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SThe report reviews the current state of urderstanding of the biosphere, discusses the
major scientific issues to be addressed, and evaluates techniques, existing and in need
of develomrent, for this new science. It is primarily concerned with developing the
scientific capabilities of remote sensing for advancing the subject. The glotal nature
of the scientific chbjectives requires the use of space-based techniques. The capsbility
£ lock at the Carth o5 a2 whole haz heen doveloped only rocentlv,  fhe srace proaram hag
made us aware of the unity and uniqueness of the surface of the Earth (perhaps most clearly
seen in the photographs of Earth taken by the astronauts on the mocn) .3 The space progran
also has provided the technology to study the entire Farth fram artifical satellites, and
thus has been a primary force in new approaches to planetary biology. Space technology
has also parmitted comparative studies of planetary atmospheres and surfaces. These studig
coupled with the growing awarcness of the effects that life has had on the entire Earth, af
opening new lines of inquiry in science.
Although much has been done to lay the foyndation for romote sensing, more research is
needed to validate the techniques for studying the Earth's biosphere. Such research is
essential for establishing the techniques as tha major source of observational data for
this new science. . ™~
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PREFACE

This report revicws the current state of understanding of the
biosphere, discuszea the major scientific issues to be addressed,
and evaluates techniques, existing and in need of development, for
this new science. :

Although the science of the biosphere is an extremely broad
subject, involving many federal agencies and research programs as
well a3 scientists working in many diverze arezs of investigation,
thia report is primarily concerned with developing the scientific ca-
pabilities of remote zensing for advancing the subject. The global
nature of the scientific objectives requires the uce of space-based
techniques. Because of this space requirement, NASA finds it-
self involved in the subject in an impertant way. Charged with
providing scientific edvice to NASA fer all its research programs,
the Space Science Board commissioned its Committee on Plan-
ctary Biology to undertake a study that resulted in this report.
The study is not intended to cover those aspects of biospheric re-
search that are conducted from the surfzce of the Earth under the
guspices of the Nationzl Science Foundation, the Environmental
Protection Agency, the National Oceanic and Atmospheric Ad-
ministration, the Department of Agriculture, and the Department
of the Interior.

Although the report investigates the potential for space-based
observaticns of the biosphere, the specifics of scientific program-
ming are still to be developed.

- A previous report, Origin and Evolution of Life—Implications
for the Flanets: A Scientific Strategy for the 1980°s (1981), dis-
cussed research on chemical evolution, and the origin of life, and
made a strong case for the development of a science of the bicsphere

vii -
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(the planetary system that includes and sustains life, consisting of
the atmosphere, oceens, sediment, biota, and those eolid surfaces
in active interchange with life). The present document extends the
discussion of the zcience of the biosphere by providing the goals
and objectives for the NASA remote =ensing programs. '

The capability to look at the Earth as a whole has been
developed only recently. The spece program has made us aware of
the unity and uniqueness of the zurface of the Earth (perhaps most
clearly seen in the photographs of Earth taken by the astronzutson
the moon). The spzace program also has provided the technology to
study the entire Earth from artificial satellites, and thus has been
a primary force in new approaches to planetary biolozy. Space
technology has also permitted comparative studies of planetary
atmospheres and surfoces. Thesz studies, coupled with the growing
awarencss of the effects that life has had on the entire Earth, are
opening new lines cf inquiry in science. '

Ever since the first Apollo photographs cf the Earth from
spzce, it has become part of the public consciousness that we live
oca a unique planet that hes the curicus property of life. It is
now commonly understoed that life depends upon and is strongly
influenced by the planetzry environment. In the lzat few decades,
a scientific community has developed that has recognized that
Iife, in turn, hzs greatly influenced our planet. Qur atmosphere,
oceans, sediments, and solid surfaces are very different from what
they would be on a lifeless planet. Life has influenced the Earth
during its history; it continues to do so. Thus, from a planetary
perapective, we now see that life influences and is influenced by
its environments. Theze form a complex interacting system whose
properties we barely understand.

The Committee on Planetzry Biology concerns itself with a
broad zpectrum of scientific areas of intercst to NASA, includ-
ing arezs directly relevant to the origin of life on the Earth, the
early evolution of life, and terrestrial life (oday as a planet-wide
phenomenon—chemical evolution, paleobiolozy, and global ecol-
ogy. Examples of subjects of interest to this committee are (1)
the history of carbon during the zccretion of the Earth and other
planctary bodies; (2) prebiotic synthesis in the atmosphere of
compounds relevant to life; (3) the organic chemistry of an abiotic
zqueous environment, such 3 a tidepool or pond; (4) the nature-
cf the organisma that &re responsible for the ecarliest Precambrian
Stromatolites; (5) the effect of biota on the oxygen content of

vill
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© the atmosphers from the beginning; (6) the factors controlling

the pH of ths ozean end the carbon dioxide content of the atmo-
sphere from the beginning to the precent; and (7) the influence of
vegetction on the slbedo of the Earth.

The cubject matter i3 too extensive for a three-year detsiled
review. Chemiczal evolution, pzleobiology, and planetary ecology
were covered in the previous report Origin and Evelution of Life—
Implications for the Plesets: A Scientific Strategy for the 1980s,
but not in great depth. Another relevant report, A Strotesy for
Egrth Science from Space in the 1920°s and 1080’s, Past 1I: Atmo-
sphere and Interactions with the Sclid Ferth, Oceans, end Biota
(to be published), emphasizes biogeachemiczl cycles from the per-

- spective of ctmespheric coisnce.

- The major ectivity during the pact three yezrs hes been to re-
view potenticl NASA contributions to the understanding of plancet-
wide biology. The committee finds that current funding for this
rezearch iz woefully inadequate. It believes that the development
of a space-bered, global perspective of the biozphere iz en integral
part cf the citudy of the origin and evolution of life. Thus, the
committee recommends thet new funds be found to support the
globzl biology program, not that funds be transferred from other

" life ectence rezzarch.

-We are poited at a unigu= moment in histcry. On the one
hand, cur technological civilizztion is affecting our planet cn a
global ccale. On the other hand, space tachuology makes 2 global
perspective pocuible for the first time. NASA's twenty ycars of

experience in gtudying the Earth’a vegetation, its solid surfaces, -

oceans, and atmosphere provide a unique capability. The timz is
ripe to begin the study cf the Earth’s biology on a planctary ccale.
Although much has been done to lay the foundation for remote

. sensing, more ressarch is needed to validate the techniques for

studying the Earth’s bicsphere. Such rezearch is essential for
establishing the techniques as the major source of observational
data {or this new science.

Daniel B. Botkin
Chairman
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INTRODUCTION

This report concerns the development of a science of the bioaphere,
which is the large-zcale planetary system that includes, sustains,
and is influenced by lLife. It presents a new perspective on life
and on the connection betwoen planetary charecteristics and life,
and 1% sugrests that the study of the biosphere offera a mzjor new
scientific challenge for the next decede.

It has long been recognized that life depends on the unique
characteristica of our planet. What is new &nd exciting is the
recognition of the extent to which life influences the planet. The
atmosphere, oceens, and rediments zre very different from what
they would be on a lifeless planet. Life has altered the Earth
throughout its history, and it continues to do so. The abundance
and distribution of life forms affect climate, energy balance, the
cycling of chemical elements, and the chemistry of the atmosphere,
oceans, soils, and many eolid surfaces.

The biosphere is a difficult system to understand because bio-
spheric phenomena (ecosystems, biomes, and £0 on) are character-
ized by time lags; by direct and indirect effects on the environment;
by complex, mutually causal relationships between the living and
nonliving components of the system; and by the evolution of new
life forms. Epizodic events have a great importance in the bio-
sphere. The biota geem to be influenced by events in indirect

BTG R

R e LY

1

e O Y (A

o

PR PR




TPy

ARSI

of 15

CAMIEY

Yo

CipaCr Tty YRRV AT MY A2

q T NI
P IS AP [ R A R

o

PN

~

2

proportion to their frequency and direct proportion to their am-
plitude; large, rare events have an importance considerably beyond
their frequency

A ccience cf the bmspae'e is necessary for understanding and
mitigating the global effecta of our modern technological civiliza-
tion. We nesd to understand the implications of human activities,
such as the atmospheric incresse in carbon dioxide from land clear-
ing and burning of feesil fucls; the increzsing ocid rain resulting
from foszil fuel burning; desertification; and deforestation. We
also need to learn how to mitigate these effects of our zetivities,
that we can revegetate deserts, reforest cleared aress, end manzge
our water resources and our crops and timber on a global ecala,

THE ROLE CF NASA

Space technology makes the sctence of the biosphere possible.
Remote sensing by aircraft and eatellites, coupled with ground -
mezasurements, can provide necessary data over large arezs and at
frequent mtervals

The larce amounts of data that need to be collected, their
diverss nature, and the requirementa for spatial and tamporal res-
olution indicate that rubstantie! cownputer capabilitics, including
computer analycis techniques, will be needed.

Because of the complexity of ecclogizel systems, the science
of the biosphere will require the development of thecry and com-
puter modeling. The science of the biosphere will aleo require the
integration of many disciplines, including atmespheric sciences,
bxolovy, chm‘.?.o!ogy, geography, and gco?ogy—m short, all Eart.h-
ward looking ceiences.

NASA has a long history of rese.ucb development, and use
of remote sensing for the study of the Earth’s bista, Most of
this work has focused on crops, forest, and rangeland of economic
importance. Such activitics have besn part of NASA's efforts
since the early days of ita existznce. The research proposed here is
a natural extenszion cf a major activity of NASA. The techniques
developed in the past for the study of crops, foreets, and rangelend
must be analyzed, validated, and extended to the study of all the
terrestrial vegetation of the biospher:.

Thus, NASA is uniquely suited o play an important role in
developing the scienice of the biosphere. NASA hes considerable
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experience in remote r2naing and tesocizted computer cnalysis sys-
tems, has developed effective interdisciplinary research programs,
and has a global perspective gzined through environmental satel-
lites and planetary reseerch programs that could be applied to the
study of the biosphere.

The committee therefore recommends that NASA establisk and
implement a resecrch program to study the Fosphere. This pro-
gram should employ remote sensing observations, complementary
ground-based measurements, and 2n zesociated theoretical effort.

To eccomplish this program presupposes (1) a commitment to
the continued development and operation of global remote sensing
satellite cystems, which are not now assured by programs in NASA,
clsewhere in the federal government, or in the private sector, and
(2) an effective system for storage, retrieval, distribution, and

analysis of data from these satellite systems for scientists within
NASA, government laboratories, and universities both within the
United States and around the world.

Validation is en ecsential step. We must understand the limits
of existing techniques for supplying information concerning the
biosphere. Accuracy must be determined and reliability assessed.
These activities must include surface, airborne, and space mea-
surements. Results will be importent in providing direction not

nly in the area of censer systems and proczasing techniques but

OMIJ
also in the science that can be accomplished employing this new
technology.

GOALS AND OBJECTIVES

The goals of 2 science of the biosphere are to understand the
_following:

o the nature of a system that supports life and allows it to
persist;

e the influence of life ou the Earth's energy balance, water,
and biogeochemical cycles; '

e the factors that control the storage and transport of energy
and major chemical elements;

o the spatial distribution, temporal dynamics, and complex
interactions of the various components of the biosphere;

o the rclationships between biological systems and planetary

environments. including the necessary characteristics of a planet
that allow life to originate and evolve; and
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e the efect of human beinga on the biccphere in thair presant
and future numbers.

The following material deseribes these recearch programs es-
sential to accomplish thes2 sonla and establish the science of the
biosphere. Thay ghould scrve as the dircction for rescarch zctivi-
ties for the next deczde.

Theory and Modeling

A science of the biosphere will require the development of theory
and models. Because of the complex nature of the subject, the
models will have to cddress soveral different scales of problems,
including the epergy balance cf the Earth aa a single unit; the
flow of energy and cycling of chemical elem=nts among the majer
components cf the biosphere—the mejor terrestrizl biomes, the
ocean bicta, the upper end losver ocean, the stmosphere, and the
solid surface in active interchange with the biota; the dynarnics of
individual ecosystemns and their interchange of energy and matter
with the rest of the bioaphere.

Some initial modeling efforts should be directed toward un-
derstanding tha interrelationships among the carbon, nitrogen,
suiiur, and phoaphorus cycles, and the dependencies of these cy-
cles on physical fectors, such as global climate and atmospheric
and oceanic circulation. ' ‘

The history of the Eerth representa a series of biospheric ex-
periments, We can usa the geological record to gain insight into
the cffect of major biologice] innovations on the biosphere and the
effects of major changes in the environment (such &3 the distri-
bution cf ceaticents) on the biota. The development of 2 ecience
of the bicaphere should make uee of this Esrth history to develop
theory, especially making use of the following episodes: the late
Proterozoic {600 to 700 million years ago); the Cretaceous-Tertiery
traneition; and the Pleistocene. Emphasis should also be placed
on modern anclogn of vezlier biote, such 23 the study of certain
gymnoaperm forests as znalogs of the pre-Cretaceous subtropical
vegetation end microbiz! coastal hypersaline ecosystems 2s analogs
to certain Precambian conditions.

An interesting theoretical question is, what is a “minimal”
biosphere, i.e., what is the minimum size, complexity (in terms of
the number of components and the numbsr of pathways between
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them for biogeochemical cycles), and the minimum number of
species thet czn custzin life over long periods of time? Some

modeling efforts ehould be developed to pravide insight into this
question.

Blogeochemistry, Enerpy, and Water Balarce

A fundamentel part of the science of the bicsphere is the analy-
sis of the major biogeockemical cycles. Twenty-four clements are
required for life.* During the first decade of research, the pri-
mary emphasis chould be on the eycles of cesbon, ritrogen, sulfur,

phosphorus, end the bydrmcg'c cubsirate. The following questions
should be addreszed:

1. What zre the sizes of the major pools of carbon, nitrogen,
sulfur, potecsium, and phosphorus, especially biological ones in
active exchange with other components cf the bicsphere?

2. What are the major transport rates of the four elements
from one compenent of the bicsphere to ancther? Of special
interest are the flux to and from biotic components, i.c., between
land biota and the atmosphere; between marine biota and the
atmosphere, from land biotz to oceans {via rivers); from lend and
marine biota to chort-term sediment clorage. =

3. V/hat fzctors control theae rates?

4. How much and in what ways does the cycling of one of
these chemical elements affect the others?

5. What were the atatcsof these cycles prior to anthropogenic
perturbations?

6. What will be their future states?
7. What must be known to permit us to reverse or stabilize

anthropogenically induced trends?

The carbon cycle is especially importzmt because of the bi-
ological uptake and relezee of greenhouse gases, such a3 carbon
dioxide and methene, that can aflect climate, ocean chemistry,
and mineralization. The iate of carbon dioxide released from the
bummg of fossil fuels 2nd the destruction of forests and soils re-
mains unclear; more carbon dioxide has besn relezsed than can be
accounted for by the current content of the ztmoaphere, occans,

*H,B,C, N, 0, Nz, Mg, Al, 51, P, 5, CL, K, Ca, V, Mn, Fe, Co, Cu. Zn,
Se, Mo, Ag, 1.
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gediments, and the bicta. Tha firct decads of research should place
gpecial emphasis ca understanding tha carbon cycle and the flux
of carbon dioxide end methane.

The biots £fect the Earth’s energy balance directly and in-
directly. The direet cffects zre those thet rezult from the biclogi-
cal surfece matericls that influence the abeorption, reflection, end
reradiztion of sunlight, and the transfer of eaergy from the Earth’s
surfece to the atmosphere by the cveporation of water. The indi-
rect cffects are thoze thzt result from biolegically induced changes
in the biogeochemical cycles, es in the bislogical production of
carbon dioxide and methene.

" The bicts, particularly land vegetation, affect the Earth’s
reflection of sunlight (r.!b‘do) The Earth’s elbedo is known with
an accureey only to a few percent, but a change in albedo of less
than a few percent could have significent effects on the Earth’s
energy budget. We necd to refine the estimate of the Earth's
albedo end improvs our understending of the way that it is zffected
by biclogical activity.

More specificaily, we need to (1) characterize the albedo of
each major lend cover type; (2) determine the rate of change
of the Earth’s zlbedo dus to biological changes such as s=asonal
changes in land vegetation, and due to changes in the total areal
extent of major lznd cover types (cuch 2a the eﬁ'cct of o decrease
inthe area of tropical rein forests). -

The biota can affeet the hydrologic cycle on a large sczle.
Land vegetation affects the percentage of rainfall that returns to
the atmcspheré by evaporation and the percentege that enters
surfece zud gubsurface runcfl. We nced to better understand the
effect of the bicta on the evaporation of water and the runoff
to major rivers 83 these ere affected by the type of biota that
dominste en eres, and 23 the state of these biota change over
time.

Studies of the Land

We need to understand the spatial distribution and temporal dy-
namica of biomass. Terrestrial vegetation and =0ils aresources of
storage of carbon, nitrogzen, and other chemical elements required
for life. Tcrre:tn..l vegetation hea a rapid interchznge of carben
dioxide, oxyren, end water with the atmesphere. A]tbough it is
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obvicus that terrzstrizl vegetation ead the etmosphere sre cou-
pled, we do not yet have cuficisnt quantitative understending to
predict the effects that a cpecific change in one will have on the
other.

On the land, vegetsation makes np more than 95 percent of the
live biomass; therefore, we should determins vegetstion biomaes

_ and net primary production (tke changes in biomeszs). Measure-

ment of net primeary production is the first and fundzmental step
for calculating fluxes of cxygen, carboa dioxide, and other chemical

elements and compounds.

Deforestation end dezsrtification, 23 vell as the erczion of scils,
are currently major sources of chenge in the ctoregs of carbon on
the land. The retea of converzion of_fomts, the ereation of descrts,

" and the loss of soil by erosion are poorly known. Remote zensing

techniques could be cpplied to momtormg rates cf convercion of
forests and desestificetion.

Soils are a major cite for chemical reactions important for
the biosphere. Much of this chemical activity is conducted in
anaerobic eoils by microorganisma. )

Field studies =re-required to determine correlatisna batween
dominent higher vegetstion and microbial comnunities and ac-
tivities. There is often a cleze relationchip between microbes end
fungi and higher plants, cud the existence and sctivity of 2 certein
kind of microbis! community. Remsle sensing, which determines
vegetation cover typz, should be used to infer the kind of mi-
crobizl community. Along with other remote sensing measures
(digital terrain information, soil moisture, and so on), this infor~
mation could be used to determine the rates of decompositien and

production of meior compounds.

Microbes have a grezt influence oa the chemistry of the bio-
sphere. We. necd to develop a progrem of research to improve
our understanding cf these effects, including (1) to determine to
what extent biologically medizted anacrobic processes are impor-

~ tant in the deposition and veathering of metal ore deposits; (2)

to quantify global methane sources; and (3) to study soil sulfur
exchange. Laboratory research is required to estsblish methods
to quantify the relationships zmeng environmental conditions, the
kind of microbial community, and the rates of activity.

A potentially important technique in the mezsurement of ter-
restrial biomsss and net primary prcdz.c ion is the measurement
of thc leaf srea index (LAI) We need to improve the mezsurement
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of LAI end the correletions amesg LAI, biomass, end net primary
production. One of ths frot stzpa to do this would be to establish
sites for studying at lezat three biomes; for exumple, coniferous
forest, deciduous fores, and greozlend. Within these sites, remote
sensing of LAI could bo tested against ground measurements, and
the ground measuremsnts of LAI correlated with direct measure-
ments of biomzzs znd net primery productivity. Other ctudies
could eddress the veriation in LAQ within a biome, for example,
to exermine the variction within the boreal forest a8 geograp}uc
extremes, and to detormine the extent cf lscel site vaziation.

Rezearch on Iresh Waters and Wetlands

Rivers provide a major tranzport cf chemical elements from the
land to the ccecns. This transport is a ey step in meny bio-
. geochemical cycles. Fewr biologicel time series exist to document
the cozstel zone’s past recpon=2 to fluvial nutrient transients on
a deczdal time ecale. We need to chzracterize the transport of
disolved and suspended carbon, nitrogen, eulfur, phosphorus, and
selected micronutrients by the 20 largest sivers since these szem to
account for a major fraction cf the total transfer. Special emphasis
shenld be placed on thoe transport during large, epizodic events.

" Lakes are usaful nztural Iaboratories for determining the fac-
tors that control global aquatic primery productivity end the fate
of fixcd carben, because lakes have well-dafin=d limits, universal
geographic d.stnbutxon, and preven accurzcy for the measure-
ment of primary preductivity. Studies of lake primary produc-
tivity, howvever, have lacked cufiicicat meesuremsnts of temporal
and opatial veriation, Satellits remiote censing creates an oppor-
tunity to look at lzkes and their changes threugh time in a wholly
new manner, as yct essentially unexplored in comparison to the
use of remote sensing for egricultural crops cr for oceznographic
research. ,

Cozstal wetlands may play a key role in the biosphere. Al-
though they occupy o relatively emall area of the Earth’s surface,
they are a major rite for some biologicelly mediated chemical re-
achons, gsuch 23 the production of methane, and cf certain crucial
steps in the sulfur cycle.

