESat-2 in September 2018 to begin a three-year prime mission. The following
timeline shows the development agreement schedule per the rebaseline plan from May 2014, and the
current schedule estimates.

KDP-C Dec 2012 Dec 2012
Critical Design Review (CDR) Feb 2014 Feb 2014
New Baseline Feb 2015 Feb 2015
Launch Jun 2018 Sep 2018
End of Prime Mission Sep 2021 Dec 2021

Development Cost and Schedule

2015 | 763.7 >70 2017 763.7 0 Launch Jun 2018 | Sep 2018 | +3

Note: The confidence level estimates reported reflect an evolving process as NASA improves its probabilistic
estimation techniques and processes. The estimate reflects the practices and policies at the time it was developed.
Estimates that include combined cost and schedule risks are denoted as JCL (joint confidence level); all other CLs
(confidence levels) reflect cost confidence without necessarily factoring the potential impacts of schedule changes
on cost. NASA originally baselined ICESat-2 in 2013, it was re-baselined in 2015. The original baseline is provided
in the Supporting Data section.

Development Cost Details

TOTAL: 763.8 763.7 -0.1

Aircraft/Spacecraft 106.0 112.2 6.2
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ICE, CLOUD, AND LAND ELEVATION SATELLITE (ICESAT-2)

Payloads 239.1 280.0 40.9
Systems Integration and i
Test (1&T) 21.6 45 171
Launch Vehicle 118.8 118.3 -0.5
Ground Systems 55.4 63.6 8.2
Science/Technology 31.0 35.8 4.8
Other Direct Project 191.9 1493 426
Costs

Project Management & Commitments

GSFC has project management responsibility for ICESat-2.

Provider: GSFC
ATLAS Advanced Topographic Laser | Lead Center: GSFC N/A
Instrument Altimeter System Performing Center(s): GSFC
Cost Share Partner(s): N/A
Provider: United Launch Alliance
) ) (ULA)
Launch Vehicle Provu_jes launch service an(_j Lead Center: GSFC N/A
entry into proper Earth orbit .
Performing Center(s): KSC
Cost Share Partner(s): N/A
Provides control of Provider: Orbital ATK
i Lead Center: GSFC
Ground System ob_servatory operations, ! N/A
science (_iata processing and Performing Center(s): GSFC
distribution Cost Share Partner(s): N/A
Platform provides thermal Provider: Orbital ATK
Spacecraft and attitude control, power, Lead Center: GSFC N/A
P and communications with the | Performing Center(s): GSFC
instrument Cost Share Partner(s): N/A
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ICE, CLOUD, AND LAND ELEVATION SATELLITE (ICESAT-2)

Development

Project Risks

If: Observatory integration and testing
reveals any issues

GSFC and Orbital ATK management are closely monitoring
staffing and workloads, and have scheduled Saturday work
during round 1 observatory testing. Project-level schedule

Then: The delivery of the observatory back
reserves will be used in the event of a delay.

to GSFC will be delayed.

Acquisition Strateqy

GSFC is responsible for the design and testing of the ATLAS instrument. NASA competitively selected
the spacecraft vendor, Orbital ATK, which will provide the ground system element through a contract
option. NASA competitively selected ULA as the launch services vendor.

MAJOR CONTRACTS/AWARDS

Ground System Orbital ATK Dulles, VA
Spacecraft Orbital ATK Gilbert, AZ
Launch Service ULA Decatur, AL

INDEPENDENT REVIEWS

Standing Review Mission was
Performance Dec 2012 KDP-C approved to enter Feb 2014
Board (SRB)
development
Performance Mission CDR was
SRB Feb 2014 Mission CDR successfully Sep 2017
completed
Performance | SRB Sep 2017 KDP-D TBD Aug 2018
Performance | SRB Aug 2018 ORR TBD N/A

ES-20



Science: Earth Science: Earth Systematic Missions

GRACE FoLLow-ON

FY 2018 Budget

Actual Enacted Request Notional

Budget Authority (in $ millions) Prior FY 2016 FY 2017 FY 2018 FY 2019 FY 2020 FY 2021 FY 2022 | BTC  Total
Formulation 107.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 1074
Development/Implementation 160.3 59.9 33.7 9.5 0.0 0.0 0.0 0.0 0.0 2634
Operations/Close-out 0.0 0.0 0.0 11.0 11.3 12.2 12.2 10.2 42 61.1
2017 MPAR LCC Estimate 267.7 59.9 337 20.5 11.3 12.2 12.2 10.2 42 4319
Total Budget 267.6 59.9 337 20.5 11.3 12.3 12.2 144 0.0 4318
Change from FY 2017 -13.2

Percentage change from FY 2017 -39.2%

FY 2016 reflects funding amounts specified in Public Law 114-113, Consolidated Appropriations Act, 2016, as
executed under the Agency's current FY 2016 Operating Plan.

FY 2017 Enacted reflects the funding amounts specified in Division B of the Consolidated Appropriations Act, 2017,
P.L. 115-31. Table does not reflect emergency supplemental funds also appropriated in FY 2017, totaling $184
million.

PROJECT PURPOSE

The GRACE-FO mission will allow scientists
to gain new insights into the dynamic processes
in Earth’s interior, currents in the oceans, and
variations in the extent of ice coverage. Data
from the mission, combined with other existing
sources of data, will greatly improve scientific
understanding of glaciers and hydrology.

GRACE-FO will obtain the same extremely
high-resolution global models of Earth’s
gravity field, including how it varies over time,
as in the original GRACE mission (launched in
2002). GRACE-FO data is vital to ensuring

GRACE-FO is a successor to the original GRACE mission, there is a minimal gap in gravitational field
which began orbiting Earth in 2002. The two GRACE-FO measurements following the decommissioning
satellites will use the same kind of microwave ranging of the currently operating GRACE mission.
system as GRACE, and so can expect to achieve a similar GRACE-FO includes a partnership with the
level of precision. But they will also test an experimental German Research Centre for Geosciences.

instrument using lasers instead of microwaves, which
promises to make the measurement of their separation
distance at least 20 times more precise.
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GRACE FoLLow-ON

EXPLANATION OF MAJOR CHANGES IN FY 2018

The International Space Company Kosmostras informed the German Research Centre for Geosciences
(GFZ) that they would be unable for provide a Dnepr launch vehicle for GRACE-FO. GFZ has
subsequently negotiated a ride-share agreement with Iridium Communications, Inc. GFZ plans to launch
GRACE-FO from Vandenberg Air Force Base with five Iridium NEXT satellites on a SpaceX Falcon 9
launch vehicle.

PROJECT PARAMETERS

The GRACE-FO observatory employs two dedicated spacecraft, launched into a near-circular polar orbit.
As the two spacecraft orbit Earth, slight variations in gravity will alter the spacecraft speed and distance
relative to each other. Scientists use the speed and distance changes to extrapolate and map Earth’s
gravitational field.

The GRACE-FO instrument suite includes the Microwave Instrument, which accurately measures
changes in the speed and distance between the two spacecraft. The accelerometer instrument measures all
non-gravitational accelerations (e.g., atmospheric drag, solar radiation pressure, attitude control, and
thruster operation) on each GRACE-FO satellite. The Laser Ranging Interferometer is a technology
demonstration and is a partnership between the United States and Germany. NASA will use the science
data from the GRACE-FO mission to generate an updated model of Earth’s gravitational field
approximately every 30 days for the 5-year lifetime of the prime mission.

ACHIEVEMENTS IN FY 2016

The project completed the accelerometers, the microwave instruments, and the laser ranging
interferometers and completed integration of the science instruments and spacecraft subsystems in FY
2016.

WORK IN PROGRESS IN FY 2017

The project completed final observatory integration and testing of the two GRACE-FO spacecraft and
shipped them to Munich, Germany for environmental testing. Both spacecraft will complete
environmental testing and be prepared for shipment to the launch site in FY 2017. As part of its
contribution to the mission, GFZ is procuring the Multi-Satellite Dispenser (MSD) from Airbus/CASA
Espacio. The MSD design, production, and testing will be completed in FY 2017.

KEY ACHIEVEMENTS PLANNED FOR FY 2018
The project will launch the GRACE FO satellites in February 2018.
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GRACE FoLLow-ON

SCHEDULE COMMITMENTS/KEY MILESTONES

KDP-C Feb 2014 Feb 2014
CDR Feb 2015 Feb 2015
KDP-D Aug 2015 Aug 2015
Launch (or equivalent) Feb 2018 Feb 2018
Start Phase E May 2018 May 2018
End of Prime Mission Feb 2023 Feb 2023

Development Cost and Schedule

2015 264 70 2017 263.4 0 Launch | Feb 2018 | Feb 2018 0

Note: The confidence level estimates reported reflect an evolving process as NASA improves its probabilistic
estimation techniques and processes. Estimate reflects the practices and policies at the time it was developed.
Estimates that include combined cost and schedule risks are denoted as JCL (joint confidence level); all other CLs
(confidence levels) reflect cost confidence without necessarily factoring the potential impacts of schedule changes
on cost.

