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Preface

In March 1987 NASA’s Space and Earth Science Advisory Com-
mittee (SESAC) formally identified the need for “a strategy for in-
corporating small, flexible missions, particularly those wiih rapid
response times, in the overall program for the earth sciences.” The
SESAC noted that although small-mission science strategies had
been prepared by the Space Science Board’s (SSB) Committee on
Solar and Space Physics and Committee on Space Astronomy and
Astrophysics, and by NASA’s Solar System Exploration Committee
for their respective disciplines, a comparably detailed scientific strat-
egy had not be. . developed for NASA’s earth science program. Fol-
lowing the SESAC recommendation, NASA’s Office of Space Science
and Applications asked the NRC’s Space Science Board to conduct
a study that would evaluate the small missions concept for earth
science research.

The SSB’s Committee on Earth Sciences (CES) discussed the
need for writing such a report at its 1987 spring meeting. The com-
mittee proposed that the report determine the scientific rationale
for establishing a line of “Explorer-class” missions in the earth sci-
ences, and address institutional and programmatic issues in devising
a comprehensive strategy.

The Space Science Board authorized the writing of this report
on May 1, 1987. In approving the study, the board noted it had
previously recommended that NASA not dilute the existing Explorer

vil
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program with the addition of more disciplines, unless funding for
that program were substantially increased. As a result, the SSB
directed the committee to frame its arguments to support either
a separate small mission line for the earth sciences or a greatly
expanded Explorer line. With this caveat, the CES was charged with
the following tasks:

1. Assess the need for establishing a line of small missions in
the earth sciences to achieve the goals and objectives outlined in the
previous CES report, A Strategy for Earth Science from Space, Parts
I and II, and review other relevant reports as appropriate.

2. Provide examples of potential missions.

3. Define the role and scope of such a mission line, including
the levels of funding, launch rate, mission capabilities, and relation
to other earth science missions and programs.

4. Address related issues such as the impact on the earth sci-
ence community and university programs, and federal interagency
and international cooperatior.

The CES began gathering information in October 1987 and de-
veloped the report during the winter/spring of 1988. The committee
consulted numerous scientific and technical colleagues in addition tu
a variety of reports and journals. Appendix A lists those references.

Before the committee completed this study, the Office of Space
Science and Applications (OSSA) published its first 5-year program
strategy. The OSSA strategy for the Earth Science and Applications
Division included plans to establish a program for a series of small
missions in the earth sciences, beginning in fiscal year 1990, similar
to the one proposed in our report. Although the committee 1s en-
couraged by this important first step, we are well aware of the many
hurdles that remain in bringing such a concept to fruition. The com-
mittee consequently forwards this report with the express intent of
endorsing this preliminary action by NASA and to assist the agency
in the successful realization of an effective—and permanent—Earth
Explorer mission line.

Byron D. Tapley, Chairman
Committee on Earth Sciences
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1
Executive Summary

INTRODUCTION

The goal of the current NASA Earth System Science initiative
is to obtain a comprehensive scientific understanding of the Earth as
an integrated, dynamic system. To achieve this goal, the components
of the Earth’s system must be identified, their functions defined, and
their evolution over all time scales understood. The reed to predict
changes resulting from both natural and anthropogenic causes, dur-
ing periods as short as a decade and as long as a century, provides a
formidable challenge. A successful program for identifying, analyz-
ing, and predicting global change will require measuring a number
of besic physical, chemical, and biological components of the Earth’s
system on a global scale with adequate temporal and geographical
sampling.

The centerpiece of the Earth System Science initiative will be
a set of instruments carried on polar-orbiting platforms under the
Earth Observing System (Eos) program. The program involves col-
laboration by NASA with other national and international agencies.
The Eos instruments will address many of the recommendations for
global measurements of important environmental variables as out-
lined in a previous Committee on Earih Sciences (CES) repcrt, A

1
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Strategy for Earth Science from Space, Parts I and II.* The mea-
surements are expected to contribute significantly to the Interna-
tional Geosphere-Biosphere Program (IGBP) and NASA’s Mission
to Planet Earth initiative, and they will stimulate earth cystem sci-
ence research during the next decade.

The comuiittee endorses the Earth System Science initiative.
However, in examining the current needs of the earth sciences in light
of the former CES recornmendations and in attempting to project
current trends into the next decade, the coinmittee finds several is-
sues that require prompt attention. These concerns focus on the
adequacy of the proposed observations and on the overall vitality--
in terms of innovation, training, and programmatiz flexibility—in
the earth sciences community. Although a wide range of measure-
ments can be taken by the planned Eos platforms, a number of other
observations identified in the previous CES strategy and in other Na-
tional Research Council and federal agency reports cannot be made
from the platforms because of special orbit or sensor requireiaents.
These include high-resolution measurements of the global gravity
field and its time variation; active microwave measurements of global
precipitation throughout the diurnal cycle, which requires a nonsyn-
chronous orbit; and repeated observations of the Earth’s magnetic
fiela with sufficient accuracy to allow the characterization of decadal
variations, which requires a magnetically “clean” sateilite. The al-
titude and inclination of the polar-orbiting Eos platforms, together
with their sun-synchronous orbits, will preclude such measurements,
as well as a number of others discussed in the body of this report.

Plans tc obtain some of these data sets are included in proposed,
but unscheduled, missions such as the Geopntential Resear~h Mlis-
sion, the Tropical Rainfall Measurement Mission, and the Magnetic
Field Explorer. In contrast to the Explorer program for astronomy
and astrophysics and solar and space physics, however, NASA does
not currently have the appropriate programmatic siructure for im-
plementing these and other small and moderate-size earth science
rissions.

Recent eventes nave underacored our inability to inaintain critical
time series measurements. A gap in ocean color observations, impor-
tant to the area of biological oceanography for the study of global bio-
geochemical cycles and the prediction of long-term climati~ changes,

*A complete list cf references used in the preparation of this report is
included in Appendix A.
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has already occurred with the termination of the Coastal Zone Color
Scanner measurements »n Nimbus 7 in 1986. Global stratospheric
total ozone measurements with high spatial resolution, instrumental
in monitoring the recurring phenomenon of stratospheric ozone de-
pletion above the Antarctic, will soon become unavailable because no |
firm plans have been made for a follow-on mission to the Nimbus 7 ‘
Total Ozone M. >ping Spectrometer. A similar gap in the collection %
of data on the Earth’s radiative exchanges of energy, indispensable ;
to a better understanding of climatic processes and the “greenhouse

effect,” is expected to occur at the end of the current Earth Radiation

Budget Experiment. |

Although all of these instruments are planned for the Eos plat- !
forms, the potential lapse of such measurements during the first ":
half of the 1990s will be extremely disruptive to global change re-
search programs. Those programs rely on uninterrupted data flows
to improve quantitative models of the earth system for identifying
and simulating environmental trends. In addition, NASA’s ability to
make specialized measurements of new or rapidly changing phenom-
ena, such as ocean pollution and greenhouse gases, continues to be
severely limited.

With the growing capabilities of other naticns to perform earth
observations from satellites, it is also important for NASA to main-
tain the flexibility for responding in a timely manner to opportunities
for international cooperation. Such a capability will be needea for a
comprehensive program in earth system science and, in particular,
to fulfill the requirements of the IGBP and Mission to Planet Earth
initiatives.

The vitality of the space component of the earth sciences was
established in part through a series of inexpensive Explorer missions
from the late 1950s into tlie 1970s. Indeed, the Explorer program as-
sured progress in many earth science disciplines throughout the early
history of space exploration. It promoted frequent access to space,
supported missions of a specific or unique nature, provided a quick
and flexible reaction capability, bridged the programmatic gap be-
tween sounding rockets and major missions, presented more effective
and diverse opportunities for international cooperation, and greatly
enhanced the educational and training programs at our universities.
Unfortunately, with the exception of research in solar-terrestrial pro-
cesses, access to the Explorer program enjoyed by the earth science
community during the first two decades of the space age was lost
by the early 1980s. Moreover, the ability to conduct small and

|
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|
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moderate-size missions outside thal program has been severely cir-
cumscribed as a greater proportion of NASA’s earth science budget
has been allocated to larger and more complex missions.

RECOMMENDATIONS

An Earth Explorer program can open new vistas in the ea-th
sciences, encourage innovation, and solve critical scientific problems.
Specific missions must be rigorously shaped by the demands and op-
portunities of high-quality science and must complement the Earth
Observing System and the Mission to Planet Earth. It is there-
fore essential that the program follow a comprehensive strategy for
accomplishing these goals.

The Commiattee on Earth Sciences recommends that @ new Earth
Explorer mission series be funded at a level that would allow the con-
struciion of two small missions per year, or one moderate mission ev-
ery 8 years. Announcements cf opportunity for such missions should
be divided according to two separate solicitations, one for missions
and instruments costing less than $30 million and one for nissions
in the $30 million to $150 million range. The Earta Explorer series
should be established es a level-of-effort program similar to the ex-
isting Explorer line, but managed ~ntirely by NASA’s Earth Science
and Applications Division. Maintaining independent control over the
program will help ensure that it remains responsive to the needs of
the earth sciences community and will prevent the further dilution of
an already oversubscribed Explorer p-ogram for astronomy and as-
trophysics, and solar and space physics. The level of funding should
be adequate to fly a continuous series of missions at an average rate
of approximately one per year.

The traditional strength of the existing NASA Explorer line has
been easy, frequent, and inexpensive access to space. The rzcom-
mendations that follow are designed to return similar opportunities
to the earth sciences.

1. Each Earth Ezplorer mission should be sharply focused on
significant scientific issues. A mission should explore important
scientific issues or fill in gaps that may arise in the collection of long-
term data sets. The program could also provide the collateral benefit
of advancing technology development in achieving its objectives. In
any case, the missions should be justified by their own scientific
merit. The Earth Explorers should not be used for the engineering
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development 2ad flight testing ¢ instruments for large missions or
platfc ems.

2. Programmatic continuity and flezibility must be maintained.
In order for the recommended program to have a significant impact
on the earth sciences, it must be started with a clear expectation of
maintaining uninterrupted continuity. The program should also be
designed for flexibility, both in choosing the most important scientific
questions to address and in allowing for reasonably wide variations
in the scale of the missions. Rapid response times are necessary to
react in a timely manner to sudden changes in our environment, or
to take advantage of opportunities to collaborate with other agencies
or nations.