The gtudy of fresh waters and wetlands chould mclude (1)
determination of the annual rate of trensport of cerben, nitrogen,
sulfur, and pheozpliorua from the land to the oceans vis the world’s
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20 largest rivers; and (2) determination of the area covered and
the geographic distribution of cosstal wetlands. There is a need to
develop remote gensing techniques to monitor monthly changes in
vegetation cover, leaf 2rea index, and biomass during the growing
season for wetlands and to develop remote sensing detectors to
differentiate major algae types that ocecur in wetlands from each
other and from sediments. In situ studies are needed to determine
under what conditions wetlands are a net source or sink of carbon
and sulfur and to determine the rate of producticn of greenhouse
gases (especially methane end carbon dioxide) from wetlands.

Occanographic Research

Large areas of ocean, such as the central gyres, have relatively
low rates of production per unit surfzce ares, but account for
a major fraction of total carbon fixation because of their large
areal extent. In contrast, highly productive coastal and upwelling
regions account for only 10 percent of the ocean area but probably
25 percent of the ocean net primary preductivity; these areas
provide more than 95 percent of the estimated fishery yield and
may be & major carbon cink of atmoapheric carbon dioxide.

The continental shelves also mzay be such a sink. In these
highly productive regions, czrbon may be transferred along food
chains and deposited on the continental shelf in the excrement and
dead organic matter of organisms. Changes in the production of
algae on the continental shelves might therefore affect the rate of
carbon deposition and the rate of transfer of carbon dioxide from
the atmosphere to the ccean and then to the oceanic sediments. It
is important that a better understanding be achieved for the rate
of depositicn of organic carbon on the continental shelves.

In additicn, estuarine productivity per unit area is compara-
ble to, or higher than, that of land systems, and much higher than
all but a few marine regions. The greatest significance of estuaries
scems to be (1) 23 a nursery ground for important animal species;
(2) 2s a locus for anaernbic events that may be important in the
nitrogen and sulfur cycles; and (3) 23 a filter through which most
of the freshwater cunoff from the continents must pass before it
can enter the sea. All three moles relst= intimately to high primary
productivity of estuzries and coastal wetlands. It is important
develop a better understanding of the relationchip between estu-

“arine upwelling, shelf upwelling, and zlgal production, especially
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the “spring plankton bloomsa,” and to improve our understanding
of the e2award extent of catuarine chemistry, the ceaward extent
of the transport of algae, and the importance of episodic environ-
mental events on biological production on the continental shelves.

Current estimates of n=t primary productivity in the oceans
allow no estimates of statisticcl variation, but are judged to un-
derestimate actual rates by factors of 2 to 10.

There zre two major reasons thot large uncertainties exist in
the estimate of marine corbon fixation: (1) the methodology used
to estimate the rate in eitu moy be in eerious errer; and (2) the
highly productive chelf regions exhibit a great range of spatial and
temporal vericbility of biomaes that has been sampled by classical
shipboard progzrams. '

To adequately map phytoplankton variation in high-concen-
tration shelf areas, an instrument must ke able to resolve about
a kilometer of the ocean. Open ocean studies require a resolution
of only 4 km. A measurement program for ocean productivity
therefore requires & satellite system that can operate in two modes:
(1) local area coverage of high resolution to about 1 kmj and (2)
global arca coveraze of lower resslution of abaut 4 km,

Satellite and aircraft remots zensing techiniques, zs well as

‘moored biological buoys, have matured repidly in the last 3 to

5 years, and sampling the spatial distribution and temporal vari-
ation of biom=as in estuaries and on continental shelf regions is
now possible. As a result, multiplatform (ship, buoy, aircraft, and
satellite sencora such es CZCS) sempling strategics offer an op-
portunity to significantly reduce the variance in estimaztes of shelf
phytoplenkton abundance, carbon fixation, consumption, deposi-
tion, and their concomitant nitrogen and phosphorus fluxes.

Remote Sensing Requirements

A number of existing satellite remote sensing systems (including
Television and Infrared Observation Satellites (TIROS), NOAA,
Geosynchronous Operational Environmental Satellitea {GOES),
and Landsat) that ecquire data in the visible reflectance end ther-
mal infrared portions of the electromagnetic spectrum are crucial
in the atudy of the biosphere. It is imperative that Landsat The-
matic mapper sensors be maintained in orbit for the next decadein
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order to provide continuity of data nerd2d to improve cur under-
stending of the bicespkere. Rezearch must continue on improved
systems.

Aircraft systerns are also xmpcrtant in remote censing of the
biosphere, Existing circreft systems are essantial both for photo-
graphic and multispectral sensor systems and analytical processing
of research and development, and this program should be contin-
ued.

Considerable poteaticl cxists for research to be conducted with

active microwave devices. Thes2 gystems have shown some pélen-

tizl in rezearch conducted to date to 2id remote seaczing studizs of
the carfzce ender cloudy conditions, to penctrate deeper into ter-
rentrizl vegetation conopies, to detect higher leaf zreaindices than

. have becn possible previously, end to detect directly totel biomaes
- and water content cf terrestrial vegetation. Active microwave de-

vices uzcd on the Shuttle have also demonstrated the potential
of these systems to produce date cepable of detecting subsurface
drzinage patterns in zandy areas in extremely arid environments.
The continued development of active microwave devices and the
research required to teat the full range of their potential to improve
our ability to studyterrestrial vegetation, coils, and hydroio'nca.l

: pheno'nena should be encouraged.

Data Ménagement

The fundamental rezearch propoced here poses especially difficult
and novel questiona in the area of data management.. Improved
methods for obtaining, storing, processing, anelyzing, and retriev-
ing remotely s2nzed and other environmentzl data are reguirad.
However, the role that the science of the biosphere will develop is
strongly dependent on the access of scientists to remote sensing
data. Especially important is “data bace management” —new sys-
tems need to be developed to fzcilitate the integration of different
kinds of data, tcken at different spatial and temporal scales. To
this end, rescarch on “artificial intelligence” systems should be
expanded. It is important to develop data systems to integrate in-

- formation from existing gensors; to improve techniques to register

different sersors in different orbits to onc another and to ground

_geographic coordinate systems. The large number of data that can

be zcquired by remote sensing requires that the following issues

L must be resolved: (1) which data sets should be archived; (2)
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where thesa data sets chould be zrchived; and (3) how they will
be asesezced and distributed. NASA must resolve how its resources
will be applied to the archiving and distribution of dzta sets.

An especially important issue is the methods for ezteblishing a
network connecting ccientists (including those in other countries)
and the data bases at mejor institutions involved in biosphere
research.

It is typical of federally sponsored remote sencing activities
that more resources have been applied to the development of
sensors and to fly miseione than to providing for the processing,
archiving, distribution, znd anelysis cf data. To the committee’s
knowledge, esgentially all projects in remote sensing relevant to
the biosphere have had insufficient resources for the management
of data. This is true todzy of Landsat-4 just 23 it has been true of
all past Landsat micsions. Any new project involving new missions
must, 23 a basic part of the effort, provide adequate support for
the coordinated processing and analysis cf data.

Many potential users cf remote sensing data lack the means to
access the data. Previcus data systems can be utilized efficiently
only at a handful of universitics in the United States. Additional
funding for the acquisition and continued development of data
systemas that are readily eccessible to university users is essential.
Major issues in data management have been discussed in a pre-
vicus report of the Space Science Board {Data Afancgement and
Computation, Volume 1: Jssues end Recammendations, 1932), and
the recommendations of that report are endorzed by the Commit-
tee on Planetary Biclogy and Chemical Evoluticn. In eddition,
the Committee on Planetary Biology is closely following and par-
ticipating in the more detailed follow-up study by the Committee
on Lata Management and Computation, which i3 in progress.

Funding for basic and applicd- remicte sensing research at
NASA centers and more particularly at universities 2crozs this
country has been reduced to 2 level where the nztion stands to
lose a major analytical capability. NASA should be aware that
this capability, once lost, cannot casily be regained. Today, the
processing and analysis of advanced remotely senzed data require
complex, highly sophisticated hardware systemas znd zescciated
software, as well a3 experts in remote sessing familiar with the
science of the biosphere. This will mest often require interdis-
ciplinary eflorta. NASA must find the resources to sustain and
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encourage such efforts both within NASA centers and universi-
ties and through cooperative research between NASA centers and
universities.

AN INITIAL PROGRAM

The previous section described the scientific objectives for a re-
search program in biogpheric science. While all of these objectives
need to be accomplished eventually, they should be addressed in
an orderly, phased manner, with the fundamental quantitative
measurements (e.g., area extent, biomass density) being firat, Es-
tablishing a science of the bicsphere in a difficult task because
of the large number of complex and interacting systetas. Thus,
the basic measuzements in each of the main study areas nced to
be pursued together; i.e., a balanced approach to gathering the
basic data is the prime requirement. In order to advance this
subject from a phenomenological basis to a true science, emphasis
must also be placed on the concurrent development of theory and
modeling.

Thus, from the list of scientific objectives, th: committee has
excerpted an initizl program that should be the rst step in this
science. The elements of this program foliow:

L Theory
¢ Develop computer simulation models of the biospheric cy-

0L o

cles of C, N, S, P as a function of the state of the biota, climate

dynamics, interactions among these cycles.

o Begin to develop models that use the fossil record, and
model five transitions in Earth history: (1) Archean-Anaerobic
biosphere, (2) transformation of the atmosphere from reducing to
oxidizing by phonosynthesis, and the appearance of 2erobiesis, (3)
Late Proterozoic transition from single to multicellular organisms,
(4) the colenization of the land, (5) Cretaceous-Tertiary transition,
(6) Pleistocene ice ages.

These models should focus on changes in biogeochemistiry as
a result of major changes in taxa.

II. Land :

e Mezsure total area covered and geographic distribution of
major biomes.

e Measure the rate of change of distribution of major biomes.

e Measure biomess density for each biome.



M
e Vegetation production (acnual): (1) Use leaf area index 2s
key variable relating vegetation rzdcctance to biomasa and biolog-

ical production. (2) Teat active microwave techniques to measure
biomass; eanopy moisture; soil moisture.

IIL. Fresh Waters and Wetlands

o For the 20 largest rivers, determine annual rate of transport
of C, N, S, P from land to oceans.

e Dctermine area covered and geographic distribution of
coastal wetlanda.

¢ Determine production of greznhouse gases from wetlands
(methane and carbon dioxide).

IV, Oceans

e Determine carhon fixation in coastal upwelling and conti-
-nental shelf areas (annually).

e Determine carbon fixation in central ocean (annually).

e Determrine deposition rate of organic carbon en continental
shelf.

V. Remote Sensing

e Maintain the continuity of advanced Earth remote satellite
sensor data.

e Maintain—this is imperativ e—the thematic mapper sensor
in orbit for the next decade.

e Develop calibrated censors capable of high spectral resolu-
tion measurements in the 0.4- to 2.5-um region.

e Develop calibrated, active microwave sensors at wave-
lengths from millimeters to 1 m.

e Develop sensors to detect emissive infrared wavelengths in
the 2- to 5.5-um and 10- to 12-um ranges.

e Conduct fundamental research on extracting quantitative
information about the biosphere from remotely sensed data.

VI. Data Management

e Develop data systems to integrate information from exist-
ing sensors (on biophysical properties of vegetation, soils, water,
and so on) that operate in many regions of the clectromagnetic
spectrum.

e Improve techniques to register different sensors in different
orbits to one enother and to & ground geozraphical coordinate
system.
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e Obtain funds to increase the processing and dissemination
of thematic mapper data for the scientific community.
e Develop distributed data-bace systems.

SOME SPECIFIC EXAMPLES

While it i3 not the purpose of this report to specify an implemen-
tation strategy for this ecience, the committee presents here scome

" illustrations of how investigations might be conducted that would

lead to a progressive understanding of elements of the biosphere.
Consider, for example, the most studied and best known of the
biogeochemial cycles—the carbon cycle.

A current major issue it the “missing carbon problem.® An
estimated 5.67 billion metric tons of zarbon are released each year
from the burning of fossil fuels. However, only 3.07 of this increase
is found in the atmosphere. The rest must either go into the ocean
and its sediments, or into land biota. A first hypothesis is that the
missing carbon must be taken up by land vegetation. The argu-
ment in this case is that increasing carbon dioxide concentration
increases vegetation growth rate and, therefore, should increase
the rate of uptake by land vegetation. A second hypothesis is that
the rate of loss of biologically stered carbon in land vegetation
through human land clearing excezds the increase due to the fer-
tilization effect of an increased carbon dioxide concentration in the
atmosphere. Following from this hypothesis, the land vegetation
would be a source of carbon to the atmosphere, rather than a sink.
At this time, information at hand does not zllow us to resolve this
issue. We do not even know the direction of change of stored car-
bon in land vegetation. Figure 1.1 illustrates our understanding
of the global carbon cycle.

There are many reviews of the global carbon cycle, and these
include estimates of the total biomass or carbon storage in the
major land vegetation types. These estimates are qualitative gen-
eralizations based on few measurements and many assumptions.
Furthermore, some of the estimates are not independent; they
depend on previous estimates and use the same literature values.

Two methods have been used to estimate biomass and - ~odue-
tivity. In the first method, biomass and productivity per unit area
for major vegetation types are multiplied by the total estimated
land arca occupied by each type. Global estimates derived in this
manncr vary greatly. Estimates of total terrestrial plant biomass
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FIGURE 1.1a Global carbon cycle—classical view.

range between 450 x 10'® g C and 1000 x 10'5 g C, a difference of
more than twofold. Without remote sensing, the cxtremely poor
data available now for both arez] extent and per unit area mea-
sures of biom=zss and nei primary production limit our ability to
improve these cstimates.

The gecond method is based on the correlation between bio-
mass or biological preductivity and climatic indices, such as tem-
perature and precipitation, or temperature and evapotranspira-
tion. Maps of average climatic ccnditions are then used to gen-
erate maps of biomass and productivity. Such estimates are also
limited by the small number of data available as a basis, by the
lack of a means to estimate statistical variation, and by the fact
that the result is a map of potential productivity, or potential
biomass assuming a fixed state of vegetation on the land surface,
and not a map of actual preductivity or actuzl biomass,

Three sources of crror are important in the existing estimates.
First, field studies often have large errors associated with them and
may misrepresent true values of biomass and productivity. Second,
averzge velues for biomass and productivity may be incorrect. A
tremendous local variability in biomass and productivity, coupled
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FIGURE 1.1b Global carbon cycls—biosphere view.

with a spotty geographic distribution cf field studies, niakes the
determination of biome averages very difficult. Third, the areal
extent of biomes has been a rather subjective determination, with
boundaries betwez:n biomes set arbitrarily. Moreover, forest clear-
ing, desertification, urbanization, and other changes have altered
the areal coverage of biomes faster than international statistics
and land use maps can be updated. The limitations affect both of
the first two methods.

These sources of error zre well illustrated by past cstimates
of the total arca and biomass of the boreal forest. This is one of
the world’s mzjor biomes. Some estimates suggest that the boreal
forest makes up approximately one-sixth of the total live organic
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TABLE 1.1 Recent Global Estimates {Averages and Ranges) of Net
Primary Productivity and Biomass of Borezl Foresta

Arga. 2 . Productivity, Biomass,
10" km tons/hafyr tons/ha
Lieth (1075) 12 85 (200-500)
(3-12)
Whittaker and Likens 12 8 200
(1975) (4-20) {60-400)
Rodin et al. (1975) 33 65 . 190
(4-10) * (80-370)
Ajtay et al. (1979) ] ’ 3 245
SOURCES:

Ajtay, G.L., P. Ketner, and P. Duviznead. 1979, Terrestrial primary
production and phytomzses, pp. 120-1381 in B. Bolin, E.T. Degena,

S. Kempe, end P. I{etner (ecs), The Global Carbon Cycle. Scope
13. John Wiley aad Sons, New York.

Lieth, H. 1975, Primsry productivity of the majer vegetation units
of the world, pp. 208-215 in H. Listh end R.H. Whittaker (eds),

Primsry Productivity of the Bicsphere. Springer-Verlag, New
York.

Rodin, L.E., N.I. Batilevich, and N.N. Rozov. 1375, Productivity of
the world's main ecciyclems, pp. 13-23 in D.E. Reichle, J.F.
Franklin, and D.W. Gocdsll (eds), Productivity of Werld
Ecosyzterns. National Academy of Sciences, Washington, D.C.

Whittaker, RH,, and G.E. Likens. 1975, The biosphere and man, in
H. Lieth end R.I{. Whittaker (eds}, Primary Productivity of the
Bicephere. Springer-Verlag, New York.

carbon storage {Table 1.1). Ecsentizlly all but the most recent
estimates of the biomass and productivity per unit land area of
boreal forests in North America are based on studies conducted at
just two sites, in New Brunswick and Quebec provinces of Canada.
Current estimates of biological productivity for the boreal forests
of the world have been calculated by multiplying these values on
a unit land area basis by estimates of total land area covered
by boreal forests. Estimates of the land area covered by major
vegetation types vary from 9 to 23 x 10° km? {Table 1.1}.

As with the boreal forest, information used to calculate com-
ponents of the global carbon cycle derive ultimately from the
compilation of intensive studies of single ecosystems.
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In order to resolve the question of the “missing” carbon, we
need to improve the measurcments of biomass and its rate of
change a3 & besia for develeping models of the global carbon cycle.
Realistic models, which adequately represent the complexity of
the biosphere, must thea be developed eo that useful predictions
of the changes in the carbon cycle can be made. Firat-geueration
global carbon models were £o highly aggregated that all carbon in
terrestrial vegetation was represented as one compartment.

The committee suggests deve!opmcnt of global carbon models
that are driven by a satellite data base, Key capabilitica developed
in the remote sensing community make this potentiz! nttainable
if satellite data are used to drive ecosystem-level models designed
to accept satellite inputs. Figure 1.2 illustrates the esnsors, data
streams, and modeling required for such a venture. The commit-
tee suggests coupling satellite-derived measurements of vegetation
structure (LA, biomass) with satellite.measurements of surface
climate (albedo, temperature, soil moisture). When these data
are combined with satellite definitions of the areal extent of each
biome, mechenistic models of key energy and mass exchange pro-
cesses oithe vegetation could be defined. Land-atmosphere ex-
changea of carben, water, end energy cculd be calculated directly
and inferences to M, P, and S exchange made. At an ecosystem
level, net primary production (NPP), zccumulated living biomass,
and dﬂtntus could be calculated.

A program could establish test sites in biomes oxhlbltmg major
differences in componeuts of the carbon cycle. Examples of sites
within terrestrizl biomes for such studies might be the following:

1. Boreal forests whose geographic extent is large.

2. Coniferous forests acroes climatically steep gradients such
as the Pacific Northwest where LAIz of 1 to 15 are documented
with similar range in NPP.

3. Transition zones between short and tall grass prairies as in
the Konza prairies of North America,

4. Agricultural areas where geasonal productmty is accu-
rately measured.

5. Desert and tundra where extreme climate reduces carbon
cycling to near zero.

6. Tropical forests with high carbon, energy, and water cy-
cling rates.

* .
S
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FIGURE 1.2 Exampls: Remote seasing for global carbon modelizg.

In a similar manner, the dynamics of primeary production
in the oceans could be anslyzed. Satellite-based mezsurement of
occan surfece temperatures and a greenncss index have been devel-
oped that correlate well with measured primary production rates.
Large-scale mapping of these variables could provide a dynamic
and spatially accurate meesure of ocean productivity. Addition-

_ally, ocean surface hydrologic and energy budget calculations could

be overlayed on this map.

The approach suggested in Figure 1.2 has several key advan-
tages over current capabilities. It pravides near-real-time measure-
ment of land disturbance frequencies and changing metecorological
conditions. It tlso provides direct verifizble measurement of ex-
isting vegetation and surface conditions over large terrestrial and
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oceeznic areas, rather than point eamples extrapolsted to unmea~
sured locations. While this example illustrates the cdvences that
could be made in global carbon eycling, the committee cees cim-
ilar advances in other fields, such as bioseochemistry of nitregen,
phosphorus, and sulfur. The common denominator that the com-
mittee advocates is a new synthesis of remote sensing, ecological
modeliug, and quantitative ecosystem analysis.

PR AR WY Wy P, Y




e R e

e mtgrens g e e . ——

R

2.
INTRODUCTION TO
PLANETARY BIOLOGY

This report addreszes the development of the study of the bio-
sphere, which is the entire planetary system that includes, sus-

tains, and is influenced by life. This science offers new scientific

challenges of great intrinsic interest and forms a necessary base for
many practical issues. Life affects the Earth’s atmospkhere, cceans,
and solid surfaces; it does not adzpt naasively to the physical and
chemicel constraints impozed by the surfece of the planet. We
now know that life has greatly altered the planet on a globzl zczle:
the Ezrth has far more oxygen and far less carbon dioxide in its
atmosphere than other terrestrisl planets; the formation of many
sedimentary rocks cen be attributcd to organisms. A central issue

" of a science of the biosphere is the extent to which the surfzce,

atmosphere, and hydresphere result from bioclogical rather than
abiotic processes. Understanding the role of lifc. as a planetzry
phenomenon includes knowing the extent to which life can modify
a planetary surface.

A science that choocses the globe as its fundamental unit faces
extraordinary scientific difficulties. The kinds of questions that can
be asked about dynamies at thislevel are not immediately obvious.
Nor is it clear how to formulate theories or experiments for a
system of this size—corcidering biological systems on a planetary
scale is new and ccientifically very exciting, but initially we lack
appropriate paradigms.