Development Cost Details

TOTAL: 264.0 263.4 -0.6
Aircraft/Spacecraft 118.7 127.5 8.8
Payloads 32.1 39.5 7.4
Systems I&T 0 0 0
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GRACE FoLLow-ON

Development

Launch Vehicle 0 0
Ground Systems 0 0
Science/Technology 12.3 15.6 3.3
Other Direct Project 100.9 80.8 201
Costs

Project Management & Commitments

The Earth Systematic Missions Program at GSFC manages GRACE-FO. NASA has assigned
responsibility for implementation to JPL.

Provider: Airbus Defence & Space
) (Germany)
Spacecraft I_Drowdes platform for the Lead Center: N/A N/A
instruments .
Performing Center(s): JPL
Cost Share Partner(s): N/A
Provider: JPL
. Measures the distance .
Lead Center: JPL
:VI|crowave between the spacecraft as a . . N/A
nstrument function of time Performing Center(s): JPL
Cost Share Partner(s): N/A
Provider: French Office National
d’Etudes et Recherches Aérospatiales
Measures all non- (ONERA)
Accelerometers grawtathnal accelerations of Lead Center: JPL N/A
the satellite(s) .
Performing Center(s): JPL
Cost Share Partner(s): N/A
Heterodyne interferometric Provider: JPL and GFZ
. laser will measure the .
. Lead Center: JPL
h]atsei;elfgrr:w%ltr;? distance between the two Performing C . JPL N/A
spacecraft as a function of erforming Center(s):
time Cost Share Partner(s): GFZ
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GRACE FoLLow-ON

Development

Launch Vehicle

Delivers observatory into
Earth orbit

Provider: Iridium Communications,
SpaceX, Airbus/CASA Espacio

Lead Center: N/A
Performing Center(s): N/A
Cost Share Partner(s): GFZ

N/A

Project Risks

If: The SpaceX Falcon 9 launch manifest is
delayed due to recent launch failures,

Then: There would be a delay to the GRACE

FO launch date.

NASA will closely monitor the SpaceX Falcon 9 launch

manifest, and will work with our ride share partner, Iridium, to

delay.

negotiate the most appropriate launch date in the event of a

Acquisition Strateqy

The acquisition strategy for GRACE-FO leveraged GRACE heritage by using sole source procurement to
the same vendors for major components. NASA has completed all major acquisitions.

MAJOR CONTRACTS/AWARDS

Spacecraft Airbus Defence & Space Germany
Microwave Instrument Ultra Stable | Applied Physics Laboratory-Johns

. ) A Laurel, MD
Oscillator Hopkins University
Microwave Assemblies Space Systems/Loral Palo Alto, CA
Accelerometers ONERA France
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GRACE FoLLow-ON

INDEPENDENT REVIEWS

i . Project approved to
Performance | SRB Feb 2014 KDP-C Milestone proceed into Aug 2015

Review development

Performance i . Project approved to
SRB Aug 2015 g?v?e\?v Milestone enter the integration Nov
and test phase
Performance Flight Readiness
SRB Nov 2017 Review (FRR) TBD N/A

ES-26



Science: Earth Science: Earth Systematic Missions

SURFACE WATER AND OCEAN TOPOGRAPHY MISSION
(SWOT)

FY 2018 Budget

Actual Enacted Request Notional

Budget Authority (in $ millions) Prior FY 2016 FY 2017 FY 2018 FY 2019 FY 2020 FY 2021 FY 2022 | BTC  Total
Formulation 136.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1368
Development/Implementation 236 1140 61.7 90.9 1213 85.0 59.9 15.0 0.0 5714
Operations/Close-out 0.0 0.0 0.0 0.0 0.0 0.0 4.0 17.8 24.9 46.7
2017 MPAR LCC Estimate 1604  114.0 61.7 909 1213 85.0 63.9 32.8 249 7549
Total Budget 1604 1141 61.7 909 1213 85.0 63.9 32.8 249 7549
Change from FY 2017 29.2

Percentage change from FY 2017 47.3%

FY 2016 reflects funding amounts specified in Public Law 114-113, Consolidated Appropriations Act, 2016, as
executed under the Agency's current FY 2016 Operating Plan.

FY 2017 Enacted reflects the funding amounts specified in Division B of the Consolidated Appropriations Act, 2017,

P.L. 115-31. Table does not reflect emergency supplemental funds also appropriated in FY 2017, totaling $184
million.
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SURFACE WATER AND OCEAN TOPOGRAPHY MISSION
(SWOT)

PROJECT PURPOSE

The SWOT mission will improve our
understanding of the world’s oceans and
terrestrial surface waters. The mission, through
broad swath altimetry, will make high-
resolution measurements of ocean circulation,
its kinetic energy, and its dissipation. These
measurements will improve ocean circulation
models, leading to better prediction of weather
and climate. The mission will also revolutionize
knowledge of the surface water inventory on the
continents by precise measurement of water
levels in millions of lakes and water bodies and
the discharge of all major rivers. This will allow
for deeper understanding of the natural water
cycle and the informed control of this resource.

The 2007 National Academies decadal survey
An artist’s conception shows the Surface Water Ocean of Earth Science endorsed SWOT. The mission
Topography (SWOT) satellite, which entered the will complement the Jason oceanography
implementation phase in May 2016. SWOT will make high- missions. as well as other NASA missions
resolu'tlon, wide-swath altimetric m_easurements of the _ currently in operation and development to
world's oceans and fresh water bodies to understand their
circulation, surface topography, and storage. This multi- measure the global water cycle (GPM, SMAP,
\ ’ and GRACE-FO). NASA will collaborate with

disciplinary, cooperative international mission will produce . )
science and data products that will allow for fundamental CNES, CSA, and UKSA to accomplish this

advances in the understanding of the global water cycle. mission.

EXPLANATION OF MAJOR CHANGES IN FY 2018

NASA confirmed the SWOT project to proceed into implementation and this budget represents the
Agency commitment.

PROJECT PARAMETERS

SWOT will provide broad-swath sea surface heights and terrestrial water heights for at least 90 percent of
the globe using a dual-antenna Ka-band Radar Interferometer (KaRIn). The SWOT payload will also
include a precision orbit determination system consisting of Global Positioning System-Payload (GPSP),
Doppler Orbitography and Radiopositioning Integrated by Satellite (DORIS) receivers, and a Laser Retro-
reflector Assembly (LRA). In addition, SWOT carries a Nadir Altimeter, and a radiometer for
tropospheric path delay corrections. The mission has a prime mission of three years.
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SURFACE WATER AND OCEAN TOPOGRAPHY MISSION

(SWOT)

Development

ACHIEVEMENTS IN FY 2016

The SWOT project successfully completed its preliminary design review in April 2016, and NASA
approved the project to enter the implementation phase.

WORK IN PROGRESS IN FY 2017

In FY 2017, the project will complete the critical design for the KaRIn instrument and conduct the KaRlIn
CDR as well as the critical design of the integrated payload module and Payload Critical Design Review.

In addition, NASA plans to make the launch vehicle selection for SWOT.

KEY ACHIEVEMENTS PLANNED FOR FY 2018
In FY 2018, the project will complete the mission CDR.

SCcHEDULE COMMITMENTS/KEY MILESTONES

Milestone Confirmation Baseline Date FY 2017 PB Request
KDP-C May 2016 May 2016
CDR Feb 2018 Feb 2018
KDP-D Oct 2019 Oct 2019
Launch Apr 2022 Apr 2022
Start Phase E Oct 2022 Oct 2022
End of Prime Mission Oct 2025 Oct 2025

Development Cost and Schedule

NASA and CNES will strive to launch SWOT in April 2021. Consistent with NASA policies regarding
commitments to time and schedule, the SWOT launch will occur no later than April 2022.
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SURFACE WATER AND OCEAN TOPOGRAPHY MISSION
(SWOT)

Launch

2017 5715 | >70 2017 5715 0 Rezdg::: Apr 2022 | Apr 2022 0

(LRD)

Note: The confidence level estimates reported reflect an evolving process as NASA improves its probabilistic
estimation techniques and processes. Estimate reflects the practices and policies at the time it was developed.
Estimates that include combined cost and schedule risks are denoted as JCL (joint confidence level); all other CLs
(confidence levels) reflect cost confidence without necessarily factoring the potential impacts of schedule changes
on cost.