3. Costs must be rigorously controlled in all phases of the pro-
gram. The key to the success of the Earth Explorer program will
be to obtain the maximum scientific value per dollar expended. The
spiraling corts of instruments for observations from space can be
controlled by sharply focusing vhe scientific objectives, by assigning
principal investigators the prime res,onsibility for quality and cost
control, and by carefully assessing the tradeoff between reliability
and muitiple copies of instruments. Standard satellite buses and
launch vehicles should be used wiienever this is both scientifically
and economically advantageous.

4. Given the emphasis on strongly focused missions, the data
transmission and processing activities are likely to be elatively mod-
est. Nevertheless, strict schedules and reliability requirements must
be met, and the data should be made available as guickly as possible to
sci:ntific archives or to ope:. networks in scientsfic formais. Careful
planning and ezperimentation with the integration over networks of
data from diverse sources will be essential,

5. A siguificant fraction of the total costs for each mission should
be allocated to data analysis, interpretation, and related theoretical
modeling work. Because the scie tific objectives for any mission are
achieved only after the daca have be~n distributed and thoroughly
analyzed, adcquate funding for this purpose is fundamental to the
mission’s success. The committee strongly recommends that the
approprinte resource levels be aiocate? to the mission operations
and data aualyris budget to support such activities.

6. A basic goal of the Earth Eznlo. er program must be to speed up
the conversion of concepts inio saicllite mission. and of raw data into
scientific results. The time scales of the program must be designed
to attract leading scientists and talented students, and to avoid the
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mounting costs of protracted space projects. Therefore it is essential
that the missions be launched within 2 to 3 years of acceptance of
engineering design for the smallest missions, and 3 to 4 years for the
moderate-size ones.

1. The Earth Ezplorer program must develop a selection pro-
cess that encourages the best ideas and does not require inordinate
investments in engineering design during the instial proposal phase.
To achieve this objective tLe selection process should proceed in two
phases. In the first phase, proposals should be requested that em-
phasize the scientific issues and the instrument concepts, with only a
limited discussion of engineering issues. In the second phase, only the
most promising concepts should be chosen for further development
and preliminary instrument design in order to compete in a further
selection process. This approach will minimize the total community
investment in pre; aring proposals, and will make it attractive for
scientists with good ideas but limited resources to compete in the
preliminary phase of Earti Explorer selection. The overselection of
missions or instruments should be assiduously avoided.

8. Interagency and international collaboration must be opti-
mized. Collaboration with other agencies and nations fosters the
development of a stronger space science program at reduced cost to
NASA. Every opportunity for cooperation in utilizing and financing
Earth Explorer missions should be considezed.

The committee believes that the proposed Earth Explorer pro-
gram provides a substantial opportunity for progress in the earth
sciences, both through independent missions and through missions
designed to complement the large-scale platforms and international
research programs that represent important national commitments.
The strategy presented in this report is intended to help ensure the
snccess of the Earth Explorer program as a vital stimulant to the
study of our planet.




2
Earth Science from Space

INTRODUCTION

The U.S. space program began with the launch of an earth sci-
ence mission in February 1958. Explorer 1 carried a Geiger counter
into space and discovered the Van Allen radiation belts. Two months
later the 4-kg Vanguard 1 provided new information about the shape
of the Earth. This improved geodesy suggested convection currents
in the Earth’s mantle and was later incorporated in the theory of
plate tectonics. The following year, Explorer 6 transmitted the first
pictures of clouds taken from space. By 1963, nineteen Explorers, as
well as many satellites bearing other names, had been launched.
More than half of the early Explorer missions ware devoted to
Earth observation, the others to measuring the solar wind and other
extraterrestrial studies. Only five of the first nineteen Explorers
exceeded 50 kg in total weight.

From these beginnings, a powerful spaceborne capability has
grown for observing the Earth’s gravity and magnetic fields, its
atmosphere, land surface, and oceans. A wide variety of imaging sys-
tems has been developed, ranging from the visible to the microwave
portions of the spectrum. Microwave altimeters have significantly im-
proved our knowledge of the Earth’s gravity field over the oceans and
provided new insights into the structure and dynumic mechanisms

7
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of the ocean floor. Visible and near-infared imagery is essential for
weather forecasting, and the same data have opened up new meth-
ods for the study of ocean processes and the estimation of living
marine resources. Images of the land surface obtained from space
have revealed detailed aspects of surface composition and geologi-
cal features. Precise measurements of the distances between points
thousands of kilometers apart are now possible using satellite laser
ranging and radio interferometry. The opportunity is thus at hand
to map the exposed surface of the continents at a resolution sufficient
to define their nature and monitor their evolution, and to measure
directly the relative motions of the Earth’s tectonic plates on time
scales of a few years.

Infrared and microwave satellite sensors are now used routinely
to deduce vertical temperature profiles throughout the global atmo-
sphere. Techniques have also been developed for measuring from
space the concentrations of many important trace gases in the atmo-
sphere and their variations with altitude. It is now possible to make
precise measurements of surface elevation of the oceans, land, and
ice masses from Earth orbit. The Earth’s gravitational and magnetic
fields can be determined for scales that range from global down to
wavelengths comparable to the spacecraft altitude. Wind velocity at
the surface of the ocean can be inferred from measurements of scat-
tered radiation. The ability to measure sea surface elevation, wind
stress over the ocean, and marine gravity will produce data that
are essential to drive and to test computer models of the circulation
of the world’s ocean. Improvements in ocean models are needed to
understand the poleward transport of heat, the distribution of sedi-
ments, and the exchange of gases between the ocean and atmosphere.
In conjunction with space-based observations of the temperature and
color, these measurements will also lead to better understanding of
biological productivity, which in many cases is limited by the up-
welling of nutrients from the deep ocean to the surface.

SCIENTIFIC STRATEGY FOR THE EARTH SCIENCES

The classical disciplines of geology, geophysics, meteorology,
oceanography, biology, and chemistry are becoming increasingly in-
tegrated within the earth sciences. For example, the processes that
maintain stratospheric ozone levels involve radiative transfer, aerosol
physics, photochemistry, and atmospheric dynamics, and are affected
by human production of certain synthetic substanc-s. Significantly

B T o T S L )
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reduced ozone levels would affect biological communities both on
land and in the ocean by allowing more ultraviolet radiation to reach
Earth’s surface.

Observations of the global climate changes that are taking place
as a result of fossil fuel burning and other industrial activities provide
another example of this integration. The climatic changes resulting
from human activities over the next 100 years may be larger than
any naturally occurring changes the Earth has experienced over the
last million years or more, depending on the rate of increase of
greenhouse gases. This rate of increase will be controlled by complex
interactions between socioeconomic forces, geological production of
carbon dioxide, and uptake of carbon dioxide and other industrial
gases by geochemical and biological processes. In an age when human
activities are changing the global environment at an increasingly
rapid pace, a strong interaction between scientific discoveries about
the Earth and the evolution of public policy is very important.

In addition to contributing to an increasing awareness of the
close ties between the subdisciplines within earth sciences, space
observations have provided humanity with a global perspective of the
Earth as a self-contained physical, chemical, and biological system.
Phenomena once believed to be local, such as the cyclical El Nifio
warmwater current in the eastern Pacific Ocean, are now known to
be parts of patterns developing on a global scale.

One response to these changes has been the evolution of a new
interdisciplinary approach cailed earth system science, which investi-
gates the connections among components in the system. The classical
method of isolating individual components for detailed analysis will
remain vital, but cannot address the complex interactions among the
many components that make up the Earth. As this revolution has
spread through the earth sciences community, plans have evolved to
study our planet from a global perspective. The First Global At-
mospheric Research Program Experiment in 1979 was a successful
initial attempt to characterize the atmosphere with greatly enhanced
measurement cepabilities from ships, buoys, and satellites.

Today, the global emphasis is apparent in a number of studies,
such as the International Lithosphere Program, the Global Tropo-
spheric Chemistry Program, the Joint Global Ocean Flux Study,
and the World Climate Research Prograin. The latter includes un-
der its auspices the Tropical Oceans Global Atmosphere Program,
the World Ocean Circulaticn Experiment, the International Satel-
lite Cloud Climatology Project, and the International Satellite Land
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Surface Climatology Project. All of these research programs rely
extensively on spacecraft measurements.

Preparations are now being made by a special committee of the
International Council of Scientific Unions (ICSU) to initiate the most
ambitious global study of all, the International Geosphere-Biosphere
Program (IGBP). The objective of this program, as set forth by
the ICSU General Assembly, is “to describe and understand the
physical, chemical and biological processes that regulate the total
Earth system, the unique environment that it provides for life, the
changes that are occurring in this system and the manner in which
they are influenced by human actions.” The IGBP will take at least
a decade to begin answering these questions and will require the
cooperation of practically all countries to achieve success. Again, the
principal tools needed to carry out this massive study will be a broad
array of research and operational spacecraft in a variety of orbits and
altitudes, as well as sophisticated data management capabilities to
handle the vast quantities of scientific information.

Over the past few years a number of National Research Council
and federal agency reports have examined the scientific and pro-
grammatic issues of earth system science. The Committee on Earth
Sciences (CES) published A Strategy for Earth Seience from Space in
two parts, the first dealing with the solid earth and oceans (1982) and
the second regarding the atmosphere and interactions with the solid
earth, oceans, and biota (1985). The stated goals were as follows:

e to determine the composition, structure, and dynamics of
the solid planet, its oceans and atmosphere, and the surrounding
envelope of charged particles and fields;

e to characterize the systems oi living organisms and their in-
teractions with their environment;

e to understand the processes by which the Earth formed as a
planet and evolved to its present state;

o tc determine the atmospheric distributions and cycles of
mass, energy, momentum, water vapor, and chemical constituents
important to the climate and to the maintenance of life;

e to understand the physical and chemical dynamics of the
atmosphere and its intera:tions with the land, ice caps, oceans, and
biota; and

e to understand the evolution of the atmosphere to its present
state and to predict its future evolution on time scales of less than
100 years, including the effects of anthropcgenic and natural pertur-
bations.
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The CES strategy’s goals and related scientific objectives figured
prominently in the writing of subsequent reports, including two of the
most recent ones in the globa. -arth sciences, Misston to Planet Earth
and Earth System Science: A Frogram for Global Change, both pub-
lished in 1988. Mission to Planet Earth is part of the Space Science
Board study, Space Science in the Twenty-first Century. It takes the
broadest perspective by considering the scientific objectives for the
systematic study of the planet from its center to the outer reaches
of the atmosphere. In order to address this comprehensive scope of
scientific research, Mission to Planet Earth calls for a satellite-based
observing system composed of five geostationary satellites, a set of
two to six polar-orbiting platforms, and a series of special missions
that require other orbits.