Space science and technology can greatly accelerate our under-
standing of global biological processes by providing observations

22
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of spatizlly distributed snd large-scele processza. Once relation-
shipa between processes on the ground ond quantities that can
be sensad from space are firmly establiched, aireraft and satellite
observztions cen extend our knowledge of local and regional sites
to globel informastion.

In this report, the committee summarizes the current state
of knowladge of ths biosphere and discusses how the ecience may
be advanced by the application of remote zensing technology, de-
velopment of new ground-based sensors, techniques for manzging
large data sets, and the development of eppropriste theory.

WHY STUDY THE BIOSPHERE?
BASIC PRINCIPLES OF GLOBAL ECOLOGY

The biosphere (an older use of the term “biosphere® wes the total
amount of living organic matter on the Earth; in this document
“total biomass” has this meaning) is the entire planctary system
that contains and supports life. It includes zll of the biota and
those portions of the atmospherc, oceans, end sediments that are
in active interchange with the biota. The biozphere extends from
the depths of the oceans to the summits of mountairs and into the
atmesphere.

A system that can support life over long time periods must
have two characteristics: a flux of energy, and the flux and cy-
cling of all the chemical elements required for life. The chemical
elements must be available in appropriate chemical form, at ad-
equate rates, and in appropriate amounts and ratics to ensure
growth and reproduction of organisms. The Earth’s biota includes
an estimated 3 to 10 million species. These exist zs sets of spa-
tially distributed, interacting populations. Each pcpulation hasits
own growth characteristics and, typically, a temporally changing
requirement for chemical elements, compounds, and particulates.
Thus, the ecological and physiological mechanizma that control
the flux of elements at appropriate rates and times are complex.
A local set cf interecting populations is an ecological commu-
nity. A community and its local nonbiological envircnment is an
ecosystem. An ecosystem is the smallest unit that hes the char-
acteristics necessary to suctcin life. The biota are organized into
geographicelly distributed classes called biomes, whizh are types
of ecosystemas. L
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The retes at which criticel chemical elernenta must be cycled to
support life zre far more rapid than moat geologic processes. Yet,
the extent to which ecolozical systems can control the exchange of
gases with the atmespbers, ioas with the hydrozphere, and eolid
particulates with both atmosphere and hydrosphere is largely un-
known. To identify the procecses that ceatrol the compesition
of the atmesphere and hydreaphere, we have to understand ex-
change processes between ecosystems end abiotic global reservoirs
of major compcenents of the bicsphere.

The finxes of elements into and out of £olid and liquid phases
represent proceszes of great significance for biological survival. In

turn, biological procceszes cffeet the chemistry of these elements.

in both sedimentary end rquatie environments. For example, the
concentrations of disrolved trace metals, inorzanic phosphorus,
silica, nitrate, and cerbonate in seawster and ocean basins are
known to be strongly affiected by marine biota. Living things
mediate the depozition of almost all limestone today. Among the
minerals of major interest with respect to their interaction with the
biota are specific mineral phases of carbonates, sulfides, silicates,
phosphates, iron, and manganess oxides. The extent to which
these minerals are uniquely produced by living cells at moderate
temperatures and pressures is not {ully known.

THE NATURE OF LARGE-SCALE
BIOLOGICAL SYSTEMS AND
THE INFLUENCE ON THE EARTH

The study of the biosphere requires a new scientific diszipline
and a new, highly interdisciplinary perspective. This assertion
" can be supported by the following argument: the simplest, null
hypothesis, which we wil} refer to 23 the “life as a peculiar form
of ice” hypothesis, states that the occurrence of biotic systems
can be predicted simply from a few physical measurements. If
this were true, no knowledge of biclogy would be required to
predict the effects of climatic change on the biots, except statistical
correlations between present distributions of life forms and the
present average climate. Such a model cannot be sustained for
two reasons. The first is & consequence of evolution; the second of
ecology.

First, it hes been clear since the development of evolution-
ary biology in the mid-nineteenth century that the distribution
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of species is determined by evolutionary as well e3 environmental
factors. Second, although this ia lezs well known, biotic systems
have time lags, positive and negative feedbzck, and other charze-
teristics that lead ¢o their ability to slter the environment, and to
affect their own subzequent states.

HOW LIFE ATFECTS THE ENVIRONMENT

Life has major effects on the biosphere. For example, coms have

suggested that human laed clearing has changed the climate; that

humen land <learing hes increzsed the surface albedo of the Earth

- by 0.85, which v-ould be sufficient to ccol the Earth’s surface tem-

peraiure by 1 or 2°C end sccount {or the temporature difference
between the pressnt ead the “climeatic warming” of approximately
4000 yeers ago.

) What is requiced to support this hypothesia? First of all, we
must have en cccurate measure of the emissivity and reflectivity
and other components of the energy budget of natural vegetation.
Second, w2 muct have & wey of making o reaconable estimate of the
serial extent of major vegetation types today and et the stert of
land clearing. Third, we must have reasonebly accuraie etinrates

of the cctual land clearing, _ o

We leck this information. While this information can and has
been collected accurately at gpecific study sites, we lack the capa-
bility of extrapolating the results to rogionel or larger areas. Once
we had this information, we would then have to st it within an
integrated biozphere context, in which the relative importance of
other factors could be evaluated, such &s the effect of a regicnal
change in tlbedo en global climate; the effect of the regional change
in vegetation cover, seasonal and annual flux of carbon, nitrogen,
phosphorus, and sulfur; the effect of the fluxes on the atmosphere
(via greenhouse effects of carbon dioxide) 2nd on occan produc-
tivity, via the transport of nutrients from the previously forested
regions via rivers to the oceans. Thus, we see that this conjecture
requires an under-.anding of biological, oceznographic, geological,
and atmospheric characteristics, and the coupling among therm.

A planetary perspective suggests that organisms can have ef-
fects on the bicephere out of proportion to their mass or relative
abundance. For exzmiple, diatoms are now a major factor in the
flux cf earbon from the atmosphere to ocean sediments. Diatcms

" are abundant along the continental shelf and can grow extremely

e P N Bt n b e ¢ e 8 2 b i S kR AT S W T L P

. o Y A B B b o 2 o R LS 5 e TN 8 A s

e e



g

28

rapidly: a populatior of distoms can double in four hours. Di-
atoms ere particularly important in the burial of carbon because,
with siliceous shells, they sink readily in contrast to other forms
of phytoplankton.

The evolution of diatoms demonstrates that biological innova-
tion has influenced biogeochemical eycles. Other major biclogical
innovations that have had major biogeochemical significance in-
clude the origin of photosynthesis, the origin of higher plants and

.animals cn land, &s well as the orizin of human beings.

The quantitative importency of some biological innovations
can be exzmined by uzing modern anslogs to simpler/primitive
conditions. For example, hyperseline lakes, such a3 Mono Lake,
California, provide a modern enalog to som2 early environments,
In such syztems, one can ask questions such as, How does the
recycling of nitrogen change if nitrification and excretion by higher
animals are excluded from the ecosyztem?

Some bivmes play unique roles in the biosphere. For exam-
ple, salt marshes znd other areas rich in anaerobic sediments may
be a major source of reduced compounds, such as hydrogen sul-
fide and molecular nitrogen. A significant change in the area of

these systems cculd slter atmozpheric concenirations of methane

and cheage the Earth’s surfece temperature. A pericd in the
Earth’s history characterized by a much larger area in shallow
seas and bays and therefore with much mer2 marshland might
be significantly warmer than the present Esarth, cther things be-
ing equal. The area of the Eearth’s surfece in shallow geas and
bays hzsa changed significantly. During the glezizl mexims of the
Pleistocen=, most of what i3 novws the continental shelf wes cither
exposed land or shallow gezs. Thus, one can speculate that at the
glacial maxima there were considerably larger areas of marshes,
and perhaps this was one factor leading to a warming of the Earth
and the initiation of an interglacial period.

What would be required to test this hypothesis? One would:
- first of all have to obtain a reasonably accurate estimate of the

current area of marshes, a reasonably accurate estimate of the
production of methane of these marshes, as well as of the other
sources of methane; and a measure of the effective albedo of szlt
marshes. In addition, one would need to cstimate the effective
albedo of the Earth at a glacial maxima, which would require im-
proved information on elbedo of the major biomes and an estimate
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of their areal extent during the glacial mexima. We do nct now
have sufficiently accurate information sbout any of thesa factors.
Some ecosystems have long time lags. For example, once
certain forests are estzblished, they may persist after climatic
conditions have changed to the point that the same kind of forest
could not regenerate in the same area.
Direct and indirect effects, the existence of ecological time

lags, the historical occurrence of biological innovations, and the

mutual causal connections between the biota and the environment
suggest that the influence of the biota on the biesphere is complex,
and life cannot be viewed at a planstary level z3 if it were a
“peculiar form of ice.” How then do we epproach the study of the
biosphere? First by considering the properties of ecosystems, a
basic unit of the bicsphere.

LIFE AS A HIERARCHICAL PHENOMENON

Life can be studied at a egeries of levels, all of which are inter-
connected, and two of which seem particularly significant: the
organismic level and the planetary level. In the past, most ecolo-
gists have concerned themselves with interactions among local sets
of organizmsa 2nd their local environment. From this perspective,
life is viewed a3 an organismic phenomenon in which individu-
als are aggregated into populations and populations (groups cf
individuzls of the same species) into communities (sets of inter-
acting populeticns). The population and community form preper
scientific objects for ecology.

Viewing life 23 a planetary phenomenon introduces a new eco-
logical perspective, which raiscs a family of new questions. Liv-

"ing things are seen as processors affecting atmospheric, geologic,

oceanic, and chemical properties. )

A hierarchical view of life yields important insights into plan-
etary ecological processes. Life responds to change over a large
range of time and space. The same local ecological system may
respond on five-minute time pulses of nutrient input in rainfall
and to a climatic change over thousands of years. To understand

. life requires a perspective that spans the entire range from or-

ganisms to bioephere and from minutes to eons. The time scales
of importance depend on the choice of apprepriate questions and
techniques.

o
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ECOLOGICAL STABILITY IN
ECOLOGICAL SYSTEMS

The need for a variety of scales becomes clear when one consid-
ers perturbations or episodic events in ecclogical systems. What
appears destructive at one level—for individual organiesms—may
be necessary for the persistence of an ccological community over
a longer time scale. Many natural systems have evolved so that
sudden perturbations, rather than being destructive, appear nec-
essary to maintain biological diversity. The continuing stability of
certain ecological systems, such as the grain producing grasslands,
is critical for the survival of human beings. Since we have no ad-
equate understanding what leads to stability of natural systems,
research is needed to identify and then collect the relevant data
from which a theory of the stability of ecosystems can be derived.

Ecosystem function is generally used to mean the sum of all
processes required to sustain life: biological productivity, chem-
ical cycling, and energy flow. The persistence through time of
ecosystem function implies some kind of stability, but the factors
determining stability are not known. -During the development of
ecology in the twentieth century, stability in ecological systems
has been defined and used in practice e anzlogous to stability of
mechanical systems. That is, an ecosystem has been assumed to
have a single equilibrium state, to which the ecosystem returns
following disturbances. An example is a conifer forest subject to
a forest fire, which then undergoes natural reforestaticn, suppos-
edly returning to the exactly same equilibrium conditions that
existed before the fire. This equilibrium state has generally been
considered to be the most desirable condition, as well 23 the most
likely to persist over time, and in that sense, an optimal condition.
This mechanical analogy has proved inadequate. In fact, there is
evidence that ecosysterns must fluctuate—that they must move
through a set of states—in order to persist over long time periods.
Other evidence suggests that ecosystems are not characterized by
a single optimal equilibrium condition, but by a series of relative
equilibria interrupted and maintained by periodic disturbances
(e.g., scasonal changes, fires, migrations, hurricanes). '

In addition to natural fluctuations, human civilization and
technnlogy has introduced an array of changes. Some of these
‘changes have transformed entire landscapes to new steady states,
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others have threatened to destroy irreversibly the regulatory mech-
znisms cssential for ecosystern persistence. The extent to which
productive ecosystems ere perturbable or even Jestructible by im-
ported propagules, such s fung=l spores, by climate changes, by
insect pests, or by removal of key species, is unpredictzble at
present. On the other hand, the environmental costs and long-
term effects of maintenance of the present stzbility of ecosystems
bty means of chemical control of disczses and pests are equally
unknown. Directional and irreverzible changes that threaten the
stability of ccosyztems are aleo coznected with human activity,
including deforestation, dezertification, end burdening the envi-
ronment with toxic substances such as industrial and municipal
wastes.

Viewing life as a hierarchiral phenomenon helps clarify a num-
ber of ecological issues. An ccosystem may be stable over a short-
time period of 10 or 100 years and return to some prior state
following perturbation. Concurrently, that ecosystem may be sub-
jected to long-term changes in climate to which it does not respond
in a stable fashion, but moves away from ita previcus stable state
and toward a new configuration. The biosphere requires a new
perspective that includes the pescibility of both local stability
and global instability. Viewing life as a planetary phenomenon
introduces new theoretical problems that must be addressed.

CRITICAL EPECIES

In the biosphere, some species are more important than others. A
species is important in the present context if its elimination would
cause significant changes in the ecological systems, of which it Is a
part. For example, some nitrogen-fixing algae in the central oceans
are key species. Only one or two species are known to fix nitrogen
in these regions. The extinction of one of these could have major
effects on the viability of other species and the biogeochemical
cycle in the open ocean. .

Other species are not critical because they are redundant in a
certain sense—other species can carry out the same chemical and
energy transformations. For example, when the chestnut tree was
eliminated from the mid-Atlantic forests by an iutroduced blight,
other tree species—red maple and certain oaks—merely increased
in abundance. The extent to which zay species is crucial—a key
species—remains an important question.
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Human activities during the past 200 years have greatly in-
creesed the rate of extinction of epecies. The role of threatened
species and the effecta cf their losses are not known; it is possi-
ble that threztened species are critically important to econystems
function and therefore must be protected. The sea otter is an
example of a threatened key species. Monitoring populations of

perticular species may therefore constitute a most sensitive indi-
cator of change of an ecosystem over time.

THE SPATIAL DISTRIBUTION OF
ECOLOGICAL FIOCESSLS

Little is known sbout variation within or between biomes, but
there is reason to believe that spatial heterogeneity is essential to
the stability of the biosphere. Heterogeneity may be important
at many different scales, ranging from microns (as in the anaer-
obic microsites for bacteria in zerobic environments) to many
hundreds of kilometers (as in forest boundaries). Sometimes eco-
logical boundaries are easily recognized becauss rate processes
change dramatically. The eccompanying Landsat scene of Mt.
Kilimanjaro shows five msjor types of ecosystems; cach at a dif-
ferent elevation band (Figure 2.1). Timberline boraal forests and
the edges of crater lakes have easily defined boundaries. Even in
cases where boundaries seern gradual or vague on the ground, such
as the evergreen coniferous forests of North America that berder
on agriculture and pasture lands or deciduous hardwood forests,
the border generally can be identified with precision to within a
kilometer or less from the air or from epace. Images using the Ad-
vanced Very High Resolution Radiometer (AVHRR) sensor show
these boundaries clearly (Figure 2.2). In other cases, for example,
the open ocean, the appropriate area to be taken as a functioning
ecosystem is unclear.

Another property of most ecosystems is the maintenance of a
large chemical potential difference between its zones: the oxygen-
producing and oxygen-utilizing acrobic zone, and the anoxic and
anaerobic zone. The trancitions between the anaerobic and aer-
obic zones are often at sediment-water interfrces or within the
sediment. Vertical stratifications with underlying anzerobic and
overlying acrobic zones is not only commen {e.g., in salt marshes,
lake sediments, and forest profiles), but probably required for
ccosystem sustenance. These sspects of ecosystem organization
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and chengea through time are poorly understood. No natural
ecosystem is entirely independent. of others: geses, ions, and par-
ticulates in suspension, propagules, and other matter transfer be-
tween ecosystems. :

The major routzs of interecosystem transfer have seldom been
made explicit. The fluxes of matter and energy between ecosys-
tems via the fluid phases, the atmosphere, and the hydrosphere
have been studied =nd described by atmospheric scientists, ocean-
ographers, and gecchemista with a vocabulary and in contexts dif-
ferent from thozs familiar to biologists. Similarly, the fluxes within
ecosystems have been ctudied by biologists with a vocabulary and
in contexts unfamifzar to other scientists.

The relative himportance of material exchange for the stability
of ecosystems is not linown., A general theoretical context for
material flux, evalzation of data, and prediction of future states
has never been developed. Without 2 balanced strategy for a
science of the biosphzre, any study of the particular effcct of some
portion of the Earth’s biota on the atmosphere znd climate, such

as human effccts on ozone end carbon dioxide, will almost certainly
fail. :

BIOGEOCHEMICAL CYCLES
During the past century, human activity has altered the physi-

cal and chemical cenditions of the planet—changing atmosphere, .

oceans, and landscenez on & global scale. The alteration of global
biogeachemical cycles by human activity has reached a critical
stage: states of individuzl cycles have begun to move outside their
historical ranges. Current concern over the intensification of acid
rain and the increase in atmospheric carbon dioxide illustrates the
urgency for developizg a science of the biosphere. Such a science
will need to consider global biogeochemical cycling.

The Major Biogeochemical Cycles

Biogeochemical cycles involve chemical elements that are taken
up and released by the biota. Twenty-four elements are required
by living things. There sre generelly divided into the macronu-
trients, required by zll fcims of life in large quantities, and the
micronutrients, requized by some forms of life or required in smell
quantities by all life forms. In addition to the elements required
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by crganisma, the biota aleo process elements that are toxic, such
as lead and mercury. :

The cyclizg of thesa elements in the biosphere is poorly known.
The fluxes batween mejor components of the biczphere are rarely
known to accuracies of lees than an order of magnitude. Fre-
quently, the factora that control the fluxes are unknown. The sizes

- of major storage “pools® are poorly kncwn. The level of knowl-

edge is insufficient to zssess the outcome of human alteration of
the biosphere, or to understand how the cycles are maintained in
a way that leads to the long-term persistance of life on Earth.

The carbon cycle is a good case in point. Because of its
central role in organic matter, and because of the concern with
the possible effects of an increase in carbon dioxide content in the
atmosphere cn climate, the carbon cycle is the best studied of all
biogeochemiczl cycles. Yet, in spite of decades of stedy, we still
do not know the fate of a large fraction of the carbon emitted into
the atmosphcre from the burning of fuels.

Early modzls of the global carbon cycle suggested that cb-
served atmospheric carbon dioxide buildup could only be explained
if the net flux of carbon was from the atmosphere to the land and
the land’s biota were a net sink for the zdded carbon dioxide.
Because laberatory experiments show thet plants grow faster in
air enhanced with carbon dioxide. some scieatists have argued
that the unaccounted-for carbon dioxide is fertilizing the growth
of woody vegetation and is being stored in the land. Other ecolo-
gists believe carbon dioxide does not Limit terrestrial plant growth
in most natural systems, and therefore would not incwezse veg-
ctation production or incrcasecarbon storage. In addition, it is
argued that the rate of deforestation would be sufficient to reverne
any trend tovsard net carbon storage on land. This controversy
remains unresolved. _

Uncertainty centers on the role of terrestrial ecosystems. Two
factors govern the level of carbon storage. First is the alteration of
the land cover, such as the conversion of forest lands to agriculture
or agricultural lands to desert, which results in a net relesse of
carbon dioxide to the atmosphere. Several anzlyses sugrest that
the net flux of carbon may be from altered land areas to the
atmosphere and the magnitude may be 20 to 50 percent of that
released through the combustion of fossil fuels.

The second factor governing the rate of carbon storzge is the
possible change in net biological productivity, especially due to
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human activities. The interection of several biogeochemical cycles
and betwecn theca cycles and climate may 2lso have important,
yet poorly understood, effects.

For example, coasider the interactions between carben and
nitrogen. In sddition to nd dng carbon diexide to the stmosphere,
the burning of foczil fuels relcezes lerge amounts of nitrogen oxides.
Some of this nitrogen becomes availsble to biota through precip-
itation. There is coms debate &3 to whether this cculd stxmulate
carbon fixation and carbon storage.

Wood harvests cen reduce the biotic storage not only of car-
bon but alco of nitrogen, phosphoerts, end other chemical elements.
Nitrogen is lost through hervest-zccelerated erosion, through den-
itrification (the conversion of orgenic nitrogen {o melecular nitro-
gen), and through export of inorganic nitrogen in streams draining
cutover areas.

The problems aszocisted with carbon-nitrogen interaction mayf
be important over long time scales. It has been estimated that ni-
trogen is lost from the ocean by denitrification et o rate of approxi-
mately 10'* g/yr, enough to deplete the oceanic nitrogen reservoir
(8 x 10'7 g) within 10* years. Nitrogen is added to the occan
through a combination of runof from land, input {from rzin, and
in situ biological fixation. It is of interest to document whether the
imbalarice is real, and if eo, to explain how the nitrozen content
of the ocean is replenmhcd One hypothesis is that erosion during
glzciation periodically might add significant nitrogea to the ocean
through transport of eoil and runoff.