Development Cost Details

This is the first report of development costs for this mission.

TOTAL: 521.5 571.5 50
Aircraft/Spacecraft 0 0 0
Payloads 181.5 200.0 185
Systems I&T 4.9 49 0
Launch Vehicle 131.3 107.8 -23.5
Ground Systems 35 35.9 0.9
Science/Technology 47.1 46.3 -0.8
8(‘)2‘;; Direct Project 1217 176.6 54.9
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SURFACE WATER AND OCEAN TOPOGRAPHY MISSION

(SWOT)

Development

Project Management & Commitments

JPL has project management responsibility for SWOT.

Change from

Performing Center(s): N/A
Cost Share Partner(s): CNES

Element Description Provider Details .
Baseline
Provider: NASA, CNES, CSA, UKSA
Makes swath measurements Lead Center: JPL
KaRIn of sea surface topography and | Performing Center(s): JPL N/A
lake and river heights Cost Share Partner(s): CNES (RFU),
CSA (EIK), UKSA (Duplexer)
Advanced Provider: NASA
Microwave Provides wet tropospheric Lead Center: JPL
. . . N/A
Radiometer delay correction of KaRIn Performing Center(s): JPL
(AMR) Cost Share Partner(s): N/A
Provider: NASA
. . L Lead Center: JPL
GPSP Provides orbit determination . N/A
Performing Center(s): JPL
Cost Share Partner(s): N/A
Provider: NASA
. . o Lead Center: JPL
LRA Provides orbit determination ) N/A
Performing Center(s): JPL
Cost Share Partner(s): N/A
Provider: NASA
i i i Lead Center: JPL
X-band Telecom Provides downlink of science ! N/A
data Performing Center(s): JPL
Cost Share Partner(s): N/A
Provider: CNES
Measures Jason-heritage Lead Center: N/A
Nadir Altimeter | ocean surface topography at o N/A
nadir Performing Center(s): N/A
Cost Share Partner(s): CNES
Provider: CNES
. . L Lead Center: N/A
DORIS Provides orbit determination N/A
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SURFACE WATER AND OCEAN TOPOGRAPHY MISSION
(SWOT)

Provider: CNES

S Lead Center: N/A

Spacecraft Bus Provides instrument platform . N/A
Performing Center(s): N/A

Cost Share Partner(s): CNES

Provider: NASA
Lead Center: JPL
Launch Vehicle | Delivers spacecraft to orbit . N/A

Performing Center(s): KSC

Cost Share Partner(s): N/A

Project Risks

If: KaRIn critical path contributions from the | Project worked with CNES to mature key interfaces early,

multiple partners are not timely, conduct multiple model exchanges between CSA, JPL, and
Then: It will delay delivery of the KaRIn CNES, and conduct a full instrument integration and test
instrument. campaign for the KaRIn Engineering Model.
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SURFACE WATER AND OCEAN TOPOGRAPHY MISSION
(SWOT)

Acquisition Strateqy

The acquisition strategy for SWOT leveraged Jason heritage by using JPL legacy instrument designs
(AMR , GPSP, and LRA) and in-house build with a combination of sole source and competitive
procurements. The KaRIn leverages Earth Science Technology Office investments and is an in-house
development. The X-band Telecom will be a competitive procurement.

MAJOR CONTRACTS/AWARDS

L3 for modulator, Tesat for San Diego, CA, Backnang,
traveling wave tube amplifiers Germany

X-band Telecom

INDEPENDENT REVIEWS

Performance SRR/Mission Project met all

SRB May 2014 Definition Review review success Apr 2016

(MDR) criteria

Performance SRB Apr 2016 PDR Successful May 2016
Performance SRB May 2016 KDP-C Successful Feb 2018
Performance SRB Feb 2018 CDR TBD Jan 2019
Performance | SRB Jan 2019 SIR TBD Oct 2019
Performance SRB Oct 2019 KDP-D TBD Aug 2021
Performance SRB Aug 2021 ORR TBD N/A
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NASA-ISRO SYNTHETIC APERTURE RADAR (NISAR)

Development

FY 2018 Budget

Actual Enacted Request Notional

Budget Authority (in $ millions) Prior FY 2016 FY 2017 FY 2018 FY 2019 FY 2020 FY 2021 FY 2022 | BTC  Total
Formulation 117.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1170
Development/Implementation 13.2 724 101.4 554  128.0 1254  101.2 64.0 0.0 661.0
Operations/Close-out 0.0 0.0 0.0 0.0 0.0 0.0 0.0 19.9 69.0 88.9
2017 MPAR LCC Estimate 130.2 72.4 101.4 554  128.0 1254  101.2 83.9 69.0 866.9
Total Budget 130.2 72.4 101.4 554 1281 1254  101.2 83.9 69.0 866.9
Change from FY 2017 -46.0

Percentage change from FY 2017 -45.4%

FY 2016 reflects funding amounts specified in Public Law 114-113, Consolidated Appropriations Act, 2016, as
executed under the Agency's current FY 2016 Operating Plan.

FY 2017 Enacted reflects the funding amounts specified in Division B of the Consolidated Appropriations Act, 2017,
P.L. 115-31. Table does not reflect emergency supplemental funds also appropriated in FY 2017, totaling $184

million.

The NISAR satellite, a joint mission between NASA and
the ISRO, will be the first radar imaging satellite to use
dual frequencies. NISAR will observe and take
measurements of some of the planet's most complex
processes, including ecosystem disturbances, ice-sheet
collapse, and natural hazards.

PROJECT PURPOSE

The NISAR mission will provide an
unprecedented, detailed view of the Earth using
advanced radar imaging. The NISAR satellite will
observe and take measurements of some of the
planet’s most complex processes, including
ecosystem disturbances; ice sheet collapse; and
natural hazards, such as earthquakes, tsunamis,
volcanoes, and landslides. NISAR is a dual
frequency (L- and S-band) Synthetic Aperture
Radar (SAR) mission and data collected by the
NISAR satellite will reveal information about the
evolution and state of Earth’s crust, help scientists
understand more about our planet's changing
processes and its effect in changing climate, and
aid future resource and hazard management. The
mission is currently in the implementation phase
in partnership with the ISRO.

Scientists have proposed L-band SAR missions in
various forms for over a decade. Scientists
derived the L-band SAR science of the NISAR
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NASA-ISRO SYNTHETIC APERTURE RADAR (NISAR)

mission from Deformation, Ecosystem Structure, and Dynamics of Ice (DESDynl, a 2007 Decadal Survey
Tier 1 mission recommended by the National Academies).

EXPLANATION OF MAJOR CHANGES IN FY 2018

NASA confirmed the NISAR project to proceed into implementation and this budget represents the
Agency commitment. The LRD is September 2022.

PROJECT PARAMETERS

NASA will provide the L-band SAR, the engineering payload, the payload integration, and payload
operations. ISRO will provide the S-band SAR, the spacecraft bus, the launch vehicle, observatory
integration and testing, and spacecraft operations. NASA/JPL will be providing the L-band SAR
instrument and associated engineering payload elements, including L-band electronics, radar feed,
reflector and boom assembly, solid state recorder, GPS receiver, high-rate telecom system, power
distribution unit and payload data subsystem.

ACHIEVEMENTS IN FY 2016

In FY 2016, the NISAR project completed the preliminary design review of the observatory, and NASA
approved the mission to enter the implementation phase in September 2016. The project selected the
contractor for the reflector and the solid state recorder, and developed the mission operations concept
jointly with ISRO.

WORK IN PROGRESS IN FY 2017

In FY 2017, the NISAR project will continue detailed design work on the reflector and boom, and will
start to build the flight models as the subsystem critical design reviews are completed.

KEY ACHIEVEMENTS PLANNED FOR FY 2018

In FY 2018, the NISAR project will complete all planned engineering models and begin to build flight
hardware. The project will start to build the reflector and boom, and will mature the mission operations
concept jointly with ISRO.
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NASA-ISRO SYNTHETIC APERTURE RADAR (NISAR)

SCHEDULE COMMITMENTS/KEY MILESTONES

KDP-C Aug 2016 Aug 2016
CDR Oct 2018 Oct 2018
KDP-D Dec 2019 Dec 2019
Payload delivery to ISRO Feb 2021 Feb 2021
LRD Sep 2022 Sep 2022

Development Cost and Schedule

2017 661 | >70% 2017 661 0 LRD | Sep 2022 | Sep 2022 0

Note: The confidence level estimates reported reflect an evolving process as NASA improves its probabilistic
estimation techniques and processes. Estimate reflects the practices and policies at the time it was developed.
Estimates that include combined cost and schedule risks are denoted as JCL (joint confidence level); all other CLs
(confidence levels) reflect cost confidence without necessarily factoring the potential impacts of schedule changes
on cost.