The other report, Earth System Science: A Program for Global
Change, by NASA’s Earth System Science Committee (ESSC), lays
out a global strategy that U.S. agencies should follow to advance
earth science research during the coming decades. The report’s
objective “to obtain a scientific understanding of the entire Earth
system on a global scale by describing how its component parts and
their interactions have evolved, how they function, and how they
may be expected to evolve on all time scales,” closely parallels the
goals of the Mission to Planet Earth and the IGBP. The report also
emphasizes the importance of maintaining a diverse space program
and developing new instruments and techniques. Toward this end
the ESSC recommends the establishment of two new initiatives by
NASA: the Earth Observing System (Eos) polar-orbiting platforms
and a complementary Earth System Explorer series of research mis-
sions.

THE NEED FOR EARTH EXPLORER MISSIONS
IN GLOBAL EARTH SCIENCES

The centerpiece of the earth science program that NASA Las
proposed for the mid-1990s on is the Earth Observing System. Eos
will consist of several major satellite observatories in polar orbits. By
carrying many sensors, each observatory will combine the furnctions
now performed by a number of separate satellites. This integrated
approach is expected to strengthen interdisciplinary research and
international cooperation in the earth sciences.

Not all earth science objectives, however, can be achieved with
instruments on the Eos observatories. Some miesions require unique
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orbits or for other reasons do not fit into the Eos configuration.
Examples that are discussed later in this report are the meas. re-
ments that could be made by the proposed Geopotential Research
Mission, the Tropical Rainfall Mission, the Magnetic Field Explorer,
and a number of other very small missions or instruments. They
necessitate additional flexibility in the space program to provide a
wider variety of access to space. Although these types of missions
have been endorsed scientifically and programmatically in previous
reports, they have not been implemented.

The past successes of NASA’s earth science program were
founded on a broad spectrum of opportunities for research. Aircraft,
balloons, shuttle flights, and small, modest satellite missions have all
Played important roles in complementing the data acquired by larger
observatories. In recent years, the small and moderate-sjz= earth
science missions have nearly disappeared from the Space program—
a dramatic reversal from the 1960s, when the Explorer series was
launching about four satellites a year, many devoted to earth science
missions. The current NASA policy is to restrict proposals submi-
ted to the existing Explorer program to the “traditional” Explorer
fields of space physics and astronomy. Without the availability of a
programmatic structure in which to initiate small and raoderate-size
missions the opportunities for earth science payloads have become
severely restricted. This situation will continue into the Eos era
unless corrective action is taken.

There are several advantages to small missions. They present a
greater variety of access to space. They provide vehicles for incre-
mental testing of technology and scientific ideas. And they typically
involve less concept-to-launch time, less system integration, and less
engineering overhead than large missions.

The rapid appearance of the Antarctic ozone hole in the late
1970s has demonstrated the need for rapid responses to emerging
concerns about the global environmental changes that are taking
Place. In the case of the Antarctic ozone depletion it was forty.
nate that an appropriate instrument was available to observe the
phenomenon. This wes trye only because of the unexpectedly long
useful life of the Total Ozone Mapping Spectrometer (TOMS) in-
strument on the Nimbus 7 satellite. Yet a gap in these essential
ozone measurements will occur unless immediate steps are taken to
fly another TOMS,

Furthermore, with the growing capabilities of other nations in

A et e - A e N

A L



13

Earth observations, it is important that NASA maintain the flexibil-
ity to respond in a timely way to opportunities for international co-
operation. The capacity to react to such opportunities is mandatory
for a comprehensive program in the earth sciences and, in particular,
to satisfy the requirements of the Mission to Planet Earth and the
IGBP.

It is not clear that economies of scale necessarily favor large
missions. For several instruments to share the same power, commu-
nications, and other utilities on a common platform appears sensible,
but one adverse effect is to make the investment in these platforms
very large. With large investments comes a need for designs that
minimize the risk of failure, which further increases the costs. But
with smaller missions, the risks associated with a failure are more
modest, and the cost/risk spiral can be avoided.

The 1985 CES strategy stated that “the present frequency and
mix of space flights are not adequate to maintain a vigorous, produc-
tive program in earth sciences.” The Space Science Board’s Com-
mittee on Space Astronomy and Astrophysics expressed a similar
concern the following year in its report, The Ezplorer Program for As-
tronomy and Astrophysics: “Small (initially) high-risk experiments
may have been crowded from the market of ali space opportunities.
Considerable improvement would follow naturally from a greater
frequency of flight opportunities.” '

The U.S. space science program has benefited from the combined
efforts of scientists in government agencies, in industry, and in uni-
versity laboratories. The Explorer program has been of particular
importance to space research conducted at universities. It has pro-
vided frequent opportunities for fundamental work at the forefront of
earth and space science. Because of the comparatively short develop-
ment and flight cycles of Explorer missions, students have been able
to participate in all phases, from conceptual design to development,
implementation, and scientific interpretation of data from individual
space missions. Involvement with several phases of the full mission
contributes to the student’s development, leading, in the long run, to
a pool of trained scientists and engineers for the space program. The
lead time for most space missions has grown to at least 10 years from
concept, to launch. Yet graduation, promotion, and tenure within a
university require productivity early in a career, making such long
delays professionally unacceptable.

In the earth sciences, lack of access to space is now acutely and
widely felt. It may lead to the discouragement of young scientists,
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the inability to attract the most creative students to the discipline,
and the eventual failure of the nation to produce future generations
of skilled space scientists anc cagineers.

A related effect of the long-lead, big-science structure is the
boom-and-bust cycle it promotes in individual disciplines. The ex-
citement cf discovery that accompanies a successful major mission
may be followed by years of waiting for the logical follow-on mission.
A strategy that provides for frequent access to space, and that does
not rely on big missions to the total exclusion of small ones, will be
much more effective and productive.

The need for frequent, low- and moderate-cost space experiments
in the earth sciences is undeniable. The committee therefore recom-
mends that NASA create a separate Earth Ezplorer line within the
Earth Science and Applications Division budget, beginning in fiscal
year 1990. In the chapters that follow, the committee looks at past
and prospective Explorer-class missions in the earth sciences and
proposes a strategy for an effective program.
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3
The Earth Explorer Program

INTRODUCTION

The Earth Observing System (Eos) will be the centerpiece of the
global program for observing the Earth, as discussed in the previous
chapter. The system, comprising three to six iarge polar-orbiting
platforms, will carry an elaborate suite of coordinated instruments,
feeding data to an extensive network of sophisticated data processing
and distribution systems. There is, however, a critical need for many
global measurements of the atmosphere, solid earth, and oceans
that cannot be made either effectively or at all by Fos, but that
could be accomplished by an Earth Explorer series of missions. The
Earth Explorer program would provide access to space for low-cost
spacecraft that require different orbital altitudes or inclinations from
those provided by the proposed polar and geosynchronous platforms.
In additicn, the program would (1) provide the capability to respond
rapidly and flexibly to evolving environmentai problems, or to new
scientific or technological developments; (2) preserve continuity in
the monitoring of important phenomena with variations cn rapid or
unknown timescales; and (3) foster opportunities for sharing ccsts
with other space agencies.

15
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PAST MISSIONS

The earliest Explorer missions opened up entirely new, exciting
fields in the earth sciences while bringing the nation to the forefront
of space science. Of the Explorer spacecraft built and launched in the
past 30 years, 44 out of 78 were devoted primarily to earth science
objectives (see Tuble 3.1). Significant accomplishments from these
missions have .n:luded the following:

P

o taking of the first pictures o the Earth and its atmosphere, a
capability that has subsequently vastly expanded our understanding
of weather systems, the biology and geography of the Earth’s surface,
and geological processes;

o determination of the inhomogeneous distribution of mass .n
the Earth;

e measurement of the Gensity and composition of the upper
atmosphere and ionosphere;

e measurement of incoming solar radiation at the top of the
acmosphere; and

o discovery of the Van Allen radiation belts.

The current lack of Explorer satellites devoted to earth science
measurements in no way reflects an absence of outstanding candi-
dates for such a class of missions. There are many examples of
inexpensive, specialized, and extremely successful satellites from the
past few decades that demonstrate the kind of science that may be
jeopardized in the future unless an Earth Explorer line is established.
For many of these satellites, the requirements for altitude, inclina-
tion, or ground tracks were so specific as to preclude flight on a
multiuse platform. For others, the mission could have been accom-
plished on a space platform; however, without the frequent, low-cost
access to space afforded by a sm~li 1..iss10ns program, it is question-
able whether the instrumentation or its associated scientific discipline
would have ever matured to the point of being a contender for space
on Eos. These points caa be demonstrated best by reviewing some
of the past earth science satellites that were not launched under the
Explorer program, but that nevertheless represent the kinds of inis-
sions that could be flown in the future under a new Eaith Explorer
line.

R A A ot ol S A A
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TABLE 3.1 PAST EXPLORER MISSIONS

Explorer No. Date Mission Objective

1 1958 “Designed to obtain data on cosmic rays,
meteoroids,and orbital temperatures; discovered Van
Allen Beits

2 1958 *Follow-on to Explorer 1 - failed to orbit

3 1958 Cosmic ray/flight test

4 1958 *Measurement of radiation belts

5 1958 *Foilow-»n to Txplorer 4 - failed to orbit

S1 1959 *Study of energetic particles - failed to orbit

6 1959 *First TV picture of Earth, cloud cover; mapped
Earth’s magnetic field

7 1959 *Magnetic field, solar flares

S-46 1960 *Study of energetic particles - failed to orbit

8 1960 *Ionospheric electron measurements - confirmed
existence of He layer in upper atmosphere

S-56 1960 *Density of Earth's atmosphere - failed to orbit

9 1961 *Upper atmosphere/air density measurements

(Air Density Explorer)

S-45 1961 *lonosphere measurements - failed to orbit

10 1961 Magnetic field, solar wind

11 1961 Gamma ray astronomy

S-45a 1961 *Determine the shape of the ionosphere - failed to
orbit

S-55 1961 Measure micrometeoroids in low earth orbit - failed
to orbit

12 1961 *Radiation, solar wind, and magnetospheric
measurements

13 1961 Micrometeoroid measurements

14 1962 *Magnetospheric measurementa

15 1962 *Atmospheric radiation measurements caused by high
altitude nuclear test

16 1962 Statistical sample of micrometeorites

17 1963 * Atmosphere density measurements - discovered belt
of neutral He atoms around the earth.