Phosphorus is ecsential for growth, but is often unavailable
to the biota, and therefore can affect the carbon and nitrogen
cycle. Phosphorus is nonvolatile, and only minor amounts are
transported—as dust—through the atmosphere. Phosphorus oc-
curs in relatively insoluble forms that limit its availability to or-
gahisms in soils, rivers, and oceans.

Human activity has altered the availability of phosphorus.
The application of phosphorus fertilizer has increased its avail-

-ability in eome regions. Fire, either natural or as a mansgement

technique,may increase the evailability of phosphorus, since oxida-
tion of plant litter transforms organically bound phesphorus into
more aveilzble forms. Increcsed phosphorus can, in turn, increase
nitrogen evailability in eoils.

Sulfur is 2n essential nutrient for &ll organismis, and the study
of the sulfur cycle chould be part of the first decade of reszarch.
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Emissions of gaseous sulfur to the ztmoaphere from fossil fuel
combustion may be equzl to relezses from natural eystemas.

The study of biogeochemiczl cycles reises a number of ques-
tions:

e What is the present state of the major biogeochemical
cycles?
o What was their ctate prior to enthropogenic perturbations?

o V/hat are the perturbetions (enthropogeric cad natural)?

e What may be the future etete?
. o YYhat are the likely results f thes2 future states?
o What must be known to permit us to reversa or stabilize
trends if and when thiz becomes desireble?

The History of Ecosystem and Biosphere Rezearch

To date, only a small portion of the ecientific community has en-
gaged in ecosystem or bicsphere ressarch. The recognition that
life greatly influences the atmosphere, oceans, end colid surfzces
developed during the twentieth cantury. In the 19503, the im-
portance of the biota in maintaining the stmosphere far from a
thermodynamic stezdy state with the oceans and solid surfaces
was identified. Much of the motivation to study the biosphere
has come from & concern with the impact of industrial civilization
on the biosphere, especially with the effects of atomie bomb test-
ing, burning fessil fuels, and the worldwide apread of pollutants,
including #cid rain. In 1936, the first suggestion was made that
the difference betwecn nineteenth- and twentieth-century mea-

" surements of the carbon dioxide content of the atmosphere could
. be accounted for by the burning of fzssil fuel, thus stinmlating 2

debate that is still continuing over the fats of anthropogenically
produced carbon dioxide. Theoretical models of the carbon dicx-
ide cycle have always been central to this debate. Until recestly,
however, models of the biogeochemistry of carbon ignored the pos-
sibility of variations in atmospheric and ocean circulaticn, zo that
tke biogeuchemical models were uncoupled from models of atmo-
spheric circulation and ocean circulation, and mode!s of temporal
changes were uncoupled from models of epatial variation.

In the last two decades, the global impact of many activities
of technolozical civilization have stimulated intercst in the bio-
sphere, including the acid rain issue, the potential depletion of

sl
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atmogpheric ozone by various proceszes, end the worldwide spread
of chemnical znd radicactive toxins, such 2a DDT and fallout from
nuclezr explosiona. Since the mid-19703, there have been numerous
reports on the major biogecchemicel cycles. Although valueble,
these analyses have been limited by the lack of a sufficient funda-
mental understanding of the interactions among the elements of
the biosphere.

. Torer SN
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: . RESEARCH NEEDS

The Role of Remote Sensing

Ecological theory is today in its youth. Although progress has
been made, ecozystem models have been severely limited. Data
generally have besn obtzined sporadically and over heterogeneous
and often barely sccessible arcas. Thus, the data on which models
have been based are at best rudimentery, especially in regard to
large spatial scalea and spatial variation. Although much informa-
tion on local settings is often availchle, the data have rarely been
integrated into global models that achieve descriptioa zccurecy or
predictive reliz bxhty
. Remote ecnsing perrmts data to be obtained from locations
that cannot be studied in any other way for rezsons of inacces-
sibility, distance, prohibitive expence, and social unrest. Remote
sensing allows data to be obtained from points too numerous to be
studied by any existing ground methods, For cxar"ple, inferences
concerning soil moisture, acidity, salinity, end other conditions
can be mede from the nature of remotely sensed ground cover of
forests. Remote rensing also allows one to obtain measurements
of important transitory events, such as floods, fires, and flowering
and fruiting times. Such measursments often cannot be obtained
at all by ground-br...ed methods.

A most impressive and extensive study undertaken applying
remote sensing to land vegetation in the gresslands of the midre-
gion of the United States and ceveral other selected eites was the

: Large Ares Crop Inventory Experiment (LACIE). Only a single
i major species (wheat, Triticum aestivum) was censuzed and mon-
: itored through the eg2ason by Landsat, and other sttempts were
} mede to predict the amount of edible prudu:ts of its photosynthe-
sis, Both the powers and the limitations of the Landsat satellite
methods were revealed. The ability to obtain, relay, and process
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dzta ebout o dominent epecics quickly in o graselond ccosystem of
large ares end great cconomic impoertanes was demonsirated with-
out doubt, If the poweriul tools, tachriques, end expert personnel
of tha LACIE prezram were oppiied to basic ceisntific problems
of ecosyctem deseription, cur vederstanding of the role of natural
terrestrial ecocystema in the biocphera would edvence rapidly.
Prezznt etudizs of marins ecosystams rely pnmmly ca fixed
buoyn cr chipbozrd sampling to cupport the counting of orgen-
izms, mansurement of chlorophyll, nutrisnts, temperatures, and
other fectors, such a3 efects of water dsn::zby gradients, eddi=s,
and ctorms of importancae to ocesnic prodectivity. Oceznographic
vessela are enormouzly cooily in tirce and meney and clow in
sampling rate. Furthermore, they providz limited gamples, end
sampling schemes ere determined by the ehip’s courze. It often
is impozsible to czmple at the timz of mect interest, for example,
to study storm-related events of cignificance to plenkton distribu-
tion and fizherics rescarch. Often, the distribution of organizma
chancea at a rate that is cimilar to cr even fectar then thas of the
tampling perisd. Coverage by remote eznsing can help to solve
goms cf thess problema. Contizucus coverass over tims even fer
& restricted renge of festorn, ouch as chlozophyll weter tempera-

© ture, tad turbulence, will cllow examingtion of poorly underetood

phenomena.

The phytoplankton populations in large patches in the eouth-
ern oceans provide an example of the potential for remote sensing
to cbtain dats otherwise unobtainable. Messurementa of the die-
tribution, abundance, 2nd temporzal changes of the phytoplankton
patches by chips or fixed stationz have been expensive and in-
edequate. Eztimates of the znnual production of krill presumed
to relate directly to the quantity of phytoplankton suggest that
the krill populationa contain more edible protein than the total

- ceteh of the world’s commercial fisheriea. However, little is known

about their numbers, patch size, or how rapidly they change in
abundance. : '

The Need for Coordination of Data Sets

The scientific information 2lrezdy obtained, for example by LACIE
and by conventional eccsystem projects, is in need of coordination,
interpretation, end starndardization of urits of mezsurement. For
example, undersiznding water and organism transport is critical
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to tha recognition of equatic esesyestoms and dezexiption of their
preductivity. _

Thea detailed applications cf retnota esnsing to eccsystem enal-
yeis will require forther ctudy end the development of a set of
priocritizo, Thes2 prioritics must take into account the capabilities
of remote eensing in terms of tha extant, depth, end timing of the
sampling tnd the zoquisition of zn amount of data thet can be
preceszed effectively.

Satcllito remotoe censing permits for the 8rct time the gen-
eration of globally contirtent dala ects from which gpatial and
temporsl ccolegicnl information cen ba derived. In this form,
thess data cza be utilized for ecological modeling.

e e e



3.
PERSPECTIVES ON
THE BIOSPHERE

EISTORICAL PERSPECTIVES

Introduction

How the Earth hes developed and meintained the biospheric sys-
tem that differentiates it from 21l other bodies in the colar gystem
is one of the most intellzctually exciting questions imaginabie.
The biosphere and evolution influence each other. The study of
the biosphere offers a nevw perspective on evolution. For example,
the fossil record indicates thet the biozphere has been subject to
major occasional pertubations, come of which were the result of
biological evolution.

Table 3.1 lists a number of sources of biospheric perturbation.
Many of the events noted, especially the biological ones, are his-
torically unique, changing the bioaphere in a unidirectional way
that must have required adjustments in many components of the
system.

Processes controlling biogeochemical cycles have changed
through time. The history of these cycles must be taken into
account in explaining the global distributions of clements. An
obvious exzmple is the stores of fozsil fuel, most of which ac-
cumulated during the Paleozoic, A less obvious example is the
pool of nutrients in living biomass and its depletisn through the
conversion of forest to croplsnd. :

42
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TABLE 3.1 Caus:s of Blospheric Perturbations in Earth History

A. Biolozical innovetions pertusrbiog the biocsphere
1. Orisin A lifs
2. Orisin of photosynthesis -

8. Origin ¢f serobic photesyntberis

4. Origia of aerchiz raspiention

8. . Orizizs of cthzr biogoochemizally important metabolizms
6. Orizia of cukzryotic orpnaiems

7. Orgia of cxleiumecontaining chelsions

8. ° Origin end expaasicn of bioturbating organisms

9. The echonisation of land by pleuts end eaimals
10. Theevolution of englorpenms
11. The evolution of humnns

B. Abiotic perturbetions
1. Extratcrrestrial psrturbstions
a. Chenrzeain solar luminoslty
b. Impect on tae Eavth of such bedies as ssteroids
and comets
2. Crustsl changza . .
s Mejor tectonic change at thas Archean/Proteroscic
transition (the growth of larce continencs)
b.  Variation through tima in volizaiem
e. Plzta teetonic chences eltening continedtal
geogrzphics, topograpty, end ocean cisculation
8. Climsatic change, prinzipally glacictions
4. Sealcvel changes (reletzd to 2end 8)

All of the biogeochemical cycles were affected by the massive
changes in vegetztion and climate that occurred repeatedly dur-
ing the Quaternary period (the lzat 2 million years). It is now
believed that there were 18 glacial-interglacial cycles during the
Pleistocene. During ezch of the glacizl pheses, majer changes took
plzce in the pattern of oceen circulation, affecting the generation
of deep ocean water at high latitudes, the transfer of heat from the
equator to the poles, and the exchange rate of water Letween the
Pacific and Atlantic basins. New data indicate the carbon dioxide
concentration in the atmoszphere declined, perhaps by as much as
50 percent, perhapa because of increassd ccean mixing rates, al-
though other explanations involving the bicsphere have not been
ruled cut. Calculation of an overall cerbon budget, especially one
that includes the leg in equilibration of ocean and atmosphere,
must include glacial as well as interzlacial phases. '

A justification for the study of the pasct is the prediction of
the future. The climate is changing now, 2nd it may be possible to

“predict the trajectory of climatic changesin centuries to come, The
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reactions of physical and biotic proceszes to these future climatic
changes can be guesaed at from biotic responces to climatic events
in the past.

Blological Innovations

Biologiczal evolution haz changed the Earth: radicaliy new forms
of life and new eets of orgmisma that are capable of new chemiczal
reactions, inhabiting new regions, or feeding in new ways are in-
novations that have altered the biosphere. Thus, natural selection
must be considered within the coentext of global ecology.

Biolozical innovations that have affected bxogeochemxcal cy-
cles include the origin of life; the origin of photcaynthe=is and res-
piration; the origin of certain metebolizms, such as sulfate reduc-
tion, nitrogen fixation, and denitrification; the origin of calcium-
containing skeletone; the origin and expansion of bioturbzating or-
ganisms; the colonization of land by plants and animals; the origin
of angiosperms and of humans. The cvolutionary events may have
had effects on the biosphere similar in magnitude to abiotic per-
turbations, such 23 changea in eoler luminosity or collisions with
asteroids or comets; crustal changes, such as the growth of large
continents, plate tectonic changes, variations in voleanism, orbital
changes that affected solar inputa to different parts of the globe,
and associated changes in climate and sea level. Many of these
perturbations are historically unique, and changed the biosphere
in a unidirectional way.

What was the biosphere like prior te each event, and how (if
at all) was it different aiterward? Beginoning with a medel for
the present biosphere, one can subtrect components to arrive at
a retrospective prediction of bioapheric dynamics prior to a given
event. In this wey, it may be possible to strip away components of
the model until one arrives at a conceptualization of the bicsphere
of the primitive Earth. Such modeling can be constrained by
the geological record. More rigorously quantitative medels of the
biosphere will enable geclogists and geochemists to ask better
questions about the earlier Earth.

Early in ocur planet’s history, the foundations of the mod-
ern biosphere were estsblished through an intimately interrelated

_geries of changes in the physical and biological Eerth.
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A few examples illurirats the bistorical interrelaticnship of
the crust, ctmozphere, hydrasphere, znd biota. The first con-
cerns the influence of tectonics on the biota. Tectonic changes
zcrozs the Archean/Proterozoic tremsition involving the growth
of large continents resulied in maojor changes in the bioaphere.
Late Peoleozoic changes in continental configurations, oceznic cir-
culetion, and glaciatione cavsed the burizl of organic carbon as
cozl. The necond concerns the influence of the bicta on the atmo-
sphere. The biolozical production of oxygza led to an increzs2 in
atmozpheric oxygen concentration, and made asrobie respiration
poasible. This chenged the retes and efiiciency of organic produc-
tion end decomposition, cnd cat the stage both physiologically and
environmentally for the evolution of the cukaryotic cell,

These examples bring us ta another justifcstion for the study
of the pest: hicterical perturbations cften can be uced as major
biospheric experiments, in which cne factor influencing biogeo-
chemicsal cyclea is changed, thereby altering the system. These
changes provide us with information that can ba obtzined in no
other wey, either becausa the experiment is too messive, too ex-
pensive, or too dengerous to perform in the modern world, or
because the time zcele of the experiment oxcecds the time ecale of
human obzervatica, :

As a brief example, one can cite the evolution of oxygenic
phetosynthesis. The biological production of oxygen zltered geo-
chemical cycles by chonging the rates and sites of mineral weath-
ering and organic decomposition. Interestingly, there is little evi-
dence for o eignificant increase in the pactial preczure of oxygen in
the Earth’s atmosphere until severel hundred million years after
the first evidence of photosyntheszis. It msy well be that global
biclogicel productivity was limited at that tims to rates equal
to or below those of oxygen consumption for tectonic reasons.
The rapid growth and stabilization of continental crust at the
close of the Archean eon promated increased primary production.
This eppears to be, at least in part, a result of an increzse in
the area available for colonization by benthic blue-green bacteria
(Cyanobacteria), a concomitexnt increase in the rate of nutrient in-
flux from continental weathering into the oceans, and a significant
inercese in surface ocean nutrients supplied to the photic zone (the
upper 2one of the oceans where light is bright enough for photo-
synthesis) by upwelling. This example suggests that continental
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chenges causcd biclosical changes the! in turn altered the compo-
sition cf tke eimerphere. The coriirst records of ea exygen-rich
stmosphero coincide with the first cadimentary rocirs depesited on
the morgins of Iarzs continents.

Historical Reconstruction
‘The Pleistocene .

Studies of giobal bicgeschemicel eyclzs raise two important ques-
tions: are thess cycles ot cleady siste at present? Were they ot
steedy sicte prior to mejor enthrepogenic parturbatians? Car-
rently, the Ecrth i3 experisncing an interglecizl climate, typical
of chort (10,050 to 15,030 years) intzrvals that have returned at
approximately 160,600 yezr intervals threughout the lost 2 mil-
lion yeers. Tke remaining 60 percent of the time, the Farth wes
generally colder than teday. The typical condition in the recent
geological past wes thus very different from the glabel condition
now available for study. There are Izgs in the equilibration of
major rinks and sources for the major elements. This mears thet
some major components af the bissphere may not yet have reeched
equilibrium since the most recent glacial perturbation.

It hes been suggested that fiuves of phesphorous and fixed
nitrogen to the cecong wers apprecizbly higher during the glacial
maximum when eea lavel was lower end l2nd materizls were erod-
ing more ropidly. Incrcased nutrient cupplics to the ocean mey
have supported higher levels of marine biclogizal preductivity.
Net locses of nitregen from the ocean threugh denitrification that
are postulated from recent measuremsents may reprezent a diss-
quilibrium condition £3 the nitrogen pacl in the oc2an cocillates
between glactal and interglscia levels. -

On the land, lags in the responce of vegetztion to climate
change resulted in almest continuous fluxz in the species compo-
sition of vegetation communities throughout the Holozene, Even
major biomes, such ea temperate cone deciduous forests, may have
lagged behind climatic change, advancing alowly cnto deglaciated
territory limited to a smaller area by the slow speed at which
trees can disperes seed and become established in new habitats.
For example, American Chestnut trees did not reach their present

northern extent until about 2000 yezrs 250, although the appro-
priate climate for them hed existed for ¢t least 5020 years. This
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1aicz3 the possibility thes the productivity of terrestricl vegetation
duriag the firgt few millennis of the Helocene wes lower than the
maximum. Even lenger l2ga might occur in the secumulation of
organic metter in coils. Thess ehould also be taken into account
in coneider’ng the rate with which a cteady state can be achieved
within the bicsphere follcwing a mzjcr environment perturbsation.

More sccurats informatica ea ths reletionship of terrestrial
vegetation end terrestriel productivity and biomeszs to climate
will have particular application to studies of the distribution of
vegetztion during the glacial intervsls, Estimates of biomass and
productivity when vegetzation weas diffierently distributed from the
present are needzad to underctand the dictribution of earbon reser-
voirs during the glacicl ages and to explein the change in carbon
dioxide concentrations in the atmeosphere during the last glacial
period. )

We need more information on histerical changes in the carbon,
nitrogen, phospherus, and culfur cycles. For this purposs, eddi-
tionel attention ehould be given to chemical studics of ice cores,
particularly to detailed studies that provide informaticn on fluxes
of materials to the ice surface and thst date precirely the speed
with which changes in fluxes occurred. ' '

Additional etudies of marine cores should be underteken to
study the trensfer of materials from the continents to the ocean,

-especially the trensfer to the chelf and from the shelf to the conti-

nental slope. A concentrated effort should be made to reconstruct
the envircnmant on the exposed shelv 2z during the glacial maxi-
mum. Estimates of productivity in the oceans during the glacial
periods are ezasntial. Theze should be compared with estimates
of land productivity, baced on impreved maps of land vegststion
during the glacial period. The latter should be based on increased
numbers of studies of plant fozsils, especizlly pollen, in zediments.
An effort should be made to obtain greater numbers of 'ong eedi-
mentary sequences that extend through the lect glacial period to
the preceding interglecial. Exploration for glacial-age sediments
should be expanded, with particular attention to the tropics and
to continental areas that are largely unexplored, such as South
America and Asia.

Research to date has focused on the Helocene (last 10,600
years) and on the last glacial maximurm (18,000 to 20,000 ycars).
These time intervals represent extreme conditions of minimum
and maximum ice volume, but together they make up only 12
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" percont of the lest gledct-interpledicl cyele. During o mmch longer
intervel in the eorly Wirconsin, glaciztion wes intermediate, with
ozcillating cea Iavel end glacier veluma. Althongh ths evidenco ia
fragreatary, long cores from eontizentel eveans ruggest very repid
changes in vegetetion distributisn, and ctudica cf marine cores and
raized corel tesrases have cimilerly cuggosted rapid chunges inice
volums. A hizh priosily chould be givea to increesed understond-
ing of biogescherrionl Suxca, climatis chanpes, and the intorrelsted
chanzes in lend exd marine biote during the carly Wiscopein.

Fer much cf ths tims during ths Quaternary period, condi-
tions wrere cutxids our rengs of expericnce, based es it is on the
Holoccns., To vederstend climetic conditions, gleciztion, ozasn’”
circulstion patterns, snd bicgeschomice! events, models may be
the only practicsl cpproach. Improved mathematicel mudelaof the
atmosphere and ocean, which take biogeochemical fluxes and feed-
back cffects into eecount, are needed to reconstruct the changes
that occurred during the Pleistocens and to relate them to present
biogeochemical conditiona. :

The Creiaceous

On a longer time penls, the Cretzccous period (sbout 100 million
yeers sgo—Tuble 3.2) hza been an interval of great intercat to
geologists ond paleontologists becanse of its swerm climate (char-
zcterized hy unusually low Iatitudins! temparature gradients), pe-
riodically 2noxic oceen bottoms (tha cource of much of the world’s
petroleum), oregenic cetivity, and distinctive biota. The Creta-
ceous is o period for which much paleogeogrephie, paleocecclogical,
and prlcoclimatological information exists. It i3 olzo a period
whoze known history posas numerous biological znd ecological
problems and whoze solutions mey best be approached by mod-
eling aspects of the Creteceous biozphere. An iaterdisciplinary
working group {perhaps modelsd on the Precambrian Peleobio-
logicel Research Group) chould be formed to synthesize relevant,
geologiczl, ecologicel, and climatic information into a ccherent
picture of a pzst biosphere. Another time interval of interest is
the Iate Eocene epoch {approximately 50 million yeara ego}, which
might be 2n ezaier biosphere to recornstruct. Its climate wes o3
werm 25 the Cretaccous, but its biota appear more similar to
thoae of the present than to thozs of the Cretacesus.
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TADLE 3.2 Gaclogic Tims Sesls

Aprroximate Age
anin Liillicns
cf Years Pericd
Fra (RsSioactivity) (Syctem)
Recent (Holocene)
2 Pleistocenas
] .
: b1
Cenosoic : 3 Texticry
£3
cs
Cretocecus
188
Mesosole : Jurassic
181 Trisesis
220-230 Permizn
Paleoroic 250 Pennsylvanian
S45 Micsicaippian
403 Devonian
425 . Silurien
oy Qrdovizian
Protarozolc €70-600 Cambrian
¢33 - Vendizn
©00 Riph=an
_ 1300 )
Eerly Proterozcic 2000 OXYGENIC CRISES
2809 Clrauaatolites
Archern 3300 Bzrlicas dutotrophs
3500 Oldest terrestrial
Hadean 2030 rocks

If we could generate models for both the Eocene and the Cre-
taceous bicephercs, we could attempt to make the system evolve
from one to the other, and thereby examine the }ong-term bio-

geochemical consequences of the Cretaceous-Tertiary boundary
extinctions.