Development Cost Details

This is the first report of development costs for this mission.

TOTAL: 661.0 661.0 0
Aircraft/Spacecraft 77.1 87.3 10.2
Payloads 211.1 228.9 17.8
Systems I&T 23.0 26.6 3.6
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NASA-ISRO SYNTHETIC APERTURE RADAR (NISAR)

Launch Vehicle 0.6 0.5 -0.1
Ground Systems 72.6 60.8 -11.8
Science/Technology 28.2 30.7 25

Other Direct Project

Costs 226.2 226.2 0

Project Management & Commitments

JPL has project management responsibility for NISAR.

Provider: NASA
N Lead Center: JPL
L-band SAR Radar imaging payload . N/A

Performing Center(s): JPL

Cost Share Partner(s): N/A

Provider: ISRO

Lead Center: N/A

S-band SAR Radar imaging payload . N/A
Performing Center(s):N/A

Cost Share Partner(s):ISRO

Provider: ISRO

Provides platform for the Lead Center: N/A

payload Performing Center(s): N/A
Cost Share Partner(s): ISRO

Provider: ISRO

Lead Center: N/A

Launch Vehicle | Delivers observatory to orbit . N/A
Performing Center(s): N/A

Cost Share Partner(s): ISRO

Spacecraft N/A
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NASA-ISRO SYNTHETIC APERTURE RADAR (NISAR)

Development

Project Risks

If: The ISRO-provided Geosynchronous
Satellite Launch Vehicle GSLV Mark II
launch vehicle reliability does not meet the
NASA-ISRO joint requirements,

Then: There may be a significant delay in the
launch date

NASA and ISRO jointly defined five success criteria for the
NISAR launch to proceed and both NASA and ISRO have
documented and agreed to these criteria. On August 27, 2015,
and September 8, 2016 ISRO completed successful GSLV
launches and so has met two of the five criteria.

The project is addressing the single point failure in the boom
electronics. NASA will extensively test the NISAR boom in the
flight configuration before delivering it to payload integration
and test.

If: The NISAR boom does not deploy in-
orbit properly, then the mission success
criteria cannot be satisfied

Acquisition Strateqy

The design and build of the L-band SAR radar will be an in-house build at JPL, with competed
subcontracts.

MAJOR CONTRACTS/AWARDS

Solid State Recorder Airbus Germany

Reflector Antenna Astro Aerospace California

INDEPENDENT REVIEWS

Project met all
Performance | SRB Dec 2014 SRR/MDR review success June 2016
criteria
Performance | SRB Jun 2016 PDR Successful Oct 2018
Performance | SRB Oct 2018 CDR TBD Dec 2019
Performance SRB Dec 2019 SIR TBD Oct 2021
Performance | SRB Oct 2021 ORR TBD N/A
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SENTINEL-6

FY 2018 Budget

Actual Enacted Request Notional

Budget Authority (in $ millions) Prior FY 2016 FY 2017 FY 2018 FY 2019 FY 2020 FY 2021 FY 2022 | BTC  Total
Formulation 0.0 16.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 16.3
Development/Implementation 0.0 21.9 425 53.4 67.5 64.5 375 12.0 | 1656  464.9
Operations/Close-out 0.0 0.0 0.0 0.0 0.0 0.0 2.9 2.9 32.7 385
2017 MPAR LCC Estimate 0.0 38.2 425 53.4 67.5 64.5 40.4 149 | 1983 5197
Total Budget 0.0 38.2 425 53.4 67.5 64.5 40.4 14.9 0.0 3214
Change from FY 2017 10.9

Percentage change from FY 2017 25.6%

FY 2016 reflects funding amounts specified in Public Law 114-113, Consolidated Appropriations Act, 2016, as
executed under the Agency's current FY 2016 Operating Plan.

FY 2017 Enacted reflects the funding amounts specified in Division B of the Consolidated Appropriations Act, 2017,
P.L. 115-31. Table does not reflect emergency supplemental funds also appropriated in FY 2017, totaling $184

million.

An artist’s conception shows one of the two Sentinel-
6 satellites. Sentinel-6’s primary mission objective is
to continue ocean surface topography measurements
beyond TOPEX/Poseidon and the Jason series of
satellites, providing measurements essential to
climate studies and operational oceanography. As a
secondary objective, Sentinel-6 will collect high-
resolution vertical profiles of atmospheric
temperature, using GNSS radio occultation sounding
techniques to support numerical weather prediction.

PROJECT PURPOSE

The Sentinel-6 mission will provide continuity of ocean
topography measurements beyond the Topography
Experiment (TOPEX)/Poseidon (launched in 1992),
Jason-1 (2001), OSTM/Jason-2 (2008), and Jason-3
(2016) missions. The Sentinel-6 mission consists of two
satellites, Sentinel-6A and -6B, that will launch
approximately five years apart to extend measurement
continuity for at least another decade. This mission will
serve both the operational user community and the
scientific community by enabling the continuation of
multi-decadal ocean topography measurements for
ocean circulation and climate studies.

As a secondary mission objective, Sentinel-6 will
characterize atmospheric temperature and humidity
profiles by measuring bending angles of Global
Navigation Satellite System (GNSS) signals occulted by
the Earth’s atmosphere. The project will process these

measurement products on Earth within a few hours of acquisition on board the satellite and make them
available for ingestion into National Weather Service models to support weather forecasting capabilities.
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SENTINEL-6

NASA will develop and operate Sentinel-6 as an international collaboration with the NOAA, ESA, and
EUMETSAT. NASA contributions include the Advanced Microwave Radiometer, the Global Positioning
System (GPS) Radio Occultation, the Laser Reflector Array (LRA), and the launch vehicle for both
spacecraft.

EXPLANATION OF MAJOR CHANGES IN FY 2018

NASA confirmed the Sentinel-6 mission to enter into implementation and this budget represents the
Agency commitment.

PROJECT PARAMETERS

NASA will provide the launch vehicle and launch services for each of the Sentinel-6 spacecraft, two sets
of three instruments consisting of the NASA altimetry payload that includes Advanced Microwave
Radiometer-Climate Quality (AMR-C), the GNSS-Radio Occultation (GNSS-RO) receiver, and an LRA.
Additionally, NASA will provide services required to perform the NASA payload integration and test,
mission operations support for the NASA-developed instruments, and technical support to the US ground
system team, as well as an operational science data processor for the AMR-C to EUMETSAT to integrate
into the overall mission science data processing chain. Moreover, NASA will provide near-real time and
offline data processing for GNSS-RO data on top of mission data product archiving and distribution.

ACHIEVEMENTS IN FY 2016
The Sentinel-6 project successfully completed the combined MCR/SRR/MDR.

WORK IN PROGRESS IN FY 2017

NASA approved the project to enter formulation, Phase B. The project will complete its preliminary
design review, enter implementation, Phase C, and complete its critical design review.

KEY ACHIEVEMENTS PLANNED FOR FY 2018

The project will complete its pre-ship review for the Sentinel-6A payload.
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SENTINEL-6

SCHEDULE COMMITMENTS/KEY MILESTONES

KDP-C Apr 2017 Apr 2017
CDR Oct 2017 Oct 2017
Ee;r;cjnel-BA US Payload delivery to Mar 2020 Mar 2020
Egrjot\inel-GB US Payload delivery to Oct 2020 Oct 2020
Launch (Sentinel-6A) Nov 2021 Nov 2021
Start Phase E (Sentinel-6A) Feb 2022 Feb 2022
End Prime Mission (Sentinel-6A) Aug 2027 Aug 2027
Launch (Sentinel-6B) Nov 2026 Nov 2026
Start Phase E (Sentinel-6B) Feb 2027 Feb 2027
End Prime Mission (Sentinel-6B) Aug 2032 Aug 2032

Development Cost and Schedule

LRD of Nov Nov
2017 465.0 2017 465.0 0| Setinel-6A 2021 2021 °

Note: The confidence level estimates reported reflect an evolving process as NASA improves its probabilistic
estimation techniques and processes. Estimate reflects the practices and policies at the time it was developed.
Estimates that include combined cost and schedule risks are denoted as JCL (joint confidence level); all other CLs
(confidence levels) reflect cost confidence without necessarily factoring the potential impacts of schedule changes
on cost.
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SENTINEL-6

Development Cost Details

This is the first report of development costs for this mission.