18 1963 Interplanetary Monitoring Platform (IMP) Explorer -
support for Apollo program

10 1963 *Air Density Explorer

S-66 1964 *Ionospheric and geodetic experiments - faiied to
orbit

2 1964 *Ionosphere electron distribution

21 1964 IMP Explorer

p 1964 *Ionospheric and geodetic measurements

23 1964 Meteoroid measurements

24/25 1964 *Air Density Explorers (2)

26 1964 *Radiation particle and magnetospheric measurements

27 1965 *lonospheric and geodetic measurements

28 1965 Interplanetary Monitoring Platform (IMP)
Explorer

29 1965 *Geodetic Explorer : GEOS-A

30 1965 Solar radiation studies

31 1965 *Composition and temperature of the ionosphere

32 1966 *Atmosphere Explorer determined the He and H ion

distribution in the lower exosphere
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TABLE 3.1 (continued)

.

Explorer No. Date Mission Objective

33 1966 IMP Explorer 3
34 1967 IMP Explorer :-
35 1967 IMP Explorer

36 1968 *Geodetic Explorer : GEOS-B 1

37 1968 Solar radiation studies

38 1968 Radio Astronomy Explorer

39/40 1968 *Air Density Explorers (2) a

41 1969 IMP Explorer i

42 1970 Small Astroncmy Satellite ;

43 1971 IMP Explozrer i

44 1971 Solar radiation studies j

45 1971 *Study of auroral phenomena and magnetic storms ;

46 1972 Meteoroid studies i

47 1972 IMP Explorer t

48 1972 Small Astronomy Satellite :

49 1973 Radio Astronomy Explorer -

50 1973 IMP Explorer :‘

51 1973 *Atmosphere Explorer - study of upper atmospheric 1
processes i

52 1974 *Interaction of & \lar wind with Earth's magnetic
field .‘

63 1975 Small Astronomy 3atellite :

54 1976 *Atmosphere Explorer - study of heat balance of the i
atmosphere ;

55 1975 *Atmosphere Explorer - ozone measurements in upper !
atmosphere

DAD 1976 *Dual Air Density Explorer - failed to orbit

ISEE 1/2 1977 International Sun-Earth Explorers 1 & 2

IUE 1978 International Ultraviolet Explorer

ISEE 3 1978 International Sun-Earth Explorer 3

AEM-1 1978 *Hest Capacity Mapping Mission

AEM-2 1979 *Stratospheric Aerosol & Gas Experiment (SAGE)

DE 1/2 1981 *Dynamic Explorers 1&:2 - designed to investigate ;
the'impact of solar radiation on the atmosphere, f
auroral displaye, and climate and weather |

SME 1981 *Solar Mesosphere Explorer - provided data on /
mesospheric ozone ’

CRIE 1982 Cosmic Ray Isotope Experiment ;

IRAS 1983 Infrared Astronomy Satellite f

AMPTE 1584 Active Magnetospheric Particle Tracer Explorers (2) f

San Marco-D 1988 *Study relationship between solar radiation and i‘
meteorological phenomena - 2 spacecraft launched 4

- 1

!
§

* Denotes missions with earth science objectives, which are defined here to

include all environmental processes from the magnetosphere to the Earth’s .
surface. ‘

Source: Ron Teeter and Mark Kuhner, Final Report on the OSS Explorer Program:

A Status Review -- Volume II;: Explorer Mission Summaries, Battelle .3
(1980). ‘
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Laser Geodynamics Satellite (LAGEOS)

The Laser Geodynamics Satellite (LAGEOS), the first U.S. satel-
lite developed exclusively for geodynamic measurements using laser-
ranging techniques, is one o1 the simplest and cheapest satellites ever
built. It was launched in 1976 at a cost of approximately $6 million*
into an orbit with a height of about 6000 km and an inclination of
109.8°. Its operational lifetime is estimated at several million years.
The satellite is a sphere, 60 cm in diameter, having a mass of about
407 kg, and is covered with 422 corner reflectors of fused silica and 4
of germanium. The reflectors allow ground-based lasers to track the
position of the satellite with centimeter accuracy.

Data from laser ranging to this satellite have contributed more
information on solid earth geodynamics than have the data obtained
from all of the previous satellites. They have provided the most
accurate model of the long-wavelength components of the Earth’s
gravitational field, which in turn has significantly enhanced our abil-
ity to determine the positions of all other artificial Earth orbiters.
The orbit of LAGEOS is known so precisely that laser ranging to the
satellite can be used to refine the positions of the tracking stations
in geocentric coordinates with accuracies approaching 1 cm, and to
calculate motion of the tracking stations due to tectonic deforma-
tion, changes in the length of day, and changes in the position of
the pole. Knowledge of those changes has been improved by fac-
tors of 10 to 100, making possible studies of the globul geophysical
processes influencing these variables, such as postglacial rebound,
electromagnetic coupling between the core and mantle, and angular
momentum exchange between the atmosphere and solid earth. Some
of the exciting results from LAGEOS measurements are contained
in the 1985 special issue of the Journal of Geophysical Research on
LAGEOS.

The immense success of LAGEOS has led to the development
of at least one additional, identical satellite. LAGEOS-II is being
built in cooperation with the Italian space agency at a cost of $3
million to NASA and is expected to be launched in 1991 into a
similar high-altitude orbit, but with lower inclination (51°). This
cooperative effort will provide at an extremely modest cost more

*All costs for past missions are adjusted for inflation and given in 1087
dollars. They include hardware development costs only (Phases A-D), and ex-
clude launch and mission operations and data analysis (MO&DA) expenditures.
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NASA personnel inspecting the Laser Geodynamics Satellite at the Marshall
Space Flight Center several months before launch. (Photo courtesy of NASA.)

accurate baseline lengths, improved knowledge of long-wavelength
variability of Earth’s gravitational field, and better tidal models.
Other nations have also taken advantage of the LAGEOS-type
satellites. International cooperation in satellite laser ranging has
extended to the Starlette satellite launched by the French space
agency, CNES, in 1976 and to the AJISAI satellite launched by the
Japanese space agency in 1986. The French are currently planning
another polar-orbiting Starlette-class satellite for the late 1980s to
enhance studies of the Earth’s gravitational field and ocean tides.
LAGEOS has 8o conclusively demonstrated the effectiveness of
laser ranging for geodynamic positioning that a space-borne laser
is proposed for Eos that will range to corner-cube reflectors on the
ground. This will avoid the acquisition costs of new lasers that are
necessary when an additional permanent ground station is added
to the satellite laser-renging network. Although some geodynamic
positioning may be accomplished in the future from a space platform,
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two facts relevant to the merits of an Earth Explorer program must
be kept in mind. First, the feasibility of laser positioning from space
might never have been demonstrated without the opportunity for
low-cost access to space available for LAGEOS. Second, LAGEOS
was successful only because it was launched into such a high, stable
orbit that the lack of an adequate gravity field model for the Earth
at shorter wavel2ngths did not interfere with the ability to provide
absolute positioning.

Magsat

The Magsat mission produced the first high-resolution global
maps of the Earth’s magnetic field. The $39 million satellite mea-
sured the vector components of the planet’s magnetic field at the
height of the satellite with an accuracy of 6 nanoTesla (about 0.01
percent of the total field). It was placed in a sun-synchronous orbit at
an inclination of 96.76° and an altitude that varied from 350 to 550
km. The satellite’s projection onto the surface of the Earth passed
within 300 km of every location (except for two polar caps with ra-
dius of 450 km or 4°) more often than once a week. The magnetic
field vector components were each sampled at a maximum rate of 16
times per second, and the satellite was operational during the pe-
riod October 1979 through July 1980. The accuracy and distribution
of the samples allowed calculation of the spatial variability of the
magnetic field with wavelengths as short as 800 km on the Earth’s
surface. The global maps of the Earth’s magnetic field provided by
Magsat exceeded prelaunch expectations, with the main field defined
to better than 20 nanoTesla.

One other database for satellite measurements of the Earth’s
magnetic field was provided by the Orbiting Geophysical Observatory
(OGO) during a period of several years in the late 1960s. These data
were total intensities only, without vector components, and were
mathematically insufficient to determine the magnetic field in the
region where they were obtained. Except for these satellite data the
maps of the magnetic field before Magsat were based on information
from a worldwide network of about 200 magnetic observatories at
the Earth’s surface, but the observatories were not well distributed.
For example, no data were available from within a 10,000-km-wide
gap in the South Pacific. As a result, data from the observatories
were of limited use for global studies.

T L P
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FIGURE 3.1 The mean-square value of the geomagnetic field of the nth
harmonic degree at the surface of the Earth and at the core-mantle boundary,
obtained from Magsat data. This part of the field has horizontal wavelength
27a/n on a sphere of radius a. The two straight lines suggest that there are
two source regions. For n < 14 the source at the depth of the core-mantle
boundary dominates the field, while for n > 14 the source at the radius of the
Earth's crust is more important. SOURCE: R.A. Langel and R.H. Estes, “A
Geomagnetic Field Spectrum,” Geophysical Rescarch Letters 9, 250-253 (1982).

em e T T

S




23

Spatial spectra of the magnetic field made from Magsat mea-
surements provided, for the first time, a widely accepted basis for
separation of the magnetic field due to processes in the Earth’s core
from that of the crust. A sample of these results is provided in Figure
3 1. The observaticns of the core’s field enabled studies of the motion
of the fluids in the core and the electrical conductivity of the lower
mantle, while the observations of the crust showed strong fields near
Yellowstone, the Rio Grande rift, and some previously unnoticed
anomalies interpreted as undiscovered rifts in other continents. The
Magsat data also made possible the measurement of the small-scale
magnetic fields near magnetic observatories. Corrections for these
local biases made old observatory data more useful for studies of the
core field as it existed one or two centuries ago.