The Late Proterozoic

It i3 important to examine the early developmental history of the
biosphere, one order of magnitude further back in time. The late
Proterozoic era (epecifically the zo-celled Sturtian or late Riphean
period, epproximately 700 to £C0 million years ago) constitutes
an excellent focus for biocapheric research becauce it represents
the Earth just prior ‘o the development of multicellular plents
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and enimals. It is o pericd for which & great deal of geolegi-
cal, geophyzieal, end goockemicel detn exizt. Phosphorites have
aa unucually wide distribution in ecdimentery rocks of this age,
end planktanie microfossils record 2 drametic redistion among
tha eukeryotic phytoplankton., We bave cxtensive knowledgs of
both plenktonic and benthiz rricrobiz]l comnmnitica from this po-
riod, and theze bistes have good enclosn in resiricted zrexs of
the present Earth. In chort, the Lats Proierozcic record offers
us our best oppeortunily to urderstend o Precombrian bicaphere.
Agzin, a working group of geologints, paleontologists, geochemists,
phytoplankton cnd microbial ecologists, and theorists should be
conatituted to examine this most interesting and evolutionerily
significent period.

The Archean Eon

The earliest availuble record of bicsphere development is contained
in rocks of the Archean con (3200 to 2500 million years zgo (Ma)).
It was during this period that the znzerobic metzbolism fundamen-
tal to modern geochemicel cyclea evolved. Much cf the available
data on the Archean Eerth have recently been synthesized by the
Precambrian Peleobiological Working Group, but it ia clear that
this preliminary understanding could be tremendously sugmented

and refined by increased ezological rezearch on modern anaerobic

envircnments coupled with a theoretical, modeling approach to
present and past biozpheres advocated in this document. Inquiries
into the natures of Archean and late Proterozoic biospheres pro-
vide o direct connection to NASA’s existing program in exobiclogy.

In summary, the view of Ezrth history as a geries of global
experiments run through tims has the potential to contribute
significantly to our understanding of both the present bioaphere
2nd the paths by which it came to its present ctate. Consideration
of the Earth’s pest should be incorporated &s an integrel part of
any research effort in global ecology.

THEORY AND GLOBAL BIOLOGY

~ Global biogeochemistry cycles involve systems of enormous com-

plexity. Given only chemical and physzical constraints, one can
imagine life persisting on rather small and simple scales. One
can imagine & living system containing only two species in which
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individuals of ons convert radiant enexgy to chemieal enerpy and
aemell compounds to macromslesules required for growth, while
individuals of the other would transform theze large molecules
to small recyclebls compounds. Hewever, the bicsphere includes
between 3 and 10 million specics, and most ecosystems include
thoucands to tens of thovsands of spegies. Furthermere, these
epeciea differ greptly with respzct to their mechenizms for trans-
forming food zad crmergy, 2s well ea their ehbundencs, individual
size, life cycls charzcteristics, and the enccificity and cubtletics of
theoir interactions. Species cre distributcd 2a complax interacting
communities ehowing siriking eratial beterogencitiza at totles from
micrens to hundreda of kilomstera. In eddition, ecolozical com-
munitica ehow temparel belerogensities involving changes ¢ time
intervals that renge from minutes to theusends of yezrs. A gystem
of such complexity can only ba studizd through tha intermadisry
of mathemastical models.

. Thus far, the mest advanced work in modeling biogeochemicel
cycles has dealt with the cerbon cycle. These models have tended
to be aggregated into comparztively emall numbers of global-ecale,
well-mixed reservcirs with frat-order kinetics and no interaction
among chemicel elements.

The immcdicte need is for conceptuzlly elear mndels of the

- global cycles that include en initial £tnte, perturbations, and the

effects of clemental intersctions on the cyclea. This should be

- follcwed by the develepment of a collecticn of modsls that range

from one b=sed on mecheanisms of elementeal interaction to large-
scale spatial distribution and temgperal dynamics of biomes. These
models should be uced to test our understanding of the sensitivity
of the bicaphere to varicus alteretiona and to explore theories of
how the biosphere functions on both a large and a smell ecale.

Thus, an adequate approach to a theery of a global cycle will
require globelly aggrezated models, globally disaggregated models,
and mechanistic medels.

Development of globelly disaggresated maodels, even with only
simple causelities, will be peced by the continued development
of new data. More z3gregated models could begin immediately,
though the inclucion of vomplex causality will be paced by ex-
panding understanding of the processes involved. ‘

T
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Slmpla Cauzslitiza

The simplest cless of modela involves elemzat sbundences (bud-
gets) that are etatic (i.c., in a eteady state). Such models exe useful
in developing tho megnituds of biogeochemicsl cycles of compo-
nents ond the pathways connecting them. Not aven thos=s eimple
models can be mads cecurcto and realistic at prezont cinee there
zre numercus major uncorteintics in the budgeta of il clements. -
Such etntic budgeis canne’ deceribe transiznt rezpopees to perture
bations. Thus, rmore corznlex models will be required, prebably
involving nonlincar proccozes.

Models that mcc'z,\,ratc cpatizl pztterns chould be used to
capture diflerences in rates and effects ¢f perturbations on differ-
ent parts of the biczphers, Forinetence, diforent systems havo had -
different hicterica and the respones of land ecesyztems to distur-
bances, such a3 forcst clearing or acid rain, will vary mgmﬁcantly
among different types of cescystzma.

Initizally, the pregram chould focus upoa cheage rather then an
inventary. I4 chould be exsize to menvure arons undergoing change
then to inventory ths entirs stock of the Earth’s vegotation. Such
global inventories will ba necessery, hewever, for loter models that

- wrill consider diszquilibrium dynemics and deal with totel {not

simple net) fluxes,

" Linkad Cauvazlitics

Theoreticel advances in plazstery biclogy require the modeling
of linked global cycles. Global bicgeochemistry involves s large
number of interrelated procezzes. Such highly interconnected net-
works exhibit cystem properties thet cannct be predicted from a
knowledge of eubsystem dynamice. Therclore, globzl studies will
require cystem models to integrate the findings of more specific
investigations.

The present state of cur understanding delineates the major
spatinl compertments that must be considered and soms informe-
tion cn the flux pathweye and retes. We cra elso divide bicphysical
procezses into oxidation-reducticn reactions within the compart-
ments end transpert between compertments. Soms proceszes, such
X pno.caynfhnsxs are not poznible without the direct porticipation
of living o‘g:ml..ms Other zre kinetically limited unlees catelyzed
by organisma.
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Peclttve Feedback ka
Glohzl Biogeothemistry

Unlike the pezrzpective we guin when we view life 23 & collection
of organisms, the globel peropective reveals the bicsphere es a
complex, hicrarchical systiem composzd of many pezitive feedback
loops with constraints formzd by interrelated biogeochemical cy-
cles. This percpective introduccs new and cxciting theoretical
problems that omast bs solved before we will understand life on
this planet.

At the globzl eenls, the "envireament” is ceastantly changing
on long time ccales, and biotic eystems tre continuously moving
awzy from previcus ststes and toward new states appropriate to
the changing conditions. Once initiated, these procesces tend to

9 A VR fE LT

move the biozphere unidirectionally towerd new states. Since, over

geological tims, the consireints change and the ecclogical system
moves to new ststes, the biccphere s2ems to be lecs a stable,
negative feedback systera and more a pozitive feedback system.

In contrast to this perapective forced on us by a global point
of view, ecolozical theory has ecsumed thet the bictic cystems at
Iocal ceales are steble entities that resict or react to changesin a
relatively constent environment. Thus, attention hes focused on
controls thet permitted the sysiem to returz ic ifs initizl state
following perturbaticn.

Current concepts of the origin of life are cunsistent with this
perception of the bioaphere. Early living {forms produced cxygen,
changing the atmosphere from reducing to oxideting, and prevent-
ing the de novo production of further living forms. A constraint
on the system wzs changed, end it moved to a pew g2t of operating
states. : '

There zre numerous examples of positive feedback loops at

the global level. As a glacier advances, the enow znd ice surfzce -

changes the zlbedo, further cooling the atmosphere end encourag-
ing advance of the ice. The zame i3 true cf erosion cycles in which
removal of vegetation fecilitates removal of soil end encourages the
further loss of vegetation.

The importance of positive feedbacks to 2n ecological system
is also seen in the procees of desertification. Removal of vegeta-
tion through human activitics, such z3 overgrezing, reduces the

- amount ¢f moisture returned to the sair through evapotranspira-

tion. Decreased moisture in the air reduces local reinfall, resulting

Ty
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in further removel of vegetation. Once tha positive feedback cycle
is begun, the area is turned into desert.

It is custemary in ecology to view population growth &3 a pos-
itive process (reproducticn) balenced sgeinst a negetive feedback
(cerrying capecity). In fect, tho negative feedback is an ertifact
of the ccale on which we viewed the process. Population growth
is & positive foedback osystem (reproduction) that proceeds until

a constraint is met, cuch es limited food resourcza. It may be -

that the concept of pozitive fecdbeclis with conatrainta is o better
patadigm for examining ecclogical procezces at all levels of reso-
lution. It may be thui vicsring ecological procesz=s at the global
scele is the most relisble guide {or developing paradigms applicable
to ecolozical procezses at gl levels of rezalution.

Systems compecad largely, though net exclusively, of pesitive
feedback loopa sre inherently unctsble. They have not been well

studied. The dynamics and general propertics of such systems are -

not well understood, and considerable theoretical development is
called for. A

The unique propertics of cuch a system can be ceen by con-
sidering how it responds to a change in the concentraticn of a
pool or compartment. In most cases, the system would respond
by returning the pool to its pravious level. But if the pool serves
23 a constraint on other procezses (e.g., nitrogen limiting carbon
fixation), then the system may respond unstably, moving the en-
tire system inte a new operating state. The new state could not
be predicted if the system is conceptualized &3 & negative feedback
gystem.

A positive feedbeck system respords quite differently to dif-
ferent perturbations. It responds differently to a change in a pool
size, a change in & rete procezs, and a change in a constraint. Par-
ticularly important migkt be the eensitivity of such a system to
certain zlterations. Since each component in the system constrains
other processes, small chanpes can be rapidly amplified.
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4.
TERRESTRIAL BIOSPEERE STUDIES

INTRODUCTION

It is not pomible to understand tha response of the bicsphere to
any major change withcut teking into account the efects of the
lznd and ti:o interections between lif2 ca the land zad ths atmo-
sphere. Terrestnial vegetation hos a rapid interchange of carbon

. dicxide, czygen, and waler with the atmoesphers. On 2 zeazenal
‘znd ansual brais, carbon dioxide exchange by terredtrial vege-

taticn mezsurably affects the concentration of carbon dioxide in
the atmosphere. The great importance of terrestrial vegetation
to atmozpheric gases is illustrated in Figures 4.1 aad 4.2. Fig-
ure 4.1 showa the atmospheric concentration of carbon dioxide at
Mauna Loz, Hawaii; Figure 4.2 shows this concentration measurcd
at Antarctiza. Both mezsures were mede far from the predomi-
nant influences of the major land mesces—the first in the central
Pacific, the other in the only continent devoid of higher plant
life. Both curves show zn ennual cycle that reflects the summer

‘growth of green plants, the uptske of carbon dioxide by those

plants, znd the decrease in totzl atmospheric carbon dioxide cs a
result. However, the amplitude of the Antarctic variztions ts much
emaller than thet a4 Mauns Loa, This is a direct censzquence of
the considerable difference between the eouthern hemisphere and
the northern hemispherc in loand mass area and thercfore vege-
tation. These figures illustrate that land vegetation can greatly
effect short-term variations in the concentration of carbon dioxide

in the etmesphere.
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FIGURE 4.1 Changes in carbon dioxide cqncentretion in the atmosphere
at Maunz Loa, Hawaii.

Any major change in the abundance and kind of land vegeta-
tion could be expected to have effects on the atmosphere. Because
atmospheric trace gases, such 2s carbon dioxide and others, pro-
duced and taken up by land vegetation, have important effects on
climate, certain major changes in land vegetatior can be expected
to have a climatic impact.

For instance, roughly 70 x 10?5 g C are fixed through terrestrial
primary production and then respired each year by a complex
pattern of vegetation and soils. The world-wide release of carbon
from fossil fuel burning is approximately 5 to 8 x 10*® g C. Further
human disturbance over the last 100 years of natural ecosystems,
conversion of fcrest and graeslands to agriculture, and the harvest
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FIGURE 4.2 Changes in carbon dioxide concentration in the atmosphere
in Antarctica. ’

of forests, may have reduced the vegetation and soil reservoirs by
150 x 105 g C. This estirnate is, itself, an important issue since
< release of 150 x 10!% g C as carbon dioxide would constitute a
contribution to the atmosphere that is 20 to 30 times greater than
that due to fossil fuels. The principal uncertainty arises from the
large disparity concerning rates of deforestation and recovery.
Changes in terrestrial vegetation can have long-term effects
on the atmosphere. Terrestrial vegetation contains about as much
carbon as the atmosphere; terrestrial soils contain about twice as
much. Because trees are long-lived, and soils have the potential
to store carbon for years, land is a major storage site for carbon
in the biosphere. Forests, grasslands, savannahs, and other vege-
tation types respond to climatic change at different rates. Major

s
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changes in climate will have ccmplex, little understood effects on
the distribution and zbundance of land vegetation and its storage
of carbon and other elements necessary for life.

Land vegetation also affects the global hydrological cycle. Ter-
restrial vegetation evaporates, on the average, two-thirds of the
rainfall received. Removal of this vegetation from a single large
region (e.g., tropical rain forests in the Americas) would greatly
change regional atmospheric moisture. Models of global atmo-
spheric circulation suggest that such regional changes can have
complex effects on climate, such as increasing rainfall in some
areas and decreasing it in others. In general, a major regionzl re-
moval of vegetation could be expected to lezd to a global increa=e
in the Earth’s surfzce femperature becausz of the loss in cooling
effects of the evaporation of water from land vegetation.

Although it is obvious that terrestrial vegetation and the at-
mosphere are coupled, we do not yet have sufficient quantitative
understanding to predict the eflects that a specific change in one
sphere (such as the harvest of tropical rain forest) will have on the
other. Each affecte the other on local, regional, and global scales.
A global change in climate will affect vegetation, and a regional or
global change in vegetation can have global efiects on climate.

ENERGY BUDGET AND VEGETATION

Vegetation can affect the Earth’s albedo and micrometeorology.
Most of the understanding of these effects is based on emailscale
studies, where radiometers are used to measure the ratio of inci-
dent to reflected light. We do not have good quantitative knowl-
edge on a global scale. The albedo measurements of the Earth
are accurate only to a few percent, but a change in zlbedo of 2
few percent could have significant effects on the Earth’s energy
budget. We need to refine the estimate of the Earth’s reflectance.
There is virtually no information on the change of reflectance
due to changes in vegetation in the recent past, or during the
entire Pleistocene. It must be emphasized that remote sensing
from a space platfcrm can improve the current areal estimate of
vegetation types and hence serve to monitor possible changes of
reflectance. Once the reflectance of particular vegetation types hzs
been established, such measures are crucial to an understanding
of the Earth’s energy budget.
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The cffect of vegetztion on regioanl climatz hes nol been
extensively studisd. The only notzble example is the recent study
of the Sahel desert in Africa that indicated that vegetation may
exert & mzjor impact on the locel climate, especially in areas
where the existence of vegetation s marginel. For example, in
desert border regions, a decrezse in vegetation cover in an crea
results in a higher reflectance. This leads to o decrezze in the
radistive heating of the surfzce, and thus a cooler surfzce, Since
cooler zir tends to sink, this could zupprezs cumulus convection
and its eszociated rainfall. Hence, the decreass of vegetation could

L result in a decrease in reinfail, cetting up o peaitive feedback thet

' would create more erid land vnsuitabla for vegetation. It has been
suggested that overgresing in the Sghel might have led to 23 much
as o 40 percent decrezse in the rainfal] of this region.

Oa a global seale, the bictic effect oa the radiation budget of
the Earth’s atmosphere is more gubtle. A number cf biologically
related tracs gases contribute substantially to the “greenhouse ef-
fect.” These, in order of importance, 2re carbon dioxide, ozone,
methzne, and nitrous cxide. The net effect of zll these gases is
to keep the atmosphere warmer than it otherwise would be. One
primary practical concern in global ecology is the design of a strat-
egy to counter the increrse cf atmospheric carbon dioxide and its
greechouse efect on climate. A cereful global snalysis of the effect
of the biota on the Earth’s energy budget can suggest strategica to
mitigate the effccts of anthropogenically induced climatic change.
For example, in the current atmosphere, the abundance of methane
is 1.5 ppm (by volume), and this compound contributes about
0.5°C to the greenhouse effect. Increzces of methana are much
more efficient in ebzorbing solar radiztion than is carbon dioxide.
A lerge portion of msthane is produced in marshes and swamps,
which occupy only 2 percent of the land area. If all marshes and
swamps were filled and converted to other uses, the: net effect on
Earth's radiative balance would be significant. Oi courss, there
would be other, possibly adverse, environmental effects due to the
suppression of atmospheric m.ethane. '
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REMOTE SENSING CF
ABEAL DIITENT OF BIOMES

Vegetation Mapping

Ecologists have approached the study of lend curface by elosifying
arces into broad cnterorics, often defined by the dominent chapes
(cclied “physioznemy”) of major higher plents. Inasmuch as the
domineant vegetation is an exprezzion of envirenmentel conditions,
these vegetation mapa are meaps of biomes, including 2nd refiecting
variation in eoils. An estimats of the world-wide lend crez covered
by each Licmz ia fundemzntsl to cur undemtanding of the effect
of the biotn in the sutfece chemisiry of the Esrth. The areal
extent of exch biome multiplied by the mems of vegetation and
soil cazhon (mezacured in earefully ealected szmpla plots chesen as
representetive of these categerics) yields an estimste of the cize
of tke biotic pool of living and dead material in each category
and ultimately the veild. Using similer methods, the eizes of the
pocls of nitrogen, phasphorus, end 2o on, car be calculated for the
sbove- cad below-groun:l portiens of land ecooystems.

Our current precizion in making aresl estimistes is limited by
ineccuracies in mapping (typically = 100 percznt) rether than by
errcrs in measurements in the sample plota in the field (typically
+ 20 percent). For exemple, onz study found varictions in the
chemicel conteat of sites in the tzmperate deciduous forest of 50
percent. Another study found varintion in the ooil ¢cerbon pool of
temperate forestas of 33 percent. There is efiectively no strategy
develeped to extrapolate theze data beyond the cenfines of the
study plet. The chemical content of a unit area of a tempercte
forest is known with greater accurscy than the area occupicd by
vegetation types. The total 1and area of the world is well known
{149 x 10 ha}, but variations in the arezs of vegetation categories
are much grezater. Even within North America, our cstimates of
cultivated farmland very widely.

Some of the veristion in erea is the result of different clacsifi-
cation echemes used by different workers. Presumably, consistent
definition of biomes would improve our estimates of their areal
extent. Meaningful ccological regione are those that differ in the
megnitude of their carbon and nutrient reservoirs, that differ in
rates of net primery productivity, and thst differ in probability of
chenge, Stretification must be develeped because the scale of the
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planet makes impracticel and unneceszary campling et the same
level of resolution over the entire rurfoce of the Earth. Accurate
ascessment of areal extent of vegetation units ia necessary to as-
sess the sizes of reservoirs, while accurate mspping is necessary to
zesess rates of change in particular categories of ecological region.
Sampling must be designed not only according to the probability
of change but also zccording to the size of the change, and the
length of time of the change that is dstectable by instruments.
There is little point in expending & larger amount of effort in ap-
praising change in an area where there ia no change or where 2
large change in the vegetation or soils could not effect carbon and
nutrient storage appreciably.

Wkile the initizl definition of the different biome borders will
be somewhat arbitrery due to a lack of detailed understanding
of the variability of net primary production (NPP), the locations
of the boundaries can be refined as the real variability becomes
better known through a succession of joint satellite end ground
observations. A preliminary activity will be the verification of
the approach for delineating borders of different biomes, and,
estimating the areal extent of landscape units from satellite remote
sensing with minimal grourd observations. The verification step
will make use of land teat cites eelected in the verious biomes. The
initial werl could meake use of U.S. sites where detailed ground
data are already available end where needed additional data can
be readily collected.