TOTAL: 465.0 465.0 0
Aircraft/Spacecraft 0 0 0
Payloads 64.9 64.9 0
Systems I&T 8.8 8.8 0
Launch Vehicle 280.7 280.7 0
Ground Systems 9.7 9.7 0
Science/Technology 4.4 44 0
g(t_)lgg Direct Project 9.6 9.6 0

Project Management & Commitments

NASA assigned project management of this mission to JPL.

Provides high spatial Provider: NASA
_ resolution wet tropospherlc Lead Center: JPL
AMR-C Quality | path delay corrections for the . ) N/A
ESA-supplied Ku/C-Band Performing Center(s): JPL
Altimeter Cost Share Partner(s): N/A

Provider: NASA

Supports secondary mission Lead Center: JPL
GNSS-RO objectives for weather o ) N/A
modeling and forecasting Performing Center(s): JPL

Cost Share Partner(s): N/A

Provider: NASA
. . L Lead Center: JPL
LRA Provides orbit determination . N/A
Performing Center(s): JPL

Cost Share Partner(s): N/A
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SENTINEL-6

Provider: ESA

Ku/C-Band Measures Jason-heritage Lead Center: N/A
- ocean surface topography at . N/A
Altimeter nadir Performing Center(s): N/A

Cost Share Partner(s): ESA

Provider: ESA

. . L Lead Center: N/A
DORIS Provides orbit determination : N/A
Performing Center(s): N/A

Cost Share Partner(s): ESA

Provider: ESA

S Lead Center: N/A

Spacecraft Bus Provides instrument platform . N/A
Performing Center(s): N/A

Cost Share Partner(s): ESA

Provider: NASA
. . . Lead Center: JPL
Launch Vehicle | Delivers spacecraft to orbit . N/A

Performing Center(s): KSC

Cost Share Partner(s): N/A

Project Risks

If: Negotiations with S6 Partners fail to agree
on a delivery date consistent with baseline
plan

Project worked with ESA to expedite long lead procurements for

] ) the NASA-supplied instruments, negotiate a revised delivery due
Then: The project will need to accelerate, date and resolve the risk by PDR.

compress or descope implementation
activities, or accept higher mission risks to
meet mission delivery dates
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SENTINEL-6

Acquisition Strateqgy

Sentinel-6 leverages Jason heritage by using JPL legacy instrument designs (AMR-C, GNSS-RO, and
LRA) and in-house build with a combination of sole source and competitive procurements.

MAJOR CONTRACTS/AWARDS

GNSS-RO Electronics MOOG Golden, CO
AMR-C Antenna ATK San Diego, CA
LRA ITE Laurel, MD

INDEPENDENT REVIEWS

Project met all

Performance | SRB Aug 2016 | MCR/SRR/MDR review success Feb 2017
criteria
Performance | SRB Feb 2017 | PDR TBD Oct 2017
Performance | SRB Oct 2017 | CDR TBD Sep 2018
Sentinel-6A U.S.
Performance | SRB Sep 2018 | Payload Pre-Ship TBD July 2019

Review (PSR-A)
Sentinel-6B U.S.

Performance | SRB July 2019 | Payload Pre-Ship TBD Aug 2021
Review (PSR-B)

Performance | SRB Aug 2021 | Sentinel-6A ORR TBD Aug 2026

Performance | SRB Aug 2026 | Sentinel-6B ORR TBD N/A
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LANDSAT9

FY 2018 Budget

Actual  Enacted | Request Notional
Budget Authority (in $ millions) FY 2016 FY 2017 FY 2018 FY 2019 FY 2020 FY 2021 FY 2022
Total Budget 56.0 -- 175.8 167.4 127.9 121.2 8.8

FY 2016 reflects funding amounts specified in Public Law 114-113, Consolidated Appropriations Act, 2016, as
executed under the Agency's current FY 2016 Operating Plan.

FY 2017 Enacted reflects the funding amounts specified in Division B of the Consolidated Appropriations Act, 2017,
P.L. 115-31. Table does not reflect emergency supplemental funds also appropriated in FY 2017, totaling $184
million.

PROJECT PURPOSE

The purpose of Landsat 9 is to extend the record
of multi-spectral, moderate resolution Landsat-
quality data and to meet government and other
user communities’ operational and scientific
requirements for observing land use and land
change.

Landsat 9 will continue the Sustainable Land Imaging
program’s critical role in monitoring, understanding, and
managing the land resources needed to sustain human life
by observing land use and land use change. Landsat 9 will
provide data to drive informed decisions across local,
regional, and global scales, and within many disciplines.

Unprecedented changes in land cover and use
are having profound consequences for weather,
climate, ecosystem function and services,
carbon cycling and sequestration, resource
management, the national and global economy,
human health, and society. The Landsat data series, begun in 1972, is the longest continuous record of
changes in Earth’s surface as seen from space and the only U.S. satellite system designed and operated to
make repeated observations of the global land surface at moderate resolution. Landsat data are now
available at no cost, providing a unique resource for people who work in agriculture, geology, forestry,
regional planning, education, mapping, and climate research.

The Landsat 9 mission is a partnership between NASA and the USGS. NASA will build, launch, and
perform the initial check-out and commissioning of the satellite. USGS will develop the ground system,
operate the Landsat 9 observatory, and process, archive, and freely distribute the mission’s data.

Landsat 9 is the first flight project in our nation’s multi-satellite, multi-decadal, Sustainable Land Imaging
(SLI) program. SLI is a NASA-USGS partnership to develop, launch, and operate a spaceborne system
that will provide researchers and other users with high quality, global, continuous land imaging
measurements that are compatible with the existing 44-year Landsat record and that will evolve through
investment in, and introduction of, new sensor and system technologies.
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LANDSAT9

EXPLANATION OF MAJOR CHANGES IN FY 2018

None.

PROJECT PRELIMINARY PARAMETERS

Landsat 9 consists of two science instruments, the Operational Land Imager 2 (OLI-2) and the Thermal
Infrared Sensor 2 (TIRS-2), a spacecraft, and a mission operations element. Landsat 9 is designed to
provide 16-day repeat coverage of the global land mass with spatial resolutions of 15 meters for
panchromatic light, 30 meters for visible and near-infrared and shortwave infrared light, and 120 meters
for infrared light. In concert with other land-imaging satellites, such as the currently operating Landsat 8
satellite, Landsat 9 would contribute to increased repeat coverage for U.S. users.

ACHIEVEMENTS IN FY 2016

The Landsat 9 Project conducted its SRR/MDR in FY 2016. Subsequently the project completed its KDP-
B to continue to mission design.

WORK IN PROGRESS IN FY 2017

The project awarded the spacecraft contract to Orbital ATK. The Project will conduct its PDR in FY
2017.

KEY ACHIEVEMENTS PLANNED FOR FY 2018
The Landsat 9 Project will conduct KDP-C and its CDR in FY 2018.

ESTIMATED PROJECT SCHEDULE

Milestone Formulaggguﬁ:l::f [jzaHy FY 2017 PB Request
SRR/MDR 1un 2016
KDP-B Aug 2016
PDR Aug 2017 Sep 2017
KDP-C Oct 2017 Nov 2017
CDR Mar 2018
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SIR Aug 2019
KDP-D Sep 2019
ORR Aug 2020
KDP-E Nov 2020
Launch (or equivalent) Dec 2020 — Nov 2021

Formulation Estimated Life Cycle Cost Range and Schedule
Range Summary

Life cycle cost estimates are preliminary. A baseline cost commitment does not occur until the project
receives approval for implementation (KDP-C), which follows a non-advocate review and/or PDR.

August 2016 851- 928 Launch Readiness Dec 2020 - Nov 2021

Project Management & Commitments

GSFC has project management responsibility for Landsat 9. The Landsat 9 mission is a partnership
between NASA and the USGS. NASA will build, launch, and perform the initial check-out and
commissioning of the satellite. USGS will develop the ground system, operate the Landsat 9 observatory,
and process, archive, and freely distribute the mission’s data.

Provide moderate resolution, Provider: Ball Aerospace
multi-channel, wide swath Lead Center: GSEC

Operational

Land Imager 2 visible imaging of Earth's

surface, consistent with Performing Center(s): GSFC
previous Landsat missions. Cost Share Partner(s): N/A
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Thermal
Infrared Sensor
2

Provide moderate resolution
thermal infrared imaging of
Earth’s surface, consistent
with previous Landsat
missions.

Provider: GSFC

Lead Center: GSFC
Performing Center(s): GSFC
Cost Share Partner(s): N/A

Spacecraft

Provide a platform with
performance commensurate
with OLI-2 and TIRS-2
requirements.

Provider: Orbital ATK

Lead Center: GSFC
Performing Center(s): GSFC
Cost Share Partner(s): N/A

Ground System

Collect, process, archive, and

freely distribute Landsat data.