Magsat is an excellent example of the type of scientific mission
that could not have been performed from a space platform and that
may never be followed up without an Earth Explorer line. Resolving
the high-frequency components of the crustal field requires an orbital
altitude below 450 km, a level that does not allow sufficient mission
duration for a major space platform. In addition, the magnetometer
sensor must be far removed frora the local field induced by space
hardware in order to measure variations in the Earth’s field. Frequent
magnetic missions or those of long duration will be required in the
future for monitoring temporal variations of the core field, which
is efficiently measured from space. Therefore, without provision
for launching such magnetometers, prospects are dim for significant
advancement in our understanding of the Earth’s magnetic field.

Nimbus Series

The series of seven Nimbus satellites, launched between 1964 and
1978, demonstrated the great scientific and tecknologic»' >rogress
that follows from the flight of a series of similar satei. > The
program provided the first global observations of many important
processes. Examples include observations of the time variation of
temperature, «_one, and water vapor in the atmosphere and strato-
sphere; the extent of ice in the Arctic and Antarctic as well as a
basic description of ice types; the variability of ultraviolet light from
the Sun; the distribution of chlorophyll in the oceans and the re-
lationship of marine phytoplankton to oceanic conditions; and the
distribution of sea surface temperature. Nimbus 7, operating well be-
yond its design lifetime, has provided the maps of the ozone column
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FIGURE 3.2 Sequence of local readout visible-wavelength Nimbus satellite
iinages showing the mature and decaying stages of a baroclinic cyclone that
passed south of Tasmania and New Zealand on February 21-22, 1968. SOURCE;:
J.W. Zillman, Space Science and Engineering Center, University of Wisconsin.
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over Antarctica required to define the “ozone hole” and follow its evo-
lution during the last decade. The program also developed many of
the Earth-observing instruments flown later on operational satellite
systems, particularly the NOAA meteorological satellites. Figure 3.2
provides an example of its meteorological application. The success
of this series of satellites made the United States the world leader in
remote sensing of the atmosphere and the ocean.

The Nimbus satellites were all related in design, but became
increasingly heavier and more complex as the system evolved, with
satellite mass increasing from 380 kg to 990 kg. Each operated in a
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sun-synchronous orbit at an altitude near 1100 km, except for the
first. The use, however, of similar satellite structures, control systems,
and data systems led to reductions of cost compared with other
satellite systems of similar complexity. In addition, the inheritance
of designs and hardware led to remarkably long-lived satellites, many
of which substantially outperformed their design life.

There are several characteristics of the Nimbus satellites that
are relevant in the Earth Explorer context. They demonstrated the
value of small satellites, performing high-quality science, to the de-
velopment of instruments for operational status, They also offered
university scientists and graduate students unique research opportu-
nities, bringing the United States to the forefront of those disciplinary
areas. Finally, they provided useful experience in the production of
standardized spacecraft and technological inheritance. The com-
mittee would like to emphasize, however, that the Earth Explorer
program should not become a vehicle for establishing a long-term
series of missions whose sole purpose would be to continue one set of
repetitive measurements. Such a function must be performed by the
operational agencies in the United States and abroad.

Radar Altimeters: GEOS-3, Seasat, and Geosat

The goal of the radar altimeter missions in the 1970s was to im-
prove our knowledge of Earth’s gravitational field, the marine geoid,
sea state, ocean currents, crustal structure, solid earth dynamics, and
remote sensing technology. The $96 million GEOS-3 was launched
into an orbit with an inclination of 115° and a height of 844 km. It
carried a new advanced radar altimeter, radio tracking systems, and
corner reflectors to allow tracking of the satellite bv ground-based
lasers. Data from the radar altimeter and tracking systems were
used to map the marine geoid with an accuracy of a few meters and
a precision of a few tens of centimeters in areas where the satellite
was within sight of fixed or mobile telemetry stations. No data were
stored onboard the satellite. In addition, data from the altimeter
were used for mapping ocean wave height and ocean surface wind
speeds.

The information provided by GEOS-3 made important contri-
butions to our knowledge of the marine geoid, particularly in the
northwest Atlantic and parts of the Pacific Ocean where the grid of
altimeter observations is most dense. The most notable contribu-
tions were determinations of the strength of the oceanic lithosphere
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at a number of locations, the first direct observations of the slope of
sea level due to strong ocean currents, and global maps of monthly
averaged wave height. A special issue of the Journal of Geophysical
Research (GEOS-3, 1979) contains numerous research papers based )
on GEOS-3 data. j

The immense success »f GEOS-3 led immediately to a subsequent
mission, Seasat, which incorporated a more precise altimeter. At a
cost of $174 million, the satellite returned a wealth of new data on
the geoid, wave height, wind speed, and water vapor content over .
the oceans despite the mission’s premature termination following !
a mechanical failure. Differences of sea surface height measured
over repeat tracks provided the first view of the time-dependent %
sea surface components due ‘o dynamic oceanographic effects. As
a result of the Seasat and GEOS-3 altimeters, earth scientists were ﬁ
able to know the marine geoid better than the bathymetry in many
regions, particularly in the South Atlantic, South Pacific, and Indian
oceans.

Tectonophysicists capitalized on this information to study the
mechanical properties of the lithosphere, the thermal structure of
plates, the dynamics of midocean ridges, and the scales and patterns
of mantle convection. The geoid was used to predict the location of
uncharted seamounts, revise the coordinates of mislocated bathymet-
ric features, and trace the position of fracture zones for plate recon-
structions. Some of the scientific payoff from Seasat is contained in
several special issues of the Journal of Geophysical Research (Seasat
I, 1982; Seasat II, 1983; Origin and Evolution of Seamounts, 1984)
and this data set continues to be used i many studies.

Radar altimeter missions are an outstanding example of how the 3
scientific benefits of a mission can be maximized by having complete |
control over the orbit for an individual sensor package. In the case
of Seasat, part of the mission was designed to provide repeat ground :
tracks for viewing the time-dependent sea surface elevation, whereas
during the rest of the mission the altimeter covered new ground to
provide finer resolution in the determination of the time-independent :
geoid. |

The committee notes, however, that Seasat was much larger,
more complex, and more expensive than any Explorer-class mission.
The Geosat radar altimeter program, which builds upon the Seasat
mission, is a simple $45 million spacecraft that operates in the special
Seasat orbit. See Figure 3.3 for an example of comparative data
from the Seasat and Geosat missions. This satellite, like GEOS-3,
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FIGURE 3.3 This figure shows the gic bal mesoscale (50 to 1000 km) sea level
variability from the Geosat cnd Seasat altimeter measurements. The lower
figure provides an estimate of the root-mean-square (rms) variability derived
from Seasat from September 16 to October 10, 1978. The upper figure shows
a recent estimate derived from Geosat over a one-year period from November
8, 1986 to November 17, 1987. The analysis depicta the variations in sea
level caused by wavelengths between 35 and 1500 km, and demonstrates the
dramatic improvement in resolution that is being provided by Geocat. The
Geosat observations have discovered a number of secondary regions of sea level
variability (7.6 to 15 cm rms) that were not resolved by Seasat, principally
in the equatorial current systems and subtropical regions of both hemispheres.
SOURCE: C. Koblinsky, NASA Goddard Space Flight Center.
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corresponds more closely to the type of mission and level of expense
envisioned for the Earth Explorer series. Although an altimeter
is scheduled for Eos, the flexibility in orbit design afforded in the
previcus missions will be sacrificed for the sake of mounting the
instrument on a multipurpose, sun-synchronous platform with a fixed
5-day repeat. Thus the Eos altimeter will do little to fill in the 100-km
gaps in the marine geoid remaining after Seasat’s untimely demise,
or that remain even with Geosat data.

Earth Radiation Budget Experiment

The Earth Rad:ation Budget Experiment (ERBE) was designed
to measure the energy exchange of the Earth with the Sun and
Space as precisely as vossible. Accurate knowledge of the radia-
tive exchange of energy between the Earth and its environment and
understanding of the processes that control that exchange are nec-
€ssary prerequisites to reliable predictions of the effect of increased
greenhouse gases on the energy balance of the Earth. The radia-
tion exchange is particularly important for understanding the role of
clouds in the maintenance of the Earth’s climate. Because of diurnal
variations in solar zenith angle, clouds, temperature, and humidity,
observations of radiation must be made over the full 24-hour diurnal
cycle. To achieve an adequate sampling of that cycle, a multisatellite
observing system was designed for the ERBE with the construction of
three identical flight instruments. Two of these were flown on NOAA
sun-synchronous morning and afternoon operational satellites, and
the third set of instruments on the Earth Radiation Budget Satel-
lite (138}, The combination of two sun-synchronous satellites and
& non-sun-synchronous satellite hag provided global coverage with
complete diurnal sampling (see Figure 3.4 for a schematic represen-
tation of the coverage). Each instrument package contains a scanning
instrument, a nonscanning wide-field-of-view instrument, and a solar
1aniter. The scanning instruments allow the effects of clouds to
be separated from other effects on the radiation balance. Absolute
calibration is maintained by using the Sun and internal black bodies
as reference sources.

The ERBS was launched by the Space Shuttle on October 5,
1984, and inserted into a 57° inclination orbit. The orbijt of the
ERBS precesses through local time so that the entire diurnal cycle
can be sampled in 37 days. The ERBS also carries the Stratospheric
Aerosol and Gas Experiment 1] (SAGE-II), which measures aerosol,
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FIGURE 3.4 Latitude and local time coverage for satellites in different orbits
for ERBS. SOURCE: E.F. Harrison, NASA Langley Research Center.

ozone, and other gas concentrations in the stratosphere using a solar
occultation technique. SAGE-I was launched as an Explorer mission
in 1979. Because the ZRBS crosses the sunrise and sunset termi-
nators at all latitudes less than 57°, it makes a good platform for
the § “SE-II instrument, which takes its measvrements during these
crossings. ERBE data have been used to produce the first direct
measurements of the forcing of the climate system by clouds. It
is also the first experiment to measure the full diurnal variation of
broad-band radiative energy fluxes.