It is expected that multispectral scanner (MS3) data al-

recdy collected by Landsat arid other sensors, such 2a the NOAA
AVIHRR, augmented by additional data collected in the future
from the Thematic M=pper and AVHRR, will be the primery
information for theze estimates.
" A sampling strategy ehould be developed initially on the basis
of currently available knowledge together with satellite-acquired
imagery. ‘An initial stratification of the biomes can be made on
a basis of the variability of the parzmeters that constitute NPP.
Estimates of the variability of these parameters can to be derived
from existing ground-based data, and from satellite remote gens-
ing. As improved estimates of NPP become available, the biomes
can be restratified; such an iterative process will lead to improved
estimates on & planetery scale.
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Eethneting Disturbance Bates

Disturbanco ratee ond ratea of change in lend vee zre cven less
well known then the areal extent of vegetation types. Agricultural
land croa data collected by nationsl povernments end international
organizations reprezent the primery cources of synoptic data on
land vee and Iand cleering rates.
Controverey centers on rates of tropical deforestation. The
difficulties in studying regional asseszment are due ia part to the
methods of data acquisition. For example, the Food and Agricul-
tural Organization (FAQO) of the United Nations relies heavily on
data reported by national governments. In many tropical coun-
tries, cutting and clearing data msy ba ro more then informal
estimates. Indonesia centinues to repert that ils forest cover is
estimated at 1,200,000 km?, & figure that is 20 yearn old. The
widespreed logging, clearing for agriculture, and intensified shift-
ing agri -lture of the lzst 30 yeers is not represented.
Howe. ¥, a veluable new datz eet is slowly being formed.
Within the peast 5 years, 2 number of countries have published
their own comprehensive and accurate surveys, mostly by using”
remotcly sensed imagery. The results have been important: in
the Philippines, these new estimates show only 28 pereent forest
cover a3 cppozed to former estimates of 57 percent; Theiland
now posseszes 25 percent g5 compared to the 48 percent figure of
. enrlier reports; forest in the Ivory Coast has diminished by more
than one-third in 10 years. Many countries, such a3 Brazil and
Indonesia, have elso appsarently instituted comprehensive remote

" sensing programs. These data are not generally aveilzble to outside
investigators, and they have not been criticelly summarized. A
final note: New eztimates by FAQ will be available coon for land
use patterns that zre bzzed on remote sensing data and may bea
considerable improvement on previous data cets.

MEASUREMENT OF NET
PRIMARY PRODUCTION (NPP)

Natural Vegetation

Through the action of photesynthezis, the atmesphere of the Earth
has become eariched in oxygen and impoverished in earbon diox-
ide. The exceas of photosynthesis over respiration has led to a vast
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store of coerbon cempounds in the sedimentary recks on the Earth,
including the fozsil fusls that supply ths nesds of modern industrial
sociaty. The burning of for=il fuel is now returning carben dioxide
to the atmosphere et a fzster rate than plotesynthesis or mixing
with the occan can remave it, l2ading to & carbon dioxide buildup
thzt may heve cerious and permanent conscquences affecting the
survival of life ¢n the planet.

The carben budget of the Earth muet be understood in order
to predict the future cource of the carbon dioxide flux to the
atmosphere, and if necessary {or pocsible), to take steps to reverse
the trend. ‘

Measurement of primary productivity is a first and fundamen-
tal step for calculating fluxes of oxygen and catbea dioxide. The
estimate must be made on a world-wide bazis to have any meaning.

In the ocezns, catimates of productivity are mede difficult
by =spatial and tcmpc.’al variability. Technological innovations are
permitting the calibration of spectrel observations by gatellites in
terms of primeary production, resulting in fine-ccale observations
of productivity in the varisble near-chore environmants where pro-
ductivity is hizghest.

Net primary production will equal the rate of photosynthesis
less respiration by =ll the plants in the system. "FTha rate of pho-
tosynthesis depends mainly on the total abundance of leaves (leaf
area index) and their utilization of available light, temperature,
moisture, and nutrisnts. Respiration will be affected primarily
by temperature zd £oil moxsturc, but will also differ markedly
in stands of different 2ges and in different lecations. Thus, for a
given ebundance of leaves, young vegetation colonizing a newly
disturbed sits will have lower respiration and greater net pro-
ductivity than older vegetation that is no longer accumulating
biomass,

Previous zttempts to axzees net production on a global basis
have extrapolzted meesurements of production of local vegetation

- to the area of the globe cccupied by eimilar vegetation. These

attempts yielded widely varying results because of inzccuracies in
mapping end bzcauze regional variations in the varisbles were not
tzken into eccount. The areal extent of major biomes, mcludmg
cropland, is not known accurately.

A parallel program must be ectzblizhed for the terrestrial
environment. Theugh the Innd biota are responsible for a inuch
greater ghare of carbon fixztion, estimates of productivity on a
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global scele zre still in a primitive ctate, preventing egrcement
on o world-wide carben bu&g-.. The grezs ond net productivity
of different cceaystems must be measured and their areal oxtent
mapped, in order to evaluzto the impact of widespreed changes in
land usa currently in progress throughout the Earth, espzeially in
the tropics, where human popuiztions are expanding rapidly. For
example, will the harvest of trepical rein forest now teking place
result in o aignificaat reduction in the posl ¢f fixed carbon and
thus to increased carben dioxide in the atmosphere?

Tke improved remots consing cnpabilities that are now avail-
able make zecurate, more direst mezsurement of net primary pro-
duction fezsible for the first time. A combination of remote sensing
and ground-bzsezd information, combined with computer model-
ing, can yicld a relatively c2curste messurement of net carboa
dioxide uptsks, a functionel underatanding of new productivity as
related to climate, and improved areal mapping of vegetation that
can be uzed for more accuratz estimates of biomass.

Many cof the variables that affect photosynthesis can be mez-
sured with existing technology. For example, existing geologic
map3 give a reugh idea of nutrient evailability. Temperature and
precipitztion cre currently mezzurad 2t a network of ctaticns and.
could be mezsured more precizely in remste or mountzinous re-
gions by remocte gensing. When coupled with satellite cloud cover
measurements, accurate 2asessments of available light are attain-
able.

Leaf area index (LAI) is a mezsure of the ratis of leaf area
(in square m=tcrs) per unit land area (in square meters). Severzl
fundamental proceszes for land vegetation, such 23 evapot transpi-
_ ration, photosynthesis, and encrgy
‘exchange, are directly proportional to LAI, at least within a single

biome type znd within a range of 2 to 7. Remcte censing ex-
perimenta suggest that leaf ares indices within this range can be
measured from aircraft aand orbiting satellites (Figure 4.3). Be-
cause LAl can be mezsured by remote eensing, it provides, for the
first time, & means for s2sessing the photesynthetic potential of
vegetation on a continental scale.

Examples of different vegetation zones that could test the
capability to measure LAl on vegetstion of different coler, canopy
geommetry, and seasonal display include the following:

1. Borea! forests where LAI from 1 to 8 is reported.
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FIGURE 43 A plot of rear-infrared /red reflectsuce ratio against leaf area
index for comn plots of varying planting dates and population density.

2. Climatica.!ly steep gradients in the Pacific Northwest where

LATIsof 1 to 15 cre documented with gimilar renges in net primary |

production.

3. Pure forests of Monterey pines planted extensively in dif-
fering age-classes and varying soils in New Zezaland.

4. Deciduous forests of the eastern United States along a

" north-gouth gradient where canopies with similer leaf areas are

active from 3 to more than 6 months.

5. Transition zones between short and tall grass prairies, as -

in the Nerth American Konaz prairies.

6. Savannahs where there is a north-south gradient in the
density of trees (e.g., the Serengeti). v

7. Agricultural areas where a definite gradient in leaf area
index is known. -

8. Single-species forests, such as those that oceur in Hawati.

Anzlysis of these regional dats should provide 2 test of the
general approzch. In =ome cases, ground verification measure-
ments may be alreedy aveileble or could be obtained for canopy
leaf area, net primary production,
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end stand eoo0 cad height. Standard motheds for estimating forest
leaf area can ba cecurats to within 10 percent.

It is critical to tect this cepebility cn aress of diverse vege-
taticn, and demonstrate what eccuracy is sttaingble. Given nde-
quate sccuresy, ecocystems within biomes eould then ba defined
quantitstively by LAI, rather than by cpeeiza type, and provide
a mors meaningful variable for ctudy of matsrizl and energy ex-
change. ’

However, even present LAI is not a cufficient mezsure in itself
of plant ecoayrtem dynamics. The LAI of a western coniferous
forest may peak at astand ege of 30 yezars, while biomess will ecn-
tinue to cecumulete for 200 years. Conzequently, eny measure of
LAI alor o will not nezeczenily provide a mezcure of NPP, standing
or maximum biomass. In additien, any recently disturbed site may

be carrying LAI much belsw petential maximum. Neceasary data

include the precent LAJ; the maximum LAI a site will support
basged on limitaticns of light, temperatuze, water, and nutrients;
and the temporal trajectory between present end maximum LAL

On moderate rites, maximum LAI msy be reattained with 5

~ years of disturbance. Over this chort time frams, maximum LAI

could be attzined merely by eanual menauremant uxiil equilibrium
iz reached. On sites with a longer recovery ‘ima, moximum LAI
mey best ba predicted from climatologicel snelysis of the ares.
However, thiz mey be difficult in that a global basis, maximum
LAI may bs limited by lizht, water, temperature, nutrients, or
some combinatioa of eny or ell four besic driving varizbles on any
given site,

In the erid vwestern United States, a rite waler belance can

be usad to predict maximum LAI of forests. . In the moist, warm

tropics, light penetration through multiple Isyers of canopy may
ultimately limit LAL Particularly in cold boreal climates, temper-
ature limita vegetative development end LAL

Relating LAI to Net Primary Productivity

Becausa LAI is a measure of the quantity of photosynthetic ma-
chinery available on a cite, a close correlation between LA and
NPP would be predicted. For specific conditions, this correlation
has been found (Figure 4.4). NPP has been found to increase
linearly with LAI over a ronge from 0 to 7 in both corn and
young Douglas fir. Above LAI = 7, 23 fourd in many coniferous

cemg
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FIGURE 2.4 The average leaf area index (LAI) azd net primary production
(NPP) observed for different biome types worldwide. Differences in slope of
the lines illustrate differing carbon uptake efficiencies of the vegetation types.

stands, NPP plateaus despite increasing LAL Environmental con-
trols may allow the site to carry higher LAI, but light limitations
cause photosynthetic efficiency of the additional LAT to be low.
Because LAl is insuflicient in itself to predict NPP over a wide
variety of stand conditions and ages, additicnal information is re-
quired. Some empirical relationships have been developed from
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ficld studiss as previously cited. Additional field studies in differ-
ent biomes cver a range of envircnmental and stand developmental
conditions could ba done.

Of longer renge velue would be the construction of more
mechenistic models relating NPP and LAI, pozsibly using pro-
cezs relstionships developed during field studics. Specificaily,
photoaynthesis-respiration (PSN-R) balences corld be calculated
on the basis of the climetic driving vazizbles (carbon dioxide,
light, temperature, water, and nutrients) known phyeiologically
to control PSN and R. For a global cnalysis, PSN and R rates
end controls could be generally roprezented 2t a subbiome level,
ignoring specica differences within the designeted cubbiome. Cor-
relstion estimetes of NPP from global climatological analysis have
been cufficiently cuccessful to werrant continued pursuit, partic-
ularly when combined with advonced eatellite measures of global
meteorology and globsal distribution of LAL

Predicted environmental driving varizbles would be necessary
at & number of points in 2 global NPP estimate. First, as sug-
gested sbove, calculation of the “carrying capzcity” of LAI for
a eite would require environmental data. Second, adjustment of
the empirical NPP/LAT ratio acress different biomes would best
be done from environmentel correleticna. Finzlly, a mechanis-
tic approech invelving macdeling of the PSN-R halance and LAI
developmert would require driving variables.

PSN-R has been modeled from the cedular to the ecosystem
level, with most models vorking at & leaf to single-plant resoluticn.
Mcdeling PSN-R at a subbiome resolution would czll for significant
extrapolation of current PSN models. However, the committee
seea no morse realistic basis to predict NPP on o global level.

In addition, this mechenistic approach to NPP prediction
would allow us to attack questions such zs: YWhat global effects
might volcanic zctivity or other major particulate input to the
atmosphere have on NPP through decreasing incoming ghortwave
rediation? How weuld increzsing globeal temperatures change NPP
ratea? How do changes in regional precipitation change NPP,
dezertification rates, and ro on?

Cropland

Traditionally, crops are thougzht of as those plants we eat, but foo&,
fiber, fuel, grazing, and building materials are, in the most gencral
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 psmes, the uses to which we put terrestrial primery producticn.

Barring como eatactrophs, the current world human population of
4 billisn may increcz2 to 10 billion or more in the next 50 to 100
yeore, Such a population increase will fores us to vsz our renewvztle.
recourees eificizntly snd increese world food production. It will be
neceszary to improvs food quality (the nutritionsl velue) for this
futura populatisn o3 well &3 to increcss food quentitica.

To feed tha world’s growing human populetien, 1% is necozcory
to meintain tha continued fertility of existing =oils end to decreace
zail erocion rafes. On a global basia) 10 to 20 percent of the
totel land evrfoce (appreximately 1.4 billion heetares) is currently

- enitivated for fosd crops. Estimates of edditionn! lond that can

bs breezht into food crop production vary from 1 to 2 billion
hectares, :
With como 10 to 20 percent of the toteal land enriace in agrienl-

.tore end critically dependent on climats changes, it isimportant to

better underatend the interactions betwesn the agriceltural biomes

“and the other biomes of the bicephere. It is ezpzcially important

to undezstand bow future agricultural development will change
the biogeschemical characteristics of these regicas. Aa new lznd

“is hreoght into culiivation, thore ove cignificant elterstions in cuch

fectors oz average albedo ond nst primory productivity, which in
turn, will influanes the execrgy balence, 2nd bisgeochendes] cycles.
The bect sgricultural coils exist ot this time under good climates

for agriculturs, It is reedily conczivable thet & subtle change in

the E=rth’s enargy budzst could shift the distribution of rainfall
and temparature co that this would no loager be trua.

Agrizultural lands may have important effects on global el-
ementzl eycling, crosion, hydrolozy, and the atmosphere. These
raise raveral questions: :

o What zre the effects of fertilization of large areas employing
nutrients tranzported from outside a given regioa?

o What are the impsacts on erecion of clearing large zreasin
the trepics for agricultural production?

o What are the cumulstive implications on the hydrologic
cycle of tha mining groundwster for large-scale irrigation agricul-
turs? .

o What are the effectz on albedo from the conversion of arid

arezs to irrigation agricelture?
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In the long term (forecasting 10 years and longer), forecasts
of crop preduction require the sbility to project major climatic
changes. In the chort term (forecasting for a current ye_r), we
elzo need to know present and changing patterns of Iand use and
vegetation growth.

Growth of lzand vegetation is most strongly correlated with
sunlight, temperature, and reinfell regimes, and sscondarily with
eoil and topogrephy. In the ccesns, economically important pro-
duction of fich &nd shellfish correlates with areas of aburdent
nutrients, Thezs zrecs change cvar time in responce to climate,
and with clearing of lend and susociated increasss in transport of
chemica! elements from the land to the ocean {e.g., by glacizrs,
deforcatation, end overgrazing).

Agriculturel lands offer z:pecml opporiunitiss to evaluate pro-
cesses that cperate slowly in cther systems. Un & global basis,
most crops zre planted, harveetzd, and consumed within a pericd
of a few moxntha. Crops &lso offer special opportunitics to evaluate
the effect of epatial scale on bioapheriz phenomana and on remote
eensing imagery. There is a wids range in the size of sgricultural
fields. The s=me crop in the same physical condition, but produced
under different cultural practices, can produce substantizlly dif-
ferent satellite image responeza. Wide vasiations.in reaponse may
alzo occur beeause of many variables found in crops within eny
one growing cezson, or even between or during sequentizl pascos
of the eatellite. These variations can cause wide zberrations in
tho recponses recorded in satellite imagery. Thus, eflort sheould be
directed towerd celibration of remote sensing responses in relation
to crop conditien and yields.

Recent evidence suggests that we cz2n no longer be certain of
further dramatic increases in biological productivity in the near
future, Present evidence suggests that the total area of good farm-
land is decressing, soils continue to be degraded even on the best
lands, prime fzrmlands zre being converted to urban and other
uses, acid rain and other pollutants are decrezsing production,
energy-intensive farming methods are becoming more expensive,
and many eoils or areas of production are nezar sztuation from
fertilization =0 that future production increases are unlikely. Of
more significance perhaps is that global changes in climate can
be expected to change temperature and, more ominously, to shift
regions that have the best combinations of temperature and rain-
fall for crop production to thoze with poorer and even untillable
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. soils, With such concerns, it becomes increasingly important for a
highly technical zociety to bz able to forecast actuzl and potential
crop producticn. Experience with the LACIE and AGRISTARS
program suggests that this can be done.

An example of a current yield estimation method is the fol-
lowing:

o First, historical estimates of yield are examined from
records. The five highest yizlds are avereged and taken &s maxi-
mum potential production for thet area.

" o Imsagery for the erea under investigation is thea acquired
prior to trzditional planting dates, Here, metcorological satellite
data and weather status data are employed to estimete starting
soil moisture conditionz. Starting coil moisture i estimated from
precipitzation data derived from ground station reporte, arcillary
observations, and, to a leszer extent, satellite cloud cover data.
Planting dates are obtained from either local reporting or other
data sources,

e Once starting conditions have been estimated and planting
has occurred, an agrometeorological model is used. Ground data,
augmented by satellite data on temperatura and cloud cover, are
followed daily. These are used to either increase or decrease the
estimated yield. - Landaat date are employed during the growing
sesson to modify the condition of the vegetation. The total zrea
of & crop i3 obtained from published dzata end direct measurement
from Landsat-type data.

Estimates of food production within s given eeason depend on
the areal extent and geogrephic location of crop type, estimating
its current condition, and forecasts of the remaining weather.

Landsat data, together with proper sampling procedures (2
percent of production region by area), can be used to reduce the
uncertainty in acreage for harvest to a minimum. Landsat data,
together with ground weather station data augmented by meteo-
rological satellite data, gathered over tims (three or four Lzndsat
pacses in the right time periods together with time averzges of
moisture and temperature) can be used in the monitoring pro-
cess. Temporzl profiles (time trajectories) derived from Landsat
are important in the determination of the date of emergence and
for estimating the timcs when a crop i3 at different states cf devel-
opment. Weather data, together with LAI derived frem Landsat
data, can then be used to estimate biologicel yield more sccurately.

o
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To b= of optimal utility to glob=l biology studies, crop yield
information mzy need to be tranalated to o biogzochemicel cycling
perspective.

CLIMATIC INFLUENCES ON
NET PRIMARY PRECDUCTION

Net primary production varies with climate, soil, and the state
of the biota. NPP can be predicted from these. This epproach
requires the use of models of photcsynthesis and respiration for
the different vezetative types of biomes.

Thera are two approzches to cbisining epatially distributed
meesurements of the environmental varisbles, The firet relieson a
network of ground measurements; the second uces remote censing.
Remote s2nsing has the capability to provide eignificantly im-
proved estimates of such critical varizbles as canopy temperature
and soil moisture. :

Canopy Temperatures

To uce remote censing to provide tmproved catimates of canopy
temperatures, we need a better understanding of the cfiective
emissivities for diferent vegetative types at their distinctly dif-
ferent stages of development. This requires a combined empirical
measurement-modeling epproach. A deduction of the “effective
emizsivities” for different units requires knowing or measuring
their physical temperature and the cutput radiance to, say, 10.6
microns. This involves additional work at different test sites where
temperaturcs are measured in the canopies and estimates of radi-
ance are collected with remote zenscra.

This initial research can make use of sensors on helicoptors or
fixed-wing aircraft as well as from satellite sensors. As the tech-
nique is developed, it should be incerporated into a test program
to verify the degree of improvement for parameter estimation. It is
thought that such an approach utilizing ground celibration points
could well provide significant improvements through an ability
to have many more measurements over space and time and for
required areas. Current ground meteorciogical data ere often col-
lected in townr, citics, airports, and so on, o8 oppozed to rural
regions of central interest. Also, these data are uscelly for valley
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bottom or flat terrain and are not representative of the conditions
in complex topography.

Soll Moisture

Conventional methods for obtaining surface moisture messure-
ments tend to be expensive and/or time consuming to a degree
that severely limits the quantities of the measurements. This, to-
gether with an understanding of the considerable varigbility that
exists for surface and subsurface moisture over space and time,

leads to a conclucion that this is a critical area of concern. Two .

approaches need to be explored. One involves the use of satellite
remote sencing together with ground station reports to derive im-
proved cstimates of the amount and cresl distribution of water
precipitation. A zecond involves the use of satellite-acquired spec-
tral data at optical and microwave wavebands. Both approaches
tend to be limited to providing data about moisture on, at, or near
the surface and require a modeling epproach incorporating impor-
tant physical properties of the surface and below-surface materizls
to derive estimates of moisture below the surface, i.e., down to
vegetation root zone levels. Research conducted to date tends to
show that in the abeence of vegetative cover remotely sensed mea-
surements (at 20-cm wavelengths) provide “rezeoneble” estimates
of moisture in the first 5 cm of eoil. Recearch is currently being
directed at using remotely sensed opticel measurements to account
foi the effects of vegetative cover. This epproach needs to be criti-
cally analyzed for its capability for the different biomes with their
distinctly different types cf soils and vegetative covers. Again, if
this technique is to be useful, it too will probably make use of
ground calibration sites distributed at sppropriate locations.