Provider: TBD

Lead Center: USGS EROS
Performing Center(s): USGS EROS
Cost Share Partner(s): USGS

Mission
Operations
Element

Provide software and system
for capability for command
and control, mission
scheduling, long-term
trending and flight dynamics
analysis.

Provider: TBD

Lead Center: USGS EROS
Performing Center(s): USGS EROS
Cost Share Partner(s): USGS

Project Risks

There is a potential impact to the Landsat 9
launch readiness date if USGS is unable to
obtain sufficient funding to develop the
Landsat 9 ground system in a timely manner.

USGS will work to maintain the development schedule for the
ground system and support the earliest possible launch readiness
date.
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Acquisition Strateqgy

The acquisition strategy for Landsat 9 is identical to that for Landsat 8 (formerly known as LDCM).
NASA selected Ball Aerospace to provide the OLI-2 instrument through a sole source procurement in FY
2016. Ball Aerospace will build the OLI-2 instrument and deliver it for observatory integration and test.
NASA selected Orbital ATK to provide the Landsat 9 spacecraft through the GSFC Rapid Spacecraft
Development Office (RSDO) selection process. Orbital ATK will build the spacecraft and provide
observatory integration and test. NASA assigned the TIRS-2 instrument as a directed development to
GSFC. GSFC will build it in-house and deliver it for observatory integration and test.

MAJOR CONTRACTS/AWARDS

OLlI-2 Ball Aerospace Boulder, Colorado
TIRS-2 GSFC Greenbelt, Maryland
Spacecraft Orbital ATK Gilbert, Arizona
Launch Vehicle TBD TBD

INDEPENDENT REVIEWS

Performance | SRB July 2016 SRR Successful Aug 2017
Performance | SRB Aug 2017 PDR TBD March 2018
Performance | SRB March 2018 CDR TBD Aug 2019
Performance | SRB Aug 2019 SIR TBD Dec 2020
Performance | SRB Dec 2020 ORR TBD
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FY 2018 Budget

Actual Enacted = Request Notional

Budget Authority (in $ millions) FY 2016 FY 2017 FY 2018 FY 2019 FY 2020 FY 2021 FY 2022
Earth Systematic Missions (ESM) Research 17.6 -- 17.6 22.3 241 255 26.2
Ocean Surface Topography Science Team 6.2 -- 5.7 5.7 5.9 59 6.1
(SWOT)

Earth Observations Systems (EOS) Researc 241 -- 17.2 14.2 13.8 14.7 14.8
Sage Il 10.3 - 4.8 4.8 4.6 4.6 4.6
Radiation Budget Instrument (RBI) 78.8 -- 0.0 0.0 0.0 0.0 0.0
Sustainable Land Imaging 3.3 -- 6.0 6.1 31.0 59.9 135.0
Earth from ISS 2.6 -- 3.2 2.6 2.6 2.1 1.7
Plankton,Aerosols,Clouds,ocean Ecosystem 75.0 -- 0.0 0.0 0.0 0.0 0.0
Total Solar Irradiance Sensor-2 (TSIS-2) 0.1 -- 0.6 8.3 26.9 35.2 253
Earth Radiation Budget Science 13.2 -- 13.7 13.6 13.8 14.0 14.3
Ozone Mapping and Profiler Suite (OMPS) 5.7 -- 6.9 7.0 7.0 6.2 4.5
Total Solar Irradiance Sensor-1 (TSIS-1) 21.9 -- 20.5 4.8 4.7 4.9 4.7
CLARREO Pathfinder 1.3 - 0.0 0.0 0.0 0.0 0.0
Decadal Survey Missions 18.3 -- 13.2 16.3 15.8 2.6 90.6
Earth Science Program Management 31.9 -- 35.4 35.2 36.4 36.7 37.1
Precipitation Science Team 75 -- 6.9 6.9 7.1 7.2 7.4
Ocean Winds Science Team 4.6 -- 4.2 4.2 4.3 4.4 4.5
Land Cover Science Project Office 1.6 -- 15 15 1.6 1.6 1.6
Ocean Salinity Science Team 0.0 -- 7.8 7.8 8.0 8.1 8.3
Soil Moisture Active and Passive (SMAP) 5.9 -- 11.3 11.3 115 11.7 12.0
Quick Scatterometer 16 -- 1.0 0.0 0.0 0.0 0.0
Tropical Rainfall Measuring Mission 4.8 -- 0.0 0.0 0.0 0.0 0.0
Deep Space Climate Observatory 3.2 -- 0.0 0.0 0.0 0.0 0.0
Global Precipitation Measurement (GPM) 211 -- 204 204 20.7 20.9 20.9
Landsat 8 23 - 2.4 0.0 0.0 0.0 0.0
Ocean Surface Topography Mission 2.3 -- 2.3 2.3 2.3 2.4 2.4
(OSTM)

Suomi National Polar-Orbiting Partnershi 34 - 3.1 35 3.6 3.7 3.8
Terra 25.9 -- 25.3 25.3 25.9 26.3 27.0
Aqua 27.8 - 27.3 27.3 27.8 28.3 29.0
Aura 26.6 - 25.9 259 26.4 28.6 29.0
SORCE 5.2 - 5.5 0.0 0.0 0.0 0.0
Earth Observing-1 2.8 - 0.0 0.0 0.0 0.0 0.0
Total Budget 456.7 - 289.7 277.4 325.8 355.5 510.9

FY 2016 reflects funding amounts specified in Public Law 114-113, Consolidated Appropriations Act, 2016, as

executed under the Agency's current FY 2016 Operating Plan.
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FY 2017 Enacted reflects the funding amounts specified in Division B of the Consolidated Appropriations Act, 2017,
P.L. 115-31. Table does not reflect emergency supplemental funds also appropriated in FY 2017, totaling $184
million.

Earth Systematic Missions Other Missions and Data Analysis includes operating missions and their
science teams and competed research projects. Mission science teams define the scientific requirements
for their missions and generate algorithms used to process the data into useful data products. The research
projects execute competitively selected investigations related to specific mission measurements.

Also included here are missions in formulation, such as Landsat 9 and Sentinel-6; and smaller missions in
formulation and development, such as TSIS (Total Solar Irradiance Sensor)-1 and TSIS-2.

Mission Planning and Other Projects

EARTH SYSTEMATIC MISSIONS (ESM) RESEARCH

ESM Research funds various science teams for the Earth Systematic missions. These science teams are
composed of competitively selected individual investigators who analyze data from the missions to
address related science questions.

Recent Achievements

Members of the Suomi-NPP science team compared the monthly mean Aerosol Optical depth time series
between March 2012 and May 2014 from NASA's Moderate Resolution Imaging Spectroradiometer
(MODIS) and the Visible Infrared Imaging Radiometer Suite (VIIRS) sensors. Their analysis addresses
how issues of calibration, as well as instrument spatial resolution may be affecting the ability to create a
consistent MODIS to VIIRS aerosol climate data record spanning MODIS observations (aboard NASA
satellites) to more recent VIIRS observations (aboard S-NPP and future NOAA JPSS satellites). Scientists
compared ozone observations from hyperspectral infrared sounders, such as the Aqua AIRS and Suomi
NPP CrlIS instruments and developed total ozone combined products. The Short-term Prediction Research
and Transition Center has facilitated its transition to forecasters at the Weather Prediction Center, Ocean
Prediction Center, and National Hurricane Center. A product evaluation with forecasters at these centers
has confirmed operational utility in identification of stratospheric air intrusions associated with rapid mid-
latitude cyclone development and extratropical cyclone transition.

Science team members have been able to perform successful retrievals of geophysical variables, such as
temperature and humidity profiles, from the Atmospheric Infrared Sounder instrument on Aqua and the
Cross-track Infrared Sounder instrument on S-NPP radiances using a unified retrieval algorithm. This is a
major step forward towards climate continuity datasets across different infrared sounding platforms. The
team is currently testing this unified version of the retrieval algorithm for operational implementation.

The Short-term Prediction Research and Transition Center has begun integration of retrieved soil
moisture observations from the SMAP satellite into the NASA Land Information System (LIS). Inclusion
of SMAP data provides more direct measurement of important near-surface soil moisture conditions that
users determined primarily by precipitation in land surface models in the past. Researchers expect the
SMAP data inclusion to result in improved representation of the land surface for situational awareness
and initialization of regional numerical weather prediction and hydrology models. A high-resolution, real-
time LIS soil moisture and temperature analysis product for the continental United States has been
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transitioned to several National Weather Service (NWS) forecast offices and was used as part of a
targeted assessment to make decisions on drought categories, issuance of areal flood guidance, and
detection of locations with higher risk for wildfire.