The ERBE experiment provides an example of several features
of the proposed Earth Lxplorer line of satellite experiments. It re-
sponded to an urgent scientific need for better data on the role of
cloudsin the radiation balance, while remaining within a modest bud-
get ($61.6 million for the ERBS and $19 million for each of the ERBE
instruments). The experiment provided a source of high-quality geo-
physical data during a time when relatively few new instruments
were being flown. Because the need for diurnal sampling of the globe
could not be filled within the framework of current operational or
research flight opportunities, a small special-purpose orbital vehicle
was developed and launched. In order to further improve the sam-
pling, identical instruments developed by NASA were flown aboard
NOAA operational platforms. This interagency cooperation greatly
enhanced the capability of the measurement system at modest cost.

o
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PROSPECTIVE MISSIONS

A number of proposed missions are candidates for becoming
Earth Explorers. Some carry sensitive instrumants that cannot oper-
ate on a multiuse spacecraft. Others require different orbital altitudes
or irclinations fromn those of the Eos platform. and other cperational
satellite uystems, or they include instruments that could be devel-
oped for flight on satellites operated by other space agencies. They
all provide measurements critical for Earth System Science studies
and have been strongly recommenrdcd by the scientific community.
The committee e:nphasizes, however, that these prospective missioas
are rot discussed in any order cf priority or in any comprehensive
manner and are merely represen:ative of the kinds of 1nissions that
could be accomplished under an Earth Explorer line. What ‘s cer-
tain is that without the establishment of such a line they stand little
chance of ever beiug launched.

These missions are discussed under two categories: (1) low-cost,
lizhtweight missions, either single-instrument spacecraft or instrm-
ments fiown as missions of opportunit;, that can be constructed in
under 3 years for $30 million or less; and (2) moderate-cost mis-
sions that either would be accomplisk=d by NASA alone within the
com:ittee’s proposed budgetary ceiling of $150 millizn, or could
be accommodated within the Explorer program by virtue of cost-
reducing collaboraticns with other space agencies. (See the next
chapter for a discussion of the committee’s related recommendations
and the.r justification.)

Low-Cost, Lightweight Missions

Total Ozone Mapping Spectrcmeter

The Total Ozone Mapping Spectrometer (TOMS) is an in-
strument designed to provide high-spatial-resolution maps of total
ozone —the amount of ozone integrated over the depth of the at-
mosphere at a given location. Day-to-day variations in total ozone
are closely related to dynamical processes near the tropopause. Since
most of the ozone is in the lower stratosphere, where chemical sources
and sinks are slow in comparison with changes produced by motions,
high-resolution maps of total ozone provide considerable iuformation
about advsctive processes in those areas. On longer time scales,
TOMS can be used to measure temporal trends in total ozone. Such
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DAY 278,

FIGURE 35 This Southern Hemisphere plot of total osone distribution for
October 5, 1987, shows a value of appro:imately 125 Dobson Units (DU)
(black), the lowest osone value of 1987 to date and the lowest total osone
value ever observed. This Plot also shows that the osone hole is nearly half
the area of the Antarctic continent, an area covering approximately 7 million
square kilometers (2.5 million square miles). The data were taken with the
Total Osone Mapping Spectrometer (TOMS) instrument on NASA’s Nimbus 7
satellite, which is managed by the Goddard Space Flight Center. The values
of the colors in DU of total unite are shown in the color bar. SOURCE: A.J.
Krueger, NASA Goddard Space Flight Center.

trends are expected to occur in association with changes in the chem-
istry of the stratosphere induced by the release of industrial gases.
A TOMS instrument has been in orbit on the Nimbus 7 satellite
since November 1978, providing daily maps of total ozone with 50-km
spatial resolution. Data from this instrument have been invaluable in
documenting the rapid decline in total ozone over Antarctica during
the spring season. For example, Figure 3.5 shows the total ozone
distribution for October 5, 1987—the lowest total ozone value ever
observed. The TOMS instrument has already operated well beyond
its expected lifetime and could fail at any time. Because of the serious
ramifications of the ozone reduction phenomenon, the usefulness of
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the TOMS data in monitoring the problem on a global scale, and
the lack of any firm plans to fly a similar instrument in the near
future, an ozone-measuring instrument is a high-priority payload for
the proposed Earth Explorer line of satellites. This is consistent with |
the 1985 CES strategy’s highest priority scientific objective for the |
study of the middle atmosphere, which was to measure continuously
total ozone and its vertical profile over the globe with sufficient
accuracy to test theoretical predictions.

An engineering model of the TOMS instrument is currently
available and could be flown on short notice with only minor mod-
ifications. The spectrometer could be launched either as a single-
instrument mission on a Scout-class rocket or with other instruments
on another U.S. or foreign spacecraft. The cost of modifying the
existing instrument for launch readiness is about $7 million. The
committee emphasizes that global ozone measurements are too im-
portant to allow the lengthy data gap that is projected to occur
between the failure of the Nimbus 7 system and the time when an
Eos-mounted sensor is operational.

Sea Wide Field Sensor

The firs® instrument to measure chlorophyll from space was the
Coastai Zone Color Scanner (CZCS) flown on Nimbus 7. It measured
the radiance reflected from the ocean surface in the visible and near-
infrared and thermal infrared regions. Chlorophyll concentrations
were derived by using data from the visible wavelengths, and sea sur-
face temperatures were calculated from the infrared measurements.
Data from the near-infrared band were used for atmospheric correc-
tion of the data acquired in the visible bands. Although the CZCS
was designed as a “proof of concept” instrument with a one-year
design lifetime, the instrument provided valuable information for
almost 8 years, revolutionizing the field of global biological oceanog-
raphy in the process. See Figure 3.6 for an example of CZCS results
showing the relationship between satellite pigment concentrations
and daily primary production.

A successor to the Coastal Zone Color Scanner on Nimbus 7 has
been proposed for flight on the 1991 Landsat 6 mission. Called the
Sea Wide Field Sensor (Sea WiF§), the instrument would map the
distribution of chlorophyll in the upper layers of the ocean and collect
sea surface temperature data crucial to understanding global-scale
biological and physical processes. It would fly at an altitude of 705
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ZONAL PROLUCTIVITY - 1979
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FIGURE 2.6 The relationship between satellite pigment concentrations and
daily primary production (Eppley et al., 1984) was applied to all monthly CZCS
pigment values for 1979 at 20-km resolution, averaged zonally and normalized
for total oceanic area within 5 degree sones. Error bars are | standard deviation
of 12-month values and are significantly greater in the Northern Hemisphere.
The corresponding estimate of global carbon fixation is 59 gigatons per year,
SOURCE: W. Esaias, C. McClain, G. Feldman, NASA Goddard Space Flight
Center.

km in a circular, polar, sun-synchronous orbit, with an equatorial
crossing time of 10:30 a.m. Spatial resolution would be 1.13 km for
local area coverage and 4.5 km for global area coverage.

The Sea WiFS would contribute to several of the highest priority
objectives for global biogeochemical cycles, and for the study and
prediction of long-term climatic changes as set forth in the 1985
CES strategy. Among the most important observations by the sensor
would be the magnitude and variability of the annual cycle of primary
production by marine phytoplankton on a global scale; a quantitative
assessment of the ocean’s role in the global carbon cycle and in other
biogeochemical cycles; the coupling between upwelling and large-
scale patterns of productivity in ocean basins; the distribution and
timing of spring blooms in the world’s oceans; and the processes
associated with mixing along the edges of eddies, coastal currents,
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and boundary currents. Increased understanding of these processes
would be especially useful for the IGBP and Joint Global Ocean
Flux Study. More detailed information on the Sea WiFS is available
from the NASA/NOAA/EOSAT Teport, System Conczept for Wide-
Field-of- View Observations of Ocean Phenomena from Space (August
1987).

At a cost of approximately $25 million to NASA, the Sea WiFS

could fly piggyback on Landsat 6 and cut in haif the 10-year gap in

the termination of CZCS measurements in 1986 and the launch
of new ockan color/sea surface temperature instruments on Eos.
A flight in 1991 js particularly important because the Sea WiFs
instrument would complement the ‘neasurements made by other
oceanographic spacecraft scheduled in that time frame, including
the European Space Agency’s ERS-1 (1991) and the NASA /French
TOPEX/Poseidon mission (1992} It would also provide fundamen-
tal data for major oceanographic experiments now being planned for
the early 1990s as part of the World Ciimate Research Program,
which includes the World Ocean Circulation Experiment and the
Tropical Oceans and Global Atmospheric program.

Measurement of Ajr Pollution from Satellites

Carbon monoxide (CO) constitutes over one-half of the total
emissions that pollute the air in the United States. Approximately
50 percent of the total CO flux is estimated to come from industrial

spectral resolution in the 4.67-um: fundamental band of CO.

The successful Shuttle experiment indicated that the MAPS in-
strument could be modified for a free-flying spacecraft to determine
the global distribution of CO in the middle troposphere over a period
of at least 1 year. The resulting data could be used to verify models of
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CO Mixing Ratio, ppbv
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FIGURE 3.7 The distribution of carbon monoxide in the free troposphere
provided by the Measurement of Air Pollution from Satellite (MAPS) experiment
during October 5-13, 1984. SOURCE: H.G. Reichle, NASA Langley Space Flight
Center.

three-dimensional transport chemistry, define source regions, study
tropical Walker and Hadley circulations, investigate the relationship
between O, and CO in the tropical troposphere, and determine the
levels of interhemispheric exchange. The data would have high sci-
entific value and would notably improve our overall understanding of
trepospheric dynamics and chemistry. The MAPS instrument could
be modified for an Earth Explorer spacecraft or fly as a piggyback
mission for approximately $7 million.

LAGEOS IIT

A third LAGEOS satellite, LAGEOS III, has been proposed at
the same orbital altitude and eccentricity as LAGEOS II, but with
an incliration of 76°. This satellite, when used with LAGEOS I,
would provide a stable reference frame for determining with high
accuracy the variability of Earth’s rotation to enable studies of the
solid earth, atmospheric angular momentum, and energy exchanges
with the atmosphere and core. It would also provide more accurate
determinations of the positions of points on the Earth in support of
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global plate tectonic and crustal deformation studies. These were all
high-priority objectives for the study of solid earth dynamics from
space in the 1982 CES strategy.