A third approach that is deserving of consideration involves
the use of soil penetrator devices that can be deployed and can
directly measure soil moisture, carbon dioxide flux, and tempera-
ture. This approach could provide 2n important source of data in
conjunction with the other techniques.

Research Goals

One long-term (10-year) goal is the measurement for all major
terrestrial biomes of biomzss and net primary production with a
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stetistical error of lecs then 20 percent. To cccomplish this, ceveral
stages in sccoerch ore required.

First, we nced to determine the extent to which techniques
using LAI are sccurate for o wide range cf vegetetion types, and
the extent to which specilic paramaters from one tite can be ex-
trepolated to other citea. The first cteps in this process involve
trancects ccross biomes and ctudiea of variction within biomes.
A trencsct of cites acroca the biomes in the United States (conif-
erous forect, deciduous forest, gressland, and cropland) could be
established. A range of species compositions, environmentel con-
ditions, and stand ages would be desirable. Other studies should
eddress the variation in LAI within a bioms, examiring varia-
tion in relationzhips et geographic extremes and determining the
extent of within-eite varintion. Remotely sensed LAI could be val-
idated on the ground with measured LAI on these diverse stands.
Second, environmental conditions could be measured directly and
prediction capability by satellite and permanent weather station
extrapolation tested. Third, NPP could be measured and corre-
lations between NPP, LAI, and environment developed. Fourth,
predictions of NPP from mechanistic PSN-R models could be val-
idated against thess mcasured data. With the completion of these
studies, methodology would be esteblished, and extrapolation to
globally similar biomes would he possibla. :

SPECIAL ROLES OF
MICROBES IN TERRESTRIAL
BIOGECCHEMICAL CYCLING

There are two criticel microbial activities that have a major ef-
fect on the biosphere: (1) ges production largely by snaerobic
metabolism, which hes profound effects on the atmosphere and
(2) the conversion of large biopolymers to smaller, solubie ones.

Microbial Role in the Atmosphere.

Most of the gases in the present atmosphere except those of the
noble elements (neon, zrgon, helium, and krypton) are biolozi-
cal producta under biologicel control. The cxceptions are gases
from volcanic outgassing, together with cosmic, photochemicel,
and electrical discharge inputs that represent a small percent of
the total. Humen sctivitiea have 2dded new sources of inputa and
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altered natural esurces and einks of tho stmospheric peces. To
understend the mizrobial contributions to the compesition of the
atmosphere, the foctors thet regulate the biolegical transforma-
tions of nitrogen 2nd culfur must be examinad. Their contributions
through the biodegredative activities are esssntisl to the carbon
cycle. Microbes provide unexpected inputs to the atmosphere;
their metabolism ia the esurce of eome of the volatile halogenated
hydrocarbons that affect the ozone concentration of the atmo-
sphere.’

Nitrogen is an element prezent in all proteins and nucleic acids
and hence a nutrient on which life absolutely depends. Molecular
nitrogen ctanot be used by moat organizms znd must be con-
verted to exmmonia or nitrate. Oaly lightning, prokaryotic enzy-
matic activity, and sometimes human interruption carry out this
conversion.
~ The ammonia relezce from microbial metabolism that accom-
paunies the decay of organic matter is an important component
of atmospheric aerosols. It is also the end product of protein
metabolism in many microbes and animals. Ammonia is removed
from the atmosphere photochemically and by rain where it mod-
ifies the activity of rzinwater and hence affecta organisms on the
land.

Mcthane is elmost entirely a product of microbizl decom-
position of organic matter by fermentation in znaerobic zones.
Photochemical products in the methane oxidation chain include
formaldehyde, carbon monoxide, hydrogen, and ozone. Theze
gases aleo result from oxidation of the higher molecular weight
hydrocarbons releazed into the atmosphere by higher plants and
bacteria.

Carbon monoxide is relezssd in eignificant quantitics from in-
ternal combustion engines as well &3 from animals, plants, and bae-
teria. Carboa monoxide i3 utilized by specific aerobic bacteria—
one of the few known terrestrial sinks for carbon monoxide.

Both hydrogen sulfide and culfur dioxide are texic to people.
Hydrogen eulfide is produced by anasrobic bacteria from sulfate.
It can be produced even from evaporite minerals, such as gypsum
(czlcium sulfate). Sulfur dioxide is produced from combustion cf
foseil fuels, such as cozl, and is invoived in the problem of acid
rain. :
Major: sources of several other atmospheric gases, such as
carbon disulfide, carbonyl sulfide, and dimethyl sulfide, are not
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estoblished. The relxtive importancs of photochemiztry, lightning,
combustion, foeril fuel burning, end microbial matabcelizm in the
production and removal of thezs gaces heas not besen precizsly
determined.

Decomposition of Biopolymers
and Carbon Storage

Through decompocition of polymers, microbea regulate the
amount of stored organic carben in eoils and sediments. The rates
of this decompoezitica ave functions of biological and phycicochemi-
cal conditions. Physicochemical conditions, such zs the availability
of trace nutrients, buffering against extremes of pH, water nctivity,
temperature, and oxygen content, also regulate rates of biopaly-
mer degradation sad orgarnic carbon cccumulation. Thus, the rate
of decompositicn is a complax functicn of many variables, the pri-
mary ones (tempezature, eoil moisture, and zo on) of which can be
estimated by remote sensing. It is of crucial importance to know
whet will happen to the rate of microbial biodegradation if, for
example, the mean temperature of the Earth’s surface chznges by
a degree.

On the land surfzce, there is & gencrzl pattern from equator -

to pole and from low elevations te hizh in terms of the amount

- of stored organic matter in soils. Clozed cenopy foresta in cold
climates and cold region grecslands with moderate to high rzin-
fall exhibit a elight pozitive accumulztion cf dead organic matter.
Accumulstion is greatest at mid-latitude and mid-elevation. Ac-
cumulation is clgce to zero at the lowest and highest latitudes,
at highest elevations, and in arezs of lowest rainfall. The ctorage
is thua closely related with climate and will change with climatic
changes.

As orgznic matter asccumulates in soils, compounds of carbon,
nitrogen, hydrogen, and oxygen may build up, but phosphorous
and gulfur are mobilized by microbial decomposition. They are
transformed into coluble or volatile forms. This facilitates return
of the two elements to the biota, or to transport via streams and
rivers to the oceans. Thus, over time a depletion of phosphorus and
sulfur relative to carbon, nitrogen, hydrogen, and oxygen occurs.
The rate at which this occurs is currently poorly known. An
importent scientific issue i3 to determine the rates of mobilization
of phosphorus and sulfur. It is also important to understand what

e a6



\ere e 2R

TEAMCC A RS Wy L SR B P o T S Ym A Rk e A ot o mmery a

7

factors determine thees ratos and to ascertzin how these factors
can be mezzared by remste e2nzing.

Microbial biodegradation, particulerly in flocded eoils or ged-
iments, is lergely aneerobic. For its first 2 billion years, the bio-
sphere wea cnzerobic and the biota were exclurively anserobic
prokaryotes. Teday, crucial bicspheric chemicel rezctions take
place oznly in snasrobic environmenta. Anezercbic procezzes are
carried out by microbes in oxygenless water, in wet coils, in wet
muds, and in sedin entery depesits of baye, lakes, estusries, ponds,
and rivers 3 well 23 in the intestines of animels, particularly the
ruminant mammals end inzects, We know little about these pro-
cesses. Mozt studies of theca microbes have been carried out in
Iaboratorics ea populsations of single opecies. However, in the
biosphere microbes cxist in complex communities and their activ-
ities and rates of transformation of chemical compounds depend
on many factors, including the abundznce and activities of other
species. For example, recent ctudics in anesrobic sadiments show
that physiolcgically different microbes in colonies make more ef-
ficient uze cf energy then do populations of single cpecies. It
appears that certain bacterin, which require anzerobic ccnditions,
live in tiny nabitets protectzd frem oxygen by the zetivity of
oxygen-using bacteria. The presence of these interactionn means
that clessical methodo of isclating epecific microhas, examining
the bicchemistry of each species, end $hen synthesizing a model of
anzerobic proceszes sre not realistic.. For example, the amount. of
methane that enters the atmosphere from anzercbic environments
is a small fraction of that generated. Mozt of the methane is ox-
idized by z=robic microorgenicms in a sedimentzry-soil methane
cycle, The methane-oxidizing bzcteria are importznt nitrogen fix-
ers and are becoming increasingly important becauss they can
degrade chlorinated hydrocarbors. A major decrease in the global
abundance or activity of thase microorganisms could increase the
atniospheric concentration of methane end have a major climatic
effect.

On a global scale, the reduced gazes in the atmcecphere, in-

cluding msthane, methyl chloride, hydrogen suliide, cacbon disul-
fide, carbon monoxide, and sulfur dioxide, are derived from these
anaerobic procezzes. In addition, pathways of carbon fixation and

- oxidation hiddea within snaerobic environments may contribute

significantly to net carbon dioxide production arnd ccnsumption
on the Ezrth's surfsce.

R A R,
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Where the phycicochemiczl conditions become extreme, bio-
polymers czn accumulate. Peats under proper conditions become
coal fields attesting to perioda of the planst’s p2st when ancerobic
bozs covered extensive aress ¢f the Ezrth. Highly saline surface
waters in the past and present leed to blooms of hydrocarbon
accumulating cyanopbytes znd elgse. The salt prevents cubsry-
otic grazing and the efficient function of the degrading bacteris,
and thus zccumulations develop that may represent the cource of
petroleum depoesita.

Acsaying a Misrobial Accembly

There are two metheds for assaying a microbiel eccembly: the first
involves in situ measurements of the relative sbundence of certain
molecules that are indicative of activitiza of micrabial communi-
ties. The second depends on co-occurence cf higher plants and
microbes: becaurs of the many symbiotic relationzhips between
higher plants and soil microbes, the occurrence of certain eets of
vegetation speccies implica the occurrence of certain sets of micro-
bial specics—thus, the state of the vegetstion can also indicate the
state of the microbes. v :

_ We nsed to pursue both of these metheds: (1) to develop in
situ measures of the molecules that indicate the state of microbial
activity, and {2) to develop correlations between (1) znd remotely
sensed meesures of vegetation.

Current informstion suggests that this two-stage approach
holds considersbly more promise for monitoring microbial activity
than standard techriques.

Standard public health zssays that involve growth of the or-

- ganisms in the laboratory have not proved adequate in ecology.
These methods greatly underestimate the microbial abundance in
soils, sediments, and the water column.

Methods that require the removal of the microorganisms from
surfaces 2lso have proved irreproducible and nonquantitative. Fur-
thermore, methods using staining procedures heve proved inzde-
quzate. :

‘The proper approach to this complex microbiote is to utilize
certain biochemical measures of components thzt are ubiquitous
in all cells es me=sures of biomass. Components that are restricted -
to a subset of the totzl community can be utilized as “signatures”
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of that subset in the analysis of the community structure. Mi-
crobes in nature, much as the enzymes of a higher vertebrate,
spend moat of the time in en inactive stztus. Consequently, the

- metabolic activity of the microbiota must be measured. Although

the compounda that are utilized in these measures have a rapid
turnover upon cell death, they are measures that clearly relate to
the cellular or *vieble® biomezss. If these compounds can be ex-
tracted, isolzted, purified, and enalyzed, it is then pozsible to use
a quantitztive analysis to estimate biomess with the community
structure determined from the “signature” compounds. If rates of
incorporaticn or turnover of these components can be included in
the messures, then estim=tes of growth are possible,

“Signature” lipids can be utilized to define important groups‘
‘of bacterizl anasrobes, such as the phytanyl glycerol ethers of

the methane-forming bacteria, the plasmslegen phospholipids of
the anzercbic fermenters, end certain specific branched unsatu-
rated or hydroxy fatty acids localized in the phespholipids of the
sulfate-reducing anaerobes. Long-chzin polyenoic fatty acids are
concentrated in more-or-leas specific subsets of the microeukary-
otic algee, fungi, protozoa, end micrometazos. Phosphonates,

_certain gpecific lipids of the photosynthetic epparetus, and spe-

cific carctencid pigments, are distributed emony various subsets
of the microzlgze, .

We nced to develop these quantitative methods to describe the
biomass, community, structure, metabolic zctivity, and nutritional
status of the microbial community and to automate thess methods
for remote gensing. These methods can be correlated with the
production of epecific metabolites, such #3 the disappearance or
turnover of geses such as hydrogen, methane, carbon monoxide,
nitrous oxide, and hydrogen sulfide in soils and sediments.

S - -



5.
AQUATICECGSYSTEMS AND
THE BIOSPHERE

INTRODUCTION

The roles of cceans and rivers es a phyeicel and chemical com-
ponent of the biosphere are discuesed in the other NRC reports.
Here, the committee focuscs on the role of aquatic biota and
zquatic ecesyztems in the bisephera.

- The ctudy of the major role played by aqusatic ecosystems in
the biozphere ghould focus first on aquatic productivity, beczuse
it i3 through biclorical productivity that squatic bista cifect bio-
geochemistry and the cnergy budget.

OCEANS

" Large arees of the ocesn, such a3 the central gyres, have relatively
low rates of production per unit surface £rea, but sccount for o
major frection of total carbon fixation because of their large 2rea
(Table 5.1). In contrest, highly productive coastel end upwelling
regions eccount for only 10 percent of the ccexn by area, but
probably 25 percent of the ocean primary productivity. They
provide more than 95 percent of the eztimated fishery yield. Some
have suggested thet the coxstal sones ers the eitez of most of
the organic czcbon sink of atmospheric carbon dioxide, Theze
verious ocean provinces exhibit pronounced differences in their
phytoplankton species ezzemblages. As a concequence, they heve
significant differences in spatial and temporal veriability of algal
biomass as & function of nutrient input and grazing losses, they

€0
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TABLE 5.1 Blegeochamice] Importancs end Associated Carbon
Pixslion of Aquatic Deosystents
Nt Pdmary
P ction
Ax?. (x10 -1 Blogeochemical
Region km' tonsCyr ) Importence
Open s.1z10° 18.00 Sulfur emiszion (SO,
ocstn scrocols); inorganic
cerbon storage; nitrogen
fixstion
Shelves . 2.7x107 5.40 Denitrificstion,
phozphatse tinks
Slopss 8.2:107 2.24 Organic sarbon storage
- (1.6x10" ton)
Estusries  Lax1o® 092 Nitmzengoun':u, organic
(0.2x10” tons)
Saltand  2.0x10° 2.00 Sourses of CH,, N,,
fresh and organic carbon
marshes storage
Rivers 2.0'::106 0.40 Freshwater nouxﬁ ’
and lekes :
Corel reets 1.1x10° 0.50 Inorganic earbon storage
Seaweed  2.0x10% 0.03 Source of CHCl for
beds intersctionwith
) atmospheric otone
TOTAL 20.89

have different fates of the fixed carbon, and their contribution to
global carbon fixation (Table 5.1) may be underestimated from
twofold to tenfold.
' There atre two basic reasons for the large uncertainty in the
estimates of marine carbon fixation: (1) the methodology used to
estimate the rate of primary productivity {the 14C method) may
be in serious error; (2) the highly productive shelf regions exhibit
a rmuch wider range of spatial and temporzl variability of biomass
than the open ocean. It isin the oligotrophic (gyre) regions, where
the biomass veriability is not pronounced, that the methodology

o e e e Rt S
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" of the offshore regime provide little net biotic storage of carbon
dioxide, and, in addition, provide little fish harvezt.

- Inthe coastal regiors, where productivity is much higher and
the results of the 4C methodology ere probably more representa-
tive of the actual rate, the spatial extent and temporal variation
- are poorly known. For example, within 30 km of the Peru coast,
the surface chlorophyll ranges from 0.4 to £40.0 g chlorophyll m—2

" and the integrated primary producnon from about 1to 10 g C -

m-2 day~?.

_ Appro:nma.tely 20 percent of continental shelf productxon (10
x 10° tons C yr—1) is thought to be sequestered 2s organic car-
bon deposits on adjacent continental slopes. Although the an-
thropogenic input of nitrogen to the shelvea may have increased
tenfold over the last 50 to 100 years, a sufficient time teries of
phyt.oplankton data is not avzilsble to specify accur‘.tcly changes
in primary productivity or shelf export to continental slopes. This

lack of a proper spatizl and temporal perspective of the planktonic -

algze hes hindered our understanding and, therefore, our ability
to make accurate estimates of coastal productivity and subsequent
carbon and nitrogen fluxes to the rest of the food web.

The fate of carbon znd nitrogen fixed in the highly productive
shelf rezions is quite different from that in the open oceanic areas.
In the open ocean, a large frection of carbon and nitrogen enters
biological food webs and is decomposed to inorganic forms and
recyclvd in the upper waters. Because the effects of human ac-
tivity are greater ‘n the coastal regicn, understanding the coastal
procecses has far greater significance than their areal extent or
contribution to total marine carbon fixation would suggest.

In order to make progress in understanding the primery pro-
ductivity of the oceans, we need a program of research to obtain
synoptic data on biomass end productivity for the highly dynamic
oceanographic regions. Measurements are needed both over long
periods (decadal time ecales), and at much higher frequencies for
resolution of biological processes. Satellite and airerzft remote.
sensing techniques, as well a3 moored biological buoys, have ma-
tured rapidly in the last 3 to 5 years to now meake such sampling
feasible. As a consequence, multiplatform (ship, buoy, aircraft,
and satellite) sampling strategies offer an opportunity to reduce:
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:zgmz:f\.xxt! v the variznee in cstimates efshalf p‘a tc"!*.u..zﬂn chun-
danes, casbon fizntion, depecition, end ti‘:"zr concomitant nitrogen
opd rhosp“nma ﬁu::cs L

Uptsia of carbon dioxide during mersine p:im:xy production
i3 10 to £0 ¢imes that of tho fosil fuzl carbon dicnide relegsed from
enthropegenic cources cach year, Myjor unkrewns ore whet ereel
and temporal changes of chelf preduction have occurred over the

leat 100 ye..m and ho*v auch of the “minting® carben cf glebal
carbon dioxids budgsts i ctored in ungmzed glowly decempen-

ing crpanic matter, As a rezult of bumen gclivitiea including uvss
of agnzultuml fertilizers, prcmxc»xo": of pghan mw':u-, and dzfor-
estaticn, the putrient contzat of mejor rivers (e g, Lfisziecippi,

Rhire, end Ya_gtr.e) is eztimated to be 10 timea that of both the

pzei’:du.":J river condition end even the presumsd unmodiSed

nutrient content found in continental slops waters.

With respect to the global impect of the changiag ‘nutrient
input from the two boundzrics of the chell (land, shelf-break)
and subsequent carben fix at.on, future b-&:pherc prognm_. should
addrezs the fc*lc’v‘ng questions:

1. V/hat is the relationzhip betwesn estusrino outwelling and
ghelf-brecl vpwelling of dircolved zutsients on tl.\. dfvclonu. ment,
wplenkten,
bothoff an x.‘ﬁn_:.h::ﬁ estuary and slong = extire cv:.::'line'?

2. How far geaward znd over what szez does cotuarine influ-
ence extend both in regard to discolved pollutants cnd in regard to
the transport of phytcplcnl.toa" In pasticuler, cre phytoplonkton

“transported ecrocs an entire ehell to the clope La ndd}"

3. Czn th2 land source of nutrients bs dl..unvum!md from one

i eé"\...z}' to the next?

4. What i3 the relative influence of ehelf edge up-velhns com-
pared to current intrusions, such z3 warm core eddies, on phyto-
plankton abundance, distribution, and metabolic activity? '

§. Annuzl cycles of phytoplenkton composition, distribution,
abundance, and production are generaliy repented from yeer to
year cver o shelf ares, e.g., from Capc Hetteras to Nova Scotia,,
within the eouthezst Bering Sea, or off Peru. As an example, can
chlorephyll cccumulation ot shelf fronts, e.g., the Irish and Bering

~ Seas, be detected within CZCS overflights on & routine basis?

The oceuan ig characterized by considzred annual and :s2asonal

~ variatiors in phytoplankicn, but there is little known ebout the

e A e b v SR
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repetition of there patterns. The bicsphere program chould includs
catellits remote esneing systems that can determine theza,

6. In tks occen, thers ere episodic events, such ea dlge=z
blooms, thet extend over large erens. The caucsa of thezs bloams
ere unrosolved, but ccean tempereture is belisved to be impoctant.
Scicllits remots e2nsing is important in menitering the orizin, &o-
tribution, end fata of theos events. The biccphere progrem chozld
include zatellite remote sersing of “hece factors.

7. How can the disiribution of bydrogrephic srd nutriant
propertics be relotzd to phy t:plnnkton cbundanpzs, dx::tn'butzc:x,
end type a3 indicated by winds, ice, end temperature dota cl=o
derived from concurzent sotellite obosrvations? .