NASA scientists continued to expand the number of users for its suite of high-resolution imagery and
derived products from instruments on the Suomi NPP satellite. Numerous NWS Weather Forecast Offices
(WFOs) around the country and national weather forecast centers now use the data to address a variety of
forecast problems. Multispectral (i.e., red-green-blue or RGB) composite imagery from VIIRS combines
information from several channels to aid forecasters in quickly identifying cloud and atmospheric
features. The 24-hour Microphysics RGB product helps diagnose restrictions in surface visibility that
affect aviation across the country and in Alaska during both daytime and nighttime conditions. The NWS
WEFOS used the Dust RGB in the southwest to provide public warnings for dust storms that impact
visibility and respiratory health. The Air Mass RGB allows forecasters to identify the interaction of
different air mass types in the formation of extratropical and tropical cyclones. Instead of using infrared
data alone, an RGB composite derived from the Day Night Band (DNB) on VIIRS provides significantly
improved feature detection at night in these regions when monitoring low clouds and fog.

OCEAN SURFACE TOPOGRAPHY SCIENCE TEAM (OSTST)

Ocean Surface Topography Science Team (OSTST) uses scientific data from the Ocean Surface
Topography Mission (OSTM) and Jason satellites to measure global sea surface height.

Recent Achievements

OSTST completed studies on the stability of atmospheric water vapor measurements required in the
Jason-series of missions. It has recommended new approaches to calibration of the water vapor
radiometer in order to maintain knowledge of sea level rise estimates with 1 millimeter per year.

NOAA launched Jason-3 in January 2016 and completed a tandem mission with OSTM/Jason-2 for cross
calibration. After calibration, OSTST recommended moving Jason-2 into an interleaved (arranged in
alternate layers) orbit with Jason-3. The project completed the orbit in October 2016. OSTST has
analyzed data from the joint CNES/ISRO SARAL/AItiKa satellite and Sentinel 3-A.

EARTH OBSERVATION SYSTEMS (EOS) RESEARCH

EOS Research funds science for the EOS missions, currently Terra, Aqua, Aura, Landsat, and ICESat
missions. The project competitively selects individual investigators to undertake research projects that
analyze data from specific missions. Whereas, overall, the selected activities focus on science data
analyses and the development of Earth system data records, including climate data records relevant to
NASA’s research program, some funded activities continue algorithm improvement and validation for the
EOS instrument data products.

Recent Achievements

Scientists developed a new approach to use time-series Landsat data to study vegetation greening and
browning trends in the Arctic and boreal regions of North America for the 1984 — 2012 timeframe. Since
this information is at a much finer spatial scale than data from other satellites, it provides new insights on
vegetation changes in this region.
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Researchers combined Landsat and MODIS data in a land model to assess the impact of urbanization on
U.S. surface climate. For cities built within forests, daytime urban land surface temperature is much
higher than that of vegetated lands. For example, in Washington, D.C. and Atlanta, daytime mean
temperature differences between urbanized and vegetated lands reach 3.3 and 2.0 °C, respectively.
Conversely, for cities built within arid lands, such as Phoenix, urban areas are 2.2 °C cooler than
surrounding shrub. The study also showed that the carbon lost to urbanization represents 1.8 percent of
the continental total, a striking number considering urbanization occupies only 1.1 percent of the U.S.
land.

A team of researchers examined a method of analyzing forest disturbance and extended the method to the
forests and grasslands of the North Island of New Zealand. Forest disturbances are events that cause a
change in the structure and composition of a forest ecosystem, such as fires, floods, invasive species,
storms and pollution. The results of the study indicate that the method of analyzing disturbance was
effective for both forests and grasslands. Additionally, the adapted grassland method had comparable or
higher accuracy than the analyses of the forest disturbance. A different team developed an approach to
merge Landsat-based maps of forest disturbance to estimate the change in canopy height in re-growing
forests.

Though researchers have mapped snow-covered area at high resolutions for decades, they do not have a
good assessment of Snow Water Equivalent, especially in mountainous regions. Recent work has helped
to recreate past Snow Water Equivalent values in the Sierra Nevada Mountains. This approach combines
very high-resolution Landsat snow mapping with a mesoscale model via data assimilation. Using this
innovative approach and in combination with longer term in situ data, analysis of the U.S. Sierra Nevada
snowpack indicates that water year 2015 was a truly extreme dry year. The 2015 conditions, occurring on
top of three previous drought years, led to an accumulated (multiyear) snowpack deficit of about 264
billion gallons, the highest over the 65 years analyzed. Runoff from the overall Sierra snowpack provides
arid California with a third of its water in a good year, a critical resource for the State.

Researchers used observations from the Ozone Monitoring Instrument (OMI) on the NASA Aura satellite
to locate nearly 40 unreported and major human-made sources of toxic sulfur dioxide emissions. These
missing sources are scattered throughout the developing world, with over a third clustered around the
Persian Gulf. The authors note that conventional, bottom-up emissions inventories used to assess impacts
are often incomplete or outdated, particularly for developing nations that lack comprehensive emission
reporting requirements and infrastructure. This new inventory will help eliminate gaps in these bottom-up
inventories, independent of geopolitical borders and source types.

Satellite measurements of tropospheric carbon monoxide enable a wide array of applications, including
studies of air quality and pollution transport. The Measurements of Pollution in the Troposphere
(MOPITT) instrument on the NASA Terra satellite has been measuring carbon monoxide concentrations
globally since March 2000. A recent study used the GEOS-Chem assimilation system to quantify North
American carbon monoxide emissions during the period of June 2004—May 2005 by assimilating new
retrievals of MOPITT carbon monoxide. They found that the annual total anthropogenic carbon monoxide
emission from the continental United States showed a 14 percent increase from the prior estimate. This
increase was mainly due to enhanced emissions around the Great Lakes region and along the west coast.

Recent publications have highlighted the unique capabilities of the AIRS instrument to observe
atmospheric processes that are notoriously difficult to measure from space. Scientists showed that AIRS
is capable of providing useful information on the structure of the cloudy boundary layer, and in some
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regions can be superior to the European Centre for Medium-Range Weather Forecast re-analysis. In
addition, they discuss detailed observations of cloud properties from AIRS. Additionally, other studies
highlight the unique capabilities of AIRS in detecting atmospheric gravity waves.

In a recent study, researchers addressed a key question on weather and climate, namely the link between
extreme tropical convection changes and sea surface temperature variability. They found that over the
tropical ocean, the more extreme convective events — as measured by AIRS brightness temperatures - are
particularly sensitive to sea surface temperature changes, and the average intensity storm events are fairly
insensitive. This finding suggests that extreme convective events may occur more frequently in the future,
in particular over regions where the monsoon and tropical storms often occur.

Scientists at NASA’s Jet Propulsion Laboratory used a combination of satellite and aircraft data,
combined with modeling, to determine the amount of melting occurring at Antarctic ice shelves. They
also explained why glaciers discharge ice differently in response to the same ocean forcing, which is a
critical step in improving projections of sea level rise.

Using IceBridge (and earlier) airborne lidar surveys of Alaskan glaciers, scientists found that tidewater
glaciers are currently losing mass at slower rates than land-terminating glaciers, signifying a dramatic
reversal of a trend that had persisted since the Little Ice Age ended. The results suggest that surface melt
and accumulation, rather than ice-ocean interactions, will drive future sea-level contributions; this is
critical to projecting near-term sea level rise.

SUSTAINABLE LAND IMAGING

The Sustainable Land Imaging (SLI) program enables the development of a multi-decade, spaceborne
system that will provide U.S. users with high quality, global, land-imaging measurements. These
measurements will be compatible with the existing 44-year Landsat record and will address near- and
longer-term issues of continuity risk. They will also evolve flexibly and responsibly through investment
in, and introduction of, new sensor and system technologies. Under the SLI framework, NASA will
maintain responsibility for developing, launching, and initial checkout of space systems. The United
States Geological Survey (USGS) will be responsible for collecting and documenting user requirements,
developing the associated ground systems, operating the on-orbit spacecraft, and collecting, calibrating,
archiving, processing, and distributing SLI system data to users.

Through the implementation of SLI technology activities, NASA will enable new SLI measurement
technologies, capabilities, and architectures. The Sustainable Land Imaging-Technology (SLI-T) program
aims to: (1) demonstrate improved, innovative, full-instrument concepts for potential infusion into the
architecture and design of Landsat-10; and (2) develop technologies at the component and/or breadboard-
level that have long-term potential to improve future land imaging instruments and systems significantly
through substantial architecture changes. NASA will solicit (through ROSES) instrument and subsystem
developments coordinated with the Landsat science community.