Moderate-Cost Missions

Magnetic Field Explorer

The primary goal of the Magnetic Field Explorer (MFE) would
be to monitor the changes in the field produced by the core that have
taken place since the Magsat mission in order to study the secular
variation of the Earth’s magnetic field. The measurements should
be made from an approximately polar orbit. The mission would
sample the Earth’s magnetic field at all local times to eliminate
errors produced by the ionospheric field. The orbit should be higher
than Magsat’s to give the satellite a lifetime .f at least 18 months,
and preferably 3 years.

The magnetic field has interesting variability on all time scales,
from minutes to a billion years. Variability induced by the motion
of the Earth’s core extends from 1 year to 10,000 years. A time
series over several 1l-year sunspot cycles is required for observing
the electrical conductivity of the lower mantle by magnetic sounding.
This duration is also necessary to see the temporal changes in the field
with sufficient accuracy for inferring fluid velocities in the core and
for attempting to observe a magnetic impulse like the one detected in
1970. Seeing such an impulse with good geographical coverage would
provide important information about the dynamics of the Earth’s
core.

The $70 million estimated cost, the specialized orbital require-
ments, the need for shielding from local spacecraft fields, and the
desirability of frequent and repeated field monitoring all make the
MFE an ideal candidate for an Earth Explorer mission. Discussions
with representatives of the French space agency have indicated the
possibility of doing MFE in conjunction with a French mission. This
could demonstrate the feasibility and value of a permanent interna-
tional satellite program for monitoring the magnetic field, observing
events in the motion of the core, and compiling the statistics of the
fluid motion in the upper core. Such a program would be the geo-
magnetic analog of the worldwide seismic network now in place for
monitoring earthquakes and the structure of the upper layers of the
Earth’s mantle and crust.
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Geopotential Research Mission (GRM)

The 1982 CES strategy set forth the primary scientific objectives
for the study of solid earth dynamics from space, which included
measurement of the Earth’s gravitational field from global scales to
wavelengths of 200 km or less. The strategy also recognized the need
to measure with increased accuracy the time-dependent deformation
in a number of the major worldwide seismic zones and variations in
the Earth’s rotation rate and polar motion.

The proposed Geopotential Research Mission would contribute
to the fulfillment of these objectives by making precise measurements
of the Earth’s gravitational field. At present, gravity data accurate
to 4 mgal with 100-km resolution are publicly available for only
22 percent of the Earth’s land area, with geographic and political
barriers preventing further acquisition by means of standard ground
surveys. Global measurements of the field with an accuracy of 2 to
3 mgal at the Earth’s surface, and with spatial resolution of a few
hundred kilometers, would contribute significantly to the study of
mantle dynamics and tectonics on the continents and the continental
margins. Examples include studies of the deep-density structure
of the upper mantle, particularly at subduction zones, the thermal
structure of the continental lithosphere, the density structure of
continental margins, the driving force for continental tectonics, and
mantle composition, rheology, ard scales of convection. In addition,
the measurements would be used for determining the marine geoid
with an accuracy necessary for calculating the permanent oceanic
circulation from altimeter measurements of sea level made by the
TOPEX/Poseidon mission and by other satellites.

One possible mission for measuring the Earth’s gravitational field
would use a French gravity gradiometer inside a drag-compensated
satellite with receivers for tracking the signals from the Global Posi-
tioning System satellites. The signals would be used for accurately
computing the orbit of the satellite. With launch on a Delta-class
vehicle, the total cost of the NASA contribution to the mission would
be approximately $150 million, which falls within the committee’s
suggested budgetary limit for Earth Explorers.

Tropical Rainfall Measuring Mission (TRMM)

In its 1985 strategy this committee stated that the overriding
importance, both scientific and societal, of measurements of certain
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elements of the global hydrological cycle and of the causes and sig-
nals of climate change makes it essential for such measurements to be
included as a part of the overall program for the study of the Earth
from space. The committee specifically concluded that accurate
measurements of the rates of precipitation, evaporation, and evapo- :
transpiration over the global land and ocean surfaces are objectives of 3
the highest priority for the study of the atmosphere-land-ocean-biota ;
system from space over the next 10 to 15 years. ’

The Tropical Rainfall Measuring Mission has been -.voposed for
measuring the rainfall in the tropical regions over a period of 3 years
to study hydrological processes in the tropics, especially their rela-
tionship to the global circulation of the atmosphere and the ocean,
and climate variability. The study of trojical rainfall is of particular 3
importance for several reasons. From an econc mic standpoint, tropi-
cal storms driven by intense rainfall cause extensive destruction each
year. Tropical rainfall is also the heat engine that drives the global
weather, and tropical processes have been linked to global climate
change. The extensive surface observatious collected by the Tropical
Oceans and Global Atmosphere program will be able to complement,
but not replace, the satellite measurements, since studies of the rain
require accuracies of 0.5 to 1.0 mm/day made often throughout the
full daily cycle.

The proposed satellite mission would fly in an orbital inclination
of 30° to 40° at an altitude of around 300 km. It would carry a
multifrequency, scanning microwave radiometer, a scanning visible
and infrared radiometer, and a precipitation radar. The requisite low
inclination and orbital elevation preclude acquiring these data from
the Eos polar platforms. A joint program between NASA and the
National Space Development Agency of Japan is being considered at
a cost of approximately $130 million to NASA. As in the case of the
Geopotential Research Mission, an Earth Explorer program may be
the only way for NASA to implement such a cost-saving, cooperative
venture.
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4
Strateg for an Effective Program

An Earth Explorer program can open new vistas in the earth
sciences, encourage innovation, and solve critical scientific problems.
Specific missions must. be rigorously shaped by the demands and op-
portunities of high-quality science and must corr lement the Earth
Observing System and the Mission to Planet Earth. It is there-
fore essential that the program follow a comprehensive strategy for
accomplishing these goals.

The Committee on Earth Sciences recommends that the new Earth
Ezplorer mission series be funded at a level that would allow the con-
struction of two small missions per year, or one moderate mission ev-
ery 8 years. Announcements of Opportunity for such missions should
be divided according to two separate solicitavions, one for missions
and instruments ccsting less than $30 million and one for missions
in the $30 million to $150 million range. The Earth Explorer series
should be established as a level-of-effort program similar to the ex-
isting Explorer line, but managed entirely by NASA’s Earth Science
and Applications Division. Maintaining independ- nt control over the
program will help ensure that it remains respon: ve to the needs of
the earth sciences community and will prevent the further dilution of
an already oversubscribed Explorer program for astronomy and as-
trophysics, and solar and space physics. The level of funding should
be adequate to fly a continuous series of missions at an average rate
of approximately one per year.

39
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In May 1988, NASA issued its first announcement of oppor-
tunity (AO) for “small-class Explorer missions” under the existing
Explorer program. The AO is intended for the development of space-
craft and instrument payloads that will average approximately $30
million or less. This is in contrast to the “Delta-class” mnissions in
the Explorer program that typically cost between $50 million and
$150 million. The committee endorses this apprnach and proposes a
similar classification of missions for the Earth Explorer program,

Pr-iects that cost under $30 million will provide a continuing
or'  umty for quickly implementing flights of sroall free-fiyers to

-wuct focused scientific investigations, as well as for instruments
flown on “missions of opportunity.” Such projects are especiaily im-
portant for providing training at universities to new generatiors of
scientists and engineers, since universities cannot typically handle
larger programs on a comprehensive, end-to-end basis. Finally, the
division of the AOs into two separate solicitations will increase pro-
grammatic flexibility and decreace response times, while ensuring
that the smallest missions are not crowded out by the moderate-size
initiatives. (See Appendix B for a table that shows a hypothetical,
but representative, distributior of funds and program elements over
the first 10 years of the program.)

The traditional strength of the existing NASA Explorer line has
been easy, frequent, and inexpensive access to space. The recom-
mendations that follow are designed to return similar opportunities
to the earth sciences.

1. The scientific value of Earth Ezplorer missions must be mazi-
mized. The Earth Explorer program will make the maximum possible
contribution to the earth sciences if the missions are of two varieties:
those sharply focused on important, but essentially independent,
scientific questions and those designed to complement larger-scale
missions or international programs. The independent missions may
be aimed at discovery of new phenomena or relationships, or may
provide important increments in understanding known phenomena
or processes. Consequently, the most important criterion for select-
ing an Earth Explorer should be that a proposed mission offers the
potential for substantial improvement in our understanding of one or
more components of the Earth system.

Each Earth Ezplorer mission therefore must be sharply focused
on significant scientific questions and must be Justified in its own
right. A mission should explore important scientific issues or fill in
gaps that may arise in the collection of long-term data sets. The

PR

o



e CORCETRATRR T A e A

I T

e nth ot dreaib b A N S AR il Lt - e M b S - s FEREET LTI kbbb R

41

program could also provide the collateral benefit of advancing tech-
nology development in achieving its objectives. The Earth Explorer
series should nct, however, be used for development of instruments
for large-scale missions or platforms; such testing should be accom-
plished by other means, either on aircraft or on the Shuttle, without
compromising the scientific integrity of the Earth Explorer series.

2. Programmatic continuity and flezibility must be maintained.
Past experience and the review of potential Earth Explorer missions
in Chapter 3 indicate that the earth sciences community can easily
identify several outstanding candidates for flight each year for the
indefinite future. In order for the recommended program to have a
significant impact and to stimulate progress in the earth sciences, it
must be initiated with a clear expectation of maintaining uninter-
rupted continuity.

At the same time, the program must be designed for flexibility,
both in choosing the most important scientific questions to address
and in allowing for reasonably wide variations in the scale of the
missions. Rapid response times are necessary to react in a timely
manner to sudden changes in our environment, or to take advantage
of opportunities to collaborate with other agencies or nations. While
some missions will cost more than the annual allocation, the number
of such large efforts must be sharply limited and balanced by a
number of small missions or Earth Explorer payloads attached to
other spacecraft as missions of opportunity.