To minimize the risk of gaps while taking advantage of cost savings and capability enhancements owing
to the technology development activity outlined above, the Administration will make key strategic
decisions on Landsat 10 payload/instrument approaches by the end of the decade, with the goal of
beginning development of the Landsat 10 mission prior to the launch of Landsat 9.
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Additional SLI activities support efforts to minimize costs and maximize the overall utility for U.S. users
by engaging responsibly with international partners to ensure access to high-quality data and fusion of
those measurements with those from the U.S. Landsat missions. In particular, NASA and USGS
conducted pre-launch cross-calibration investigations with the European developers of the Sentinel-2A/B
land imaging system, ensuring uniform calibration of both Landsat 8 and Sentinel-2A/B instruments to
the same standards. The USGS, supported by NASA and other agencies, is serving as the primary U.S.
Government point of contact to ensure access to, and archiving of, Sentinel-2 data products for U.S.
research and operational users.

Recent Achievements

NASA selected six projects in FY 2016 under the SLI-T program to demonstrate improved, innovative,
full-instrument concepts for potential infusion into the architecture and design of Landsat 10 and to
develop and mature technologies that have long-term potential to improve future land imaging
instruments and systems through substantial architecture changes.

TOTAL SOLAR IRRADIANCE SENSOR-2 (TSIS-2)

TSIS-2 will be the follow-on instrument to the TSIS-1 instrument. The TSIS-2 instrument will maintain
and extend the measurements of total solar irradiance and spectral solar irradiance provided by TSIS-1.
TSIS-2 is a mission of opportunity, to be ready for integration onto a host spacecraft in 2022. The TSIS-2
project will begin formulation in FY 2018.

EARTH RADIATION BUDGET SCIENCE

The goal of the Earth Radiation Budget Science (ERBS) Project is to produce climate data records of
Earth’s radiation budget and the associated cloud, aerosol, and surface properties. The project utilizes data
from the multiple radiation budget instruments in orbit as well as ancillary measurements to produce data
products, which are integrated and self-consistent over the entire suite of radiation budget instruments. In
addition to the five currently operating CERES instruments measuring broadband radiative fluxes from
the Terra, Aqua, and Suomi NPP platforms, the data products utilize coincident imager measurements
from Terra, Aqua, Suomi NPP, and operational geostationary satellite observations. In total, 13
instruments on eight spacecraft produce an accurate and temporally consistent description of the radiation
budget, not only at the top of the atmosphere but also at the surface and within the atmosphere.

Recent Achievements

This year, the CERES team successfully incorporated data into their processing stream from the next
generation of advanced geostationary imagers, starting with the Himawari-8 geostationary imager. The
ERBS team continues to produce the most accurate continuous long-term Earth Radiation Budget climate
data record, fusing the observational record collected over time from five NASA polar orbiting broadband
radiometers, two NASA polar orbiting imagers, one NOAA polar orbiting imager and a total of 17 current
and former geostationary imagers. The project is preparing to incorporate data from the CERES Flight
Model 6 scheduled for launch on NOAA’s Joint Polar Satellite System (JPSS) 1 spacecraft in 2017.
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OZzONE MAPPING AND PROFILER SUITE LIMB SOUNDER (OMPS-L)

The advanced Ozone Mapping and Profiler Suite (OMPS) tracks the health of the ozone layer and
measures the concentration of ozone in the Earth’s atmosphere. OMPS consists of three spectrometers: a
downward-looking nadir mapper, nadir profiler, and limb profiler. The entire OMPS suite currently
operates on the Suomi NPP spacecraft, and to ensure data continuity, a copy of this suite will fly on
NOAA’s JPSS-2 mission, planned for launch in 2021. NASA is responsible for providing the OMPS-
Limb profiler for integration on the OMPS instrument.

Recent Achievements

The project continues with development activities and remains on track for integration with the OMPS
instrument in FY18.

TOTAL SOLAR IRRADIANCE SENSOR-1 (TSIS-1)

The TSIS-1 mission will provide absolute measurements of the total solar irradiance (TSI) and spectral
solar irradiance (SSI), important for accurate scientific models of climate change and solar variability.
TSIS is comprised of two instruments, the Total Irradiance Monitor (TIM), and the Spectral Irradiance
Monitor (SIM). Both instruments are in storage at the University of Colorado’s Laboratory for
Atmospheric and Space Physics awaiting flight. Currently, the data from an earlier NASA-managed TIM
instrument, flying on the aging SORCE spacecraft, launched in 2003, provides the TSI data record as part
of an unbroken 35-year long data record. The Total Solar Irradiance Calibration Transfer Experiment
(TCTE) instrument, a joint mission with NOAA and the U.S. Air Force, launched in 2013 and currently
augments the data record. The TSIS-1 project transferred fully to NASA in FY 2016 and it is on the
manifest for installation on the ISS in FY 2017 in time to overlap with the TCTE mission in order to
maintain continuity of the solar irradiance measurement.

Recent Achievements

The TSIS-1 project completed assembly of the Thermal Pointing System (TPS), a highly sensitive
pointing apparatus that will enable the collecting of the minuscule measurements of TSI and SSI. The
project integrated the TIM and the SIM onto the TPS. The project will begin environmental testing in
early 2017, and will launch TSIS-1 on SpaceX-13, currently scheduled for November 2017.

DECADAL SURVEY MISSIONS

The Decadal Survey project contains missions recommended by the National Academies Earth Science
decadal survey. All the missions within this project are in a pre-formulation phase conducting mission
concept studies. The next Decadal Survey will be released in late 2017, and will guide the selection of
pre-formulation studies in FY18 and out. The current portfolio of missions under study includes:

CLARREQ;

Active Sensing of CO2 Emissions over Nights, Days, and Seasons (ASCENDS);
GEOstationary Coastal and Air Pollution Events (GEO-CAPE);

ACE; and

Hyperspectral Infrared Imager (HyspIRlI).
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Recent Achievements

Mission teams continue to make progress in requirements refinement and modeling, instrument concept
and technology maturation, and algorithm development. The ACE Science Working Group implemented
and tested advances in multi-frequency Doppler radar, high spectral resolution lidar as well as aerosol and
cloud polarimetry.

EARTH SCIENCE PROGRAM MANAGEMENT

The Earth Science Program Management budget supports critical flight project management functions
executed by the ESM Program Office at GSFC, the Earth System Science Pathfinder Program Office at
LaRC and the Earth Science Flight Project Office at JPL. This budget also supports:

e The GSFC conjunction assessment risk analysis function, which determines maneuvers required
to avoid potential collisions between spacecraft and to avoid debris;

e The technical and management support for the international Committee on Earth Observation
Satellites, which coordinates civil space-borne observations of Earth. Participating agencies strive
to enhance international coordination and data exchange and to optimize societal benefit;

e Senior Review Board teams, who conduct independent reviews of the various flight projects in
Earth Science;

e Earth Science division communications and public engagement activities.

PRECIPITATION SCIENCE TEAM

The Precipitation Science Team carries out investigations of precipitation using measurements from, but
not limited to, TRMM launched in November 1997 and nearing its end of life, the GPM Core
Observatory launched February 2014, and GPM mission constellation partner spacecraft (partners include
NOAA, DoD, CNES, JAXA, and EUMETSAT). This program supports scientific investigations in three
research categories:

Development, evaluation, and validation of TRMM and GPM retrieval algorithms;

o Development of methodologies for improved application of satellite measurements; and
Use of satellite and ground measurements for physical process studies to gain a better
understanding of the global water cycle, climate, and weather and concomitant improvements in
numerical models on cloud resolving to climate scales.

Recent Achievements

Global Precipitation Measurement (GPM) Microwave Imager (GMI) data continue to be used as an
integral part of the tropical cyclone analysis and forecasting effort by both the NOAA National Hurricane
Center and the U.S. Navy, exemplified in NHC and Joint Typhoon Warning Center discussions of
tropical cyclone activity, and in integral posting for GMI data on the Naval Research Laboratory (NRL)
Tropical Cyclone Page.

As pioneered by the legacy NASA Tropical Rainfall Measuring Mission (TRMM), quasi-global, long-
record, fine-scale precipitation estimates based on a merged combination of all precipitation-relevant
satellites from around the world have rapidly become the go-to product for many precipitation-based

ES-57



Science: Earth Science: Earth Systematic Missions

OTHER MISSIONS AND DATA ANALYSIS

applications in the U.S. and internationally. GPM provides the Integrated Multi-satellitE for GPM
(IMERG) products at temporal scales of 30 minutes and spatial resolutions of 10 km by 10 k