3. Costs must be rigorously controlled in all phases of the pro-
gram. The key to the success of the Earth Explorer program will
be to obtain the maximum scientific value per dollar expended. To-
ward this end the committee offers the following observations and
recommendations:

o Instrumentation: The spiraling costs of instruments for obser-
vation from space can be controlled by sharply focusing the scientific
objectives, by giving principal investigators the prime responsibility
for quality and cost control, and by carefully assessing the tradeoff
beiween rcliability and multiple copies of instruments. It is essen-
tial that the Earth Explorer missions be aimed at only one or two
scientific questions at a time. The temptation to combine as many
instruments as possible on a single mission, thereby escalating costs
dramatically, can be avoided if frequent opportunities for access to
space are available. The earth sciences community needs to fly mis-
sions in near-Earth orbit that do not require the compromises in
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orbital parameters, weight, power, and data rates and formats inher-
ent to missions with multiple objectives.

When new instruments must be developed, custom design and
engineering can provide enhanced flexibility and reduced mission
costs. In contrast, the compromises required to achieve a well-
designed instrument with standard parts often demand engineering
and development costs that exceed those of custom design and entail
undesirable constraints on power, weight, and capability.

For most missions, the principal investigators should be given
specific vesponsibility for quality control, even if the instrument is
manufactured by a contractor. The quality of the instrument should
be created in the design, rather than be a result of a highly bureau-
cratic, expensive quality control process.

Finally, the issue of reliability versus multiple copies should be
thoroughly r-examined to determine the basic policies of an Earth
Explorer program. The committee believes that smaller missions
will lead to considerably cheaper instruments because achieving an
acceptable probability of success with two or more missions should
be easier than atcaining a vanishingly small probability of failure in
a single attempt.

o Spacecraft and Launch Vehicles: In contrast to the case for
instruments, the committee recommends the use of standard satellite
buses and launch vehicles whenever this is both scientifically and
economically advantageous. These elements can integrate easily with
simple instrument systems, and a multiple production run allows a
contractor to achieve important economies of scale in production.
Small spacecraft concepts are currently being studied by the Defense
Advanced Research Programs Agency, and a number of small (Scout-
class) and medium size (Delta-class) expendable launch vehicles are
being developed by the private sector. With the increasing emphasis
on commercial participation in the space program, both spacecraft
and launch vehicles are likely to become more flexible, more capable,
and more competitive in price, thus enhancing the accomplishments
possible with the Earth Explorer program.

4. The data transmission and procesaing requirements for many
Earth Explorers are likely to be relatively modest, given the emphasis
on strongly focused missions. Reductions in cost often will be realized
by using standard telemetry equipment and relatively simple data
acquisition systems, perhaps those operated by other federal agencies
or by the principal investigator. Complicated arrangements within
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the government or with commercial saiellite manufacturers would
increase hardware and project management cosis.

The committee expects that most of the basic processing of
data from the majority of Earth Explorer missions can be performed
by the principal investigator on dedicated computational equipment.
Strict schedules and reliability requirements must be met, and the data
should be made available as quickly as possible to scientific archives
or to open networks in scientific formats.

Furthermore, the Earth Explorer series offers the opportunity
for the NASA Earth Sciences and Applications Division to gain ,
valuable experience with distributed data systems. Earth Explorer |
data released by the principal investigator should flow to active data |
bases, perhaps to one of the pilot data systems, and then to the
community over networks operated by NASA, other federal agencies,
and international organizations. Optimum use of the Earth Explorer
observations will surely require comparison with data from other
missions and from operational data sources. As a result, careful
planning and ezperimentation with the integration over networks of
data from diverse sources will be essential. These efforts should be
approached with the idea that they are important in preparing for
the data management challenges of earth system science in the Eos
era, and thus resources should be apportioned accordingly.

5. A significant fraction of the total costs of each mission should
be allocated to data analysis, interpretation, and related theoretical or
modeling work. Because the scientific objectives for any mission are
achieved only after the data have been distributed and thoroughly
analyzed, adequate funding for this purpose is fundamental to the
mission’s success. NASA will need to augment its annual mission op-
erations and data anaiysis budget by an amount sufficient to conduct
all such activities associated with each Earth Explorer mission.

6. A basic goal of the Earth Ezplorer program must be to speed
up the conversiun of concepts into satellite missions and of raw data
into scientific results. The time scales of the program must be
designed to attract leading scientists and talented students, and to
avoid the mounting costs of protracted space projects. Therefore it
is important that the smallest missions be launched within 2 to 3
years of acceptance for engineering design, and moderate missions be 3-
launched within 3 to 4 years. Meeting such a schedule requires that
the instrument systems and spacecraft be kept relatively simple and
within the adopted cost limits.

7. The Ezplorer program must develop a selection process that
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encourages the best ideas and does not require inordinate investments
in engineering design during the initial proposal yhase. Thus unis
committee argues, as did the Committee on Solar and Space Physics
in its 1984 strategy, that the selection process should proceed in
two phases. In the first phase, proposals would be requested that
emphasize the scientific issues and the instrument concepts, with
only a limited discussion of engineering issues. In the second phase,
only the most promising corcepts would be chosen for further de-
velopment and preliminary instrument design in order to continue
in the selection process. This approach would minimize the total
community investment in preparing proposals, and it would attract
scientists with good ideas but limited resources to compete ir the
preliminary phase of Earth Explorer selection. Because scientific
advances and emerging problems cannot be foreseen a decade in ad-
vance, the se'action process for new missions and instruments should
be designed to permit flexibility on the scale of 2 to 3 years. The
same process would apply to both the small (less than $30 million)
and the moderate ($30 million to $150 million) mission proposals.
In any event, overselection of missions and ins*ruments should be
assiduously avoided.

8. Interagency and international collaboration musi be opti-
mized. Collaboration with other agencies and nations fosters the
development of a stronger space science program at reduced cost to
NASA. It is aviomatic therefore that every opportunity for cooper-
ation in utilizing and financing Earth Explorer missions should be
considered.

The individual missions supported by the Earth Explorer rro-
grain will involve different degrees of technology development wnd
financial commitment. The National Science Foundation (NSF),
the National Oceanic and Atmospheric Administration (NOAA), the
United States Geological Survey (USGS), and the Department of De-
fense (DOD) have various interests in the earth sciences and in space
observations that are compatible with those of NASA. The norm
should be close cooperation in all areas in which agency interests
converge.

Many missions will also stimulate and benefit from international
cooperation. Through direct collaboration in joint missions, projects
ctherwise too ambitious for the Earth Explorer line can be accom-
modated. Examples of cooperative projects under active negotiation
include plans to fly a scatterometer an- the trepical rainfall measur-
ing system on Japanese spacecraft and the proposal between NASA
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and the French Centre Nationale des Etudes Spatiales (CNES) to fly
a magnetic observer.

The Earth observation missions of other nations will complement
and supplement the data obtained from NASA and NOAA satellites.
All nations invoived in the exploration of the Earth from space will
benefit by combining their data and learning to develop interactive
data systems of international scope. Surface data from other nations
also will be required. For inst: ace, data from the international net-
work of surface magnetic observatories a.c necessary for separating
spatial magnetic variations observed by a satellite from magnetic
storms.

In addition, there are opportunities to share the use of ground
facilities. For example, the operation of equatorial three-component
magnetic observatories by the USGS is an essentisl complement to
satellite observations of magnetic field intensity. Air Force ground
stations might be used to collect data from satellites, thus decrezs-
ing costs of onboard data hardware. Surface weather observations
or profile data from NOAA satellites will often be needed in ana-
lyzing atmospheric or surface observations or in compensating for
atmospheric effects on electromagnetic transmission.

Finally, as discussed in the previous chapters, ihe Earth Explorer
program is essential for completing key measurements that will be
made through international research programs in the earth sciences,
such as the International Geosphere Biosphere Program—A Study of
Global Change (IGBP) and the World Climate Research Program.
The Earth Explorer missions will benefit from the broad expertise
available in the international scientific community, and the missions
will make greater contributions if they answer scientific questions of
vital international interest. Many of the mechanisms for facilitating
interagency and international cooperation are in place and are being
used with increasing effectiveness.

In conclusion, the committee believes that the proposed Earth
Explorer program provides a substantial opportunity for progress in
the earth sciences, both through independent missions and through
missions designed to complement the large-scale platforms and inter-
national programs that represent important national commitments.
The strategy presented in this report is intended to help ensure the
success of the Earth Explorer program as a vital stimulant to the
study of our planet.
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Appendix B
Representative Earth Explorer Program
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The following tables provide a hypothetical example of the dis-
tribution of funds and program elements over the first 10 years of an
Earth Explorer program funded at a level of $75M per year (in 1988
dollars). Spacecraft and instrument design costs for the program are
estimated at 5 to 10 percent of the total hardware costs. Mission
operations and data analysis (MO&DA) costs are not included in
the table as part of the budget envelope. The committee expects
adequate resources to be budgeted from the regular MO&DA budget
of the Earth Science and Applications Division. Finally, launch costs
also are not included as part of the proposed budget.
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TABLE B.1 Small Missions/Instruments for the First Ten Years
of a Representative Earth Explorer Program

Al A2 A3 A4 A5 A6 A7 A8

1990 $8 (C)

1991 $3(D)

1992 $12 (C) $3(D)

1993 $9(C) $s8(Cc) $2(D)

1994 $7(C) ¢18(C) $2(D)

Co R R AR AL T T

1995 $10 (C) $19(C) $1 (D)

1996 $9(C) $8(C)

1997 $2(D)

1908 $16 (C) $3 (D)
1999 $8(C) $18(C)

NOTE: All figures are in $million and in 1987 dollars. {D) indicates design
(phases A and B), and (C) indicates construction (phases C and D).
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TABLE B.2 Moderate Missions for the First Ten Years of a Representative
Earth Explorer Program

ANNUAL
B1 B2 B3 B4 BS B6 BUDGET
1990 I33252 ((%))] $30 M
1991  $47(C) $5 (D) $55 M
1992 $25 (C) $35 (C) $75 M
1993 $52 (C) $4 (D) $75 M
1994 $36 (C) $12 (C) $75 M
1998 $39(C) $6(D) $75 M
1996 $10(C) $45(C) $3(D) 87t M |
1997 $46 (C) $27 (C) $75 M
1998 $28(C) $25(C) $3(D) $76M
1999 $15 (C) $36(C) $715 M

NOTE: All figures are in $million and in 1987 dollars, (D) indicates design
{phases A and B), and (C) indicates construction (phases C and D).
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