8. What is tha behevior of fich (avoidance or ctiract xccn) with
respect to naturcl end eutrophic foaturea? How much of the pri-
mary production is paceed up the food web in a lccal area?

" ESTUARIES AND MARSHES

Estuzrics and mearahes are ucuslly eo heavily covered by plints,
sucpended pedimont, or both e2 to meks thom inaccessible to
CZCS-type scanners. In cddition, they ars 59 manstonously colv
ored for Lendast-type scenners, There ’o’e, they zre, &% present,
lezs well known &3 objects of remote ceneing than either open
‘ocezns or dry land. Since gpecial equipment and effort will be
required and since these wetlenda are geographically minute com-

pared to land masses and cpen ocean, it must be asked if they are
kaely to be of sufficient z;eo'hemx.al or theoretical importance to
merit the effort.

The greatest significance of estuarics seems to be (1) as a

-nursery for important animal species; (2) as a locus for anzerchic
events that may be important in the nitrogen and sulfur cycles;
and (3) es a filter through which most of the freshwater runcfi
from the continents must pzss before it can enter the sea. All
three roles relate intimately to the high primary productivity of
estuaries and marshes.

Estuarine productivity per unit area is comparable to, or
higher than, that of land systems, and much higher than allbut a
few marine regions. Runof water, high in most goluble minerals,
treveling either as river water or groundwater, peazes in estuzasizs.

. Rooted vegetation, floating mats, or plankion blooms occur in
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most ectuarics. Rich bazes are thereby provided for animal focd
chains.

Tha eame chundanze of plant productivily often provides o
much decomposzble orgenic matter 23 to produce, ot least tem-
" porzrily and locally, higkly anoxic regions, in whita anaerobes
* are active, releacing nitrescn to the atmorphere and consuming
oxides of sulfur. Muds cf many kinds zre preduced, centaining
much cf the mineral sedimont thet came from the land; little
particulate matter cacapes tho ectuaries to the cea. Ths extent
of ancxic environmenta: (1) ctrongly influences the flux of geses,

. suchezsmethane, bydrogea sn!ade, mtzo;;:n, ammonis, and earbon

dicxide derived fre:n enzerobic, microbial metebokiam; (2) ore im-
portant locaticns for lon r’-tcrm storege of orgenic earboz; and (3)

* are pessibly eignificant sites for ba-"‘..cml ﬁxa isa of atmospheric
pitrogen.

Botk marine and freshwrater encxic cnn'cnm.,nts aceur where
degradation of organic inputs cxceeds the influx of oxygen. The
source of the organic inpuls is NPP within the same ecosystem
or from neighboring ecozyatems, Thus, = direst linkage exists
betwezn the extent cf enorae environments end NPP.

The follswing que:, iors arc in regerd to cctuaries for a bio-

sphere program: - o

1. Whzt dztermines whether an estuary will produce rooted
vegetation rather than flozt mg mats or phytoplanktcn?

2, Are different types of estuaries and marshes comparatle
in their production ratca? In & model ¢f eny estary, there will
be terms for water inflow and departure, ut'xﬂn‘ lavels, plaut
productivity, aad zo ca. Given such no"e.s for any two estuar-
ies, can the models be transformed into ezch other by constant
maltipliers related to water flow :ates, nutrient concentrations, or
“some simple function of the two? If ro, then the number of ground
measurements that needs tc be made to aszess the global role ¢f

marshes and estuaries is sccordingly reduced. If not, an ecological:

taxonomy of estuaries and merches becomes necessary.

3. Are there global controls of coastal wetlands, or is each
ecosystem dependeat on czly its local environment?

4. Are marshes and estueries in general and in total sources
or =inks for carhon?
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5. With proper czlibrating, can data from a well-monitored
- gmall estuary bz combined with remote sensing techniques to de-
velop a carbon budget for large, difficult-to-messure marzhes or
en cstuary like the Micsicsippi?

6. What ore the relative effects of “greenhouse® geses, e.g.,
methans and carbon dioxide, releesed from marshes during periods
of changing eea level?

LAKES

Because of their well-defined limits, universal geographical distri-
buticn, and the proven eccuracy with which primary production
can be meesured in them, lakes are uzeful natural laboratories
for determining the fzctors that control glebal primary produe-
tion and the fate of the fixed carbon. Besides being coavenient
ecosystems for ctudy, there are practicel reasons for studying lakes
and other inland waters. Without adequate supplizs of unpolluted
fresh water, socicty &3 we know it would not exist. Indeed, fresh
water could well become a primary factor limiting the world eco-
nomic development in the next century. The management of fresh
water is now based on empirical relations between forcing functions
(input of nutrients, sediments, heat, or toxins) and the observed
responees of biological commaunities (algal biomass, fish yield, and
so on). Tiiese statistical models ere besed on short-term stud-
ies of a heterogeneous greup of lakes and reservoirs in the north
temperate zone. Conszquently, precent management meodels have
wide confidence intervals, and the application to any specific lake
involves & great dezl of uncertainty. Morcover, extrapolation cf
theso relations to water bedies outside the temperate zone is pure
guesswork.

A second mejor shortcoming cf current limnological models is
lack of appreciation of spatial variability within lakes. Apprecia-
tion of spatial variability can only be gained through techniques
that spatially integrate basina. Satellites create the opportunity
to lock 2t lakes and their changes through time in a wholly new
manner. Chlorophyll, transparency, sediment concentrations, and
temperature can be computed for the entire mixed layer of a lake,
and the distributions and mean values of these variables can be
followed through time with a single, standardized methodology. In
. particular, the CZCS color ecanner tected cn Nimbus-7 will allow
chlorophyll in the mixed layers of low biomass weter bodies to be
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mapped ecnywhere on the globe. Theze data correlate well with -
estimates of integral primery production end can be used z3 input
to models to calculate annual production in lakes with an accuracy
of +20 percent.

The accurzey of chlorophyll-baced annual productivity models
critically depends on annusl values of two parameters: alphs, the
initial linear slope of the photosynthesis versus light curve per unit
of chlorophyll, and Pmax, the light-saturated rate cf photosynthe-
sis per unit of chlorophyll. These parameters are apparently stable
in the sea, but the only long-term study in small lakes has shown
them to be highly variable.

It is important to determine whether thera is a relation be-
tween the variability of these parameters and the size of the lakes.
It is aleo importent to determine whether the parameters alpha
and Pmax vary systematically in lakes of a given size from the
tropics to the polar zones.

MEASUREMENT REQUIREMENTS

Estuaries and Marshes

Preliminary investigations undertaken in the 19504 provided cvi-
dence that the quality of light reficcted from an otezn surface and
remotely sensed by zircraft instrumentation might be interpreted
as phytoplankton biomess, i.e., chlorophyll, in the upper portion
of the water column. The work was limited by cquipment to an
eltitude of 3 km; however, even at that altitude, the influence of
* the atmospheric backecatter wea quite cbvious 23 it began to dom-
inate the color signal reflected from the ocean surface, Additional
NASA-supported studies in 1971 and 1972, with Lear Jet and U-2
aircraft and a rapid scan spectrometer at altitudes of 14.9 and
19.8 km, demonstrated that this concept could be used to develop
spacecraft equipment for the purpose of estimating ocean water
column chlorophyll from Earth satellites. This became possible
through the realization that problems associated with the scatter-
ing properties of the atmosphere, as well as direct reflectance of
the Sun from the sea surface, could be either avoided or corrected.

The first catellite-borne ocesn color senzor, CZCS, was
launched aboard Nimbua-7 in Qctober 1978. It has four visible
end two infrated (onz thermal) bands, with a sensitivity about €0
times that of the Landsat-1 multispestral scanner. Unlike many
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satellite censors of ccenn properties, the CZCS responda to more
thaa the mere zurfzce features of the eea, and ia censitive to zlgal
pigment concentrationa in the upper 20 to 30 percent of the eu-
photic zone. A predictable relctionship was established between
the CZCS estimsates cf pigments and plankton chlorophyll mea-
surcments mede abozrd a chip in the Gulf of Mexico. Othear shelf
studies within the Scuthern California Bight and coastal weters
south of New England have alzs compered ehip track chlorephyll
data and CZCS date. In gll three coastal regions, there wes great
spatial variability of in vivo chlorophyll, with a striking agreement
beteeen the two methods.

A number of other censor systems and platforms have also
showm a potential for use in the determination of the zreal extent
of lz2kes and inlend and cosstal wetland arezs. An early epplica-
tion of the Landsat system was the sutomated mapping of water
bodies within the United States. Perconnel of the NASA Johnaon
Space Flight Center developed automated technologies for map-
ping water bodies above 10 zcres with accuracies well above 20
percent. Similarly, Landsat and combinations of Landsat and Syn-
thetic Aperature Radar {SAR) date have been cmployed to map
the sreal extent of wetland aress and to classify *he grocs gpecies
composition of euch areas. More recent studies suggest that there
is a high prospect for success for a research program designed
to cccomplish the mapping of biomass and eventually primary
production in the coastal ocean, lakes, and inland wetland zreas.

Occans

The first priority for future ocean color mezsurements is in the
productive coastzl waters within the 200-mile economic zone sur-
rounding the continental United States, islands, and territories.
The second priority is midocean regions. The frequency of re-
quired satellite coverage 2nd information will vary depending on
locztion and perhaps to coms extent on se2son. Generally, 2-day
coverage will be required in coastal zad local waters and 3- to
5-day coverage for most midocezn applications. Global coverage
may be needed on the order of every 15 to 30 days. In addition to
measurements made from satellites, marine research studies will
generally require oceancgraphic data measured from ships, buoys,
and saircraft.
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Unfortunately, it hza not been pozsible to obtain CZCS-type
measurementa of the global oceans ¢n =aything clez2 to a daily
basis. On any given dsy, the major frection of cur watery planet
is obzcured by clouds. A qualitative idea of rezlizeble sampling
characteristics has been gleaned by ecreening a fewr tims sequences
of CZCS data for which regular sampling wzs attempted. This
experience guggests that In a month of data collection, uzeful
data will be obteined on soveral days within randomly distributed
clear-sky domains that are a few hundred Ekilometers in extent,
and lecs frequently 1630 km in exteat. Gf the nominal 2 hours of
Nimbus-7 CZCS coverage taken aad recorded per dey, an eversge
of spproximately 30 to 40 percent ia rejected and net processed
due to total cloud ecover.

In summary, our experience to date suggesta that global CZCS
coverage would yield, cn average, betwean 10 (2t the equztor)
and 20 (at 40°N) usuble imeges per meath, ie., the required
sampling interval of every 1.5 days, for & given 1000 km x 1000
km ocezn domain, with the majerity of usable dats In patchy
subscenes of typically a few hundred kilometers in extent, and
with only an occasional clear view of most of the domain in one
image. Coverage frequencics will certainly fluctuste seasonally
(and regionally) about thess nominzl estimates: coverage gaps of
2 to 3 weeks are likely to occur eeveral times per yesr, with fess
frequent gaps of longer duration. In winter, low sun elevations will
cause sampling voids of eaveral weeka to a few months (increasing
with latitude) 2t latitudes above 40°. These characteristica essume
that a single CZCS-type instrument is cperated in a Nimbus-7
orbit on a globsl basis. :

Clearly, the present data base collected with the Nimbus-7
CZCS iz inadaquete to zpply to the global mapping of primary
productivity, except in a qualitative eense. It is limited both in
terms of sampling frequency and in terms of concurrent oceano-
graphic experimentzal data necessary to bridge the interpretive gap
from phytoplankton pigment distributions to net primary produc-
tion. Adequate data do exist in certain ehelf regions, however,
to develop a sampling methodology for a global productivity as-
sezsment program utilizing a fellow-on CZCS-type sensor. The
committee advocates deploymert of moored in situ fluorometers,
and drifting flucrometers, similar to the metesrological sensors of
the 1979 Global Weather Experiment, in defined shelf experiments
to allow interpretation of time-space compoasite dezcriptions of at
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TADLE 2.2 Porziila Locatica of Global Murinae Biomsaes/Productivity Expariments

:1.333 - Moored Dzifting Oc¢ean
34 T Fluorom- Aireraft  Color
meats (37 oter Sensor Imagery
2| <t
Mid-Atlantic Bight x = x b 3 x
Georyia Bizht x = x x
Culf of Msxico x 4 x x x
Celifornis Custent x x x x x
Bering Ges = z = x
Nocthenst Atlantic =n 3 x
Gul of }ezico x x T x
Northwest Paeifie x x x
Globel Aren Shelves
Rorth Sea x x
Barents Ses x
8. China/Japan Sers x =
Arsbian Sea x
Veast African Sheif =
Patagonian Shelf x
Paru-Chils Shelf x x
Timor/Arafurs Seta  x x
Glode Slo
Southzrn Ocsan x x x

least parts of the ocean. This system should be coordinated with
a program that would yield global CZCS-type images at a fre-
quency of 15 to 20 dzys of ussble coverage per month. Such global
CZCS-type imeges would inctantancously resolve the chapes of
shelf synoptic scale patterns of phyteplankton pigment distribu-
tion from 2ny domain. These would allow interpolation from the
surface-based data set for representative marine ecoeystems (Table
5.2).

Since the chlorophyll distribution in the ocean is patchy on
all scales down to the subkilometer level, to adequately map phy-
toplankton variation in high-concentration shelf arcas a satellite
must be zhle to resolve about a kilometer of the ocean. This small
spot size z!so allows mezsurements closer to the shore, so we can

“resolve Iocal outwellings and upwelling zones, which tend to be
nearshore phenomena in many cases. Such a high data rate may
be relaxed somewhat for wide area studies of open occean phy-
toplankton. In this case, we can accept o degradation to about
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4-km re=clution. Thercfore, we require a satellite system that can
operate in two modes, analogous to the precant infrored system:
(1) local =rea coverage of high rezolution to zsbout 1 km, and (2)
global area coverage of lower reeolution to about 4 km.

In order to conduct the in situ field work necesacry to ex-
ploit the occan color observstions frem space, experiments must
be staged in a variety of e2sons and conditions. Logistically, this
implies that the spacecraft mission must cover at least 2 years to
specify atypical situations, e.g., the occurrence of El Nifio phe-
nomena.

- Wetlands and Lakea

Remote sensing of the arezl extent and the major species of macro-
phytes in wetlands and phytoplankton in lakes and open estuaries
is currently feasible with Landsat sensors, with SAR s¢nsors, and
with CZCS sensors. Sequential imzgery at monthly intervals of
the same wetland permits calculation of the net changes in plant
biomass for thoze species with a well-defined growing season. In
regions where cloud cover precludes repeated coverage with Land-
sat imagery, & satellite-mounted SAR zensor is required. This is
especially important becauce large areas of tropical wetlands occur
where cloud cover is frequent and the option of aircraft with SAR
sensors is impractical. -
Two levels of sampling are required: (1) a globa! survey of
the areal extent of marine and freshwater wetlands, and (2) an in-
tensive examination of net primary productivity in representative
freshwater and wetland ecozystems. The timing of the first survey
should coincide with the maximal extent of the vegetation. The
spatial resolution of the sensor required is ebout 50 m. The survey
should be repeated every 5 years. For the sscond purpose, a func-
tional division of these ecosystems based on the major source of
nutrients to the plants (water or sediments) and the sea=onal range
in area inundated (minor or large) could be used. The committee
suggests the following: '

1. Floating wetlands .
eAnnual meadows in Amazon floodplain
sPerennial Papyrus swamps in Sudan
2. Rooted wetlands .
e Annual grasslands inundated in Veneczuelan interior sa-
vanna .
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3. Perconiel temperats, Pliragmites marshes
4. Annual tundra vatlends
5. Major estueries
eEutrophic, e.g., Rhine, Missizsippi, Yangtze
oQligotrophic, e.z., Zaire, Yukon, Amszon
8. Mejor lakes
eTropicel, e.3., Lake Tungenyika
e Temperzture, e.3., Loke Superior
eArctic, e.3., Great Bear Lake

Detailed examinaticn cf the speostral quality of estuarine and
lake waters moy slso permis formelation of a time-dependentmodel
of biclogical eventz. For example, the traneition from a cyznobee-
terizl (blue-green zlges) bloom to its collepze and decay may be
discernible. Perhapa quentitztive estimetion of the diczolved or-
ganic compounds that tint water yellow will alzo allow improved -
tracing of river inputs to the oceans. A caentral problem for fu-
ture sensor design is thus to differentizte the complex colors of
estuarizs and lakes. Colors other then these of chlorophyll con-
tain information zbout eadimentation cad sbout the history of
the ecosystem. Current sencors ere derigaed for measuring chlero-
phyll in clear oceanic watera {(CZCS) or in terrestrial vegetation
{Landsat). Improved algorithms may permit use of thezse seneors
for the opplication deccribad here, Another pocsibility within ex-
isting technical capability ia the Isunching of a sztellite with 2
tuncable radiometer with greater spectral rezolution {e.g., 20 nm).
Such zn instrument would permit deteiled evaluation of the infor-
mation in water color. The uss of remotaly censed parameters in
such etudics is fundarnental to understanding the fluxes of energy
and msass in the oceen, wetlands, and lakes. In the next 10 years,
rernote sensing of entire aguatic ceosystems could change our way
of thinking zbout ecosyctems, much 23 remotely sensing the ocean
floor through magnetometry in the early 19503 led to & whole new
theory of crustal evolution and geological dynamism.



6.
REMOTE SENSING
REQUIREMENTS

INTRODUGTION

Previcus chapters stre=s the importance of remote sensing in the
study of the bicenhere. This gection briefly enumerates a number
of environmental paramsters about which information is required
in the stuay of the biosphere. Particuler emphasis is given to
those developments in the area of vegetation analysis. The range
of satellite and zircraft remote censor systems whose data are
available to the rescnrcher interested in the study of the bioasphere
is presented slong with the concepts of multistage data collection.
Fina]ly, a brief summary discuszsion will point out some major
iszues, problems, and nceds in remote sensing for apnhcatlon to
the study of the biosphere.

REMOTE SENSING OF E’\TVIRONIWENTAL
INFORMATION

There are a number of major environmental parameters about
which information is needed and about which remotely sensed data
have been znd are currently being analyzed. These environmental
parameters include those listed in the following sections.

Water

“Observation of the hydrologic cycle requires a varied set of me-
teorological! and hydrological information, including data on the
location, areal extent, and quality of surface water bodies; the vol-
ume of runoff and the variability of stream flows; the geological,

93

R



"

~ soil, and vegetation cheracteristics of watersheds, 23 well 2s data
on the extent and depth of high mountzin snow; the ares watered
by irrigation; and the rate of agricultural use of water. Where
floods t.re common, it is alto important to know the areal extent
and timing of flooding.

Although considerable work hzs been zecomplished in this
a‘ea, much work remnaina. The potential of & variety of sencor
systems for input to models of hydrologic parameters must be as-
sessed; thisis particularly true with respect to models of hydrologic
cycling.

Soils

Small-scale soils mzaps (1:5,000,000) are now aveilable for all con-
tinents, and 1:1,000,000 scale mapping is quite common; but for
national and local agricultural purpoces, soil zasociation mapsofa
much Jarger ecale (at least 1:200,000 and even 1:160,000) ere essen-
tial. For specialized studies of irrigable land, 1:10,000 or 1:25,000
scale may be needed. Soil data have been generated from the
analysis of aerial and satellite imagery by agencies of the federal
government for many years. Researchers are now examining the
potential of Landsat in & geographic information systems approach
for the 1napping of soil and determining eoii erazion potential.

. Vegetation

Terrestrial ecologists have approached the study of vegetation by
classifying areas of the land surface into brozd categories, often
defined by the physiognomy of dominant specics. Inzsmuch es
the dominant vegetation iz an exprestion of environmental con-
ditiona, these vegetation maps are maps of ecosystems, including
the reflecting variation in soils. An estimate of the worldwide land
area covered by each vegetation type is fundamental to our under-
standing of the relative size and role of the biosphere in the surface
chemistry of the Earth,

The total land zrea of the world is well known (149 x 10® ha),
but estimates in the arezs of vegetation categoriea vary consid-
erably. Some of the variation in estimated areas is the result of
different classification schemes used by different workers. Remote
sensing can play an important role in improving the areal estima-
tion of these vegetation units: the present state-of-the-art for land
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use and land cover determination using Landszt imaging provides

classification securacies ot epproximately the 80 percent level for .

eneral vegetation clazoes, such a3 coaifers end deciduous forests,

savanna woodlznds, grasslands, and deserts. Although less well -

explored, synthetic-epertare radar (SAR) can be uzed in a similar
way to map the areal extent of various canopy types from ecither
airborne or spaceborne platforms in areas of the Earth’s surface
subjected to constant cloud cover.

In forestry, the needs fer information relate to forest invento-
ries, mapping of burned arezs, monitoring of logging, and detection
of pests end diseass. With respect to rangeland, the needs include
inventories of range types, ectimztion of biomasa, and monitozing

" of condition of range forage. Remote censing with Landsat ia being

employed to anawer the forest inventory needs. Mapping of burned

arezs with greater accuracy than conventional methods has been .

accomplished from Landsa.t data.

Geology

Geologista have for many years recognized the potential us satellite
remote sensing. Indeed, it was personnel of the U.S. Geolagical
Survey who very carly led to the push for the first Earth Resources
satellite. Mineral and fossil fuels—ocil, ceal, and gas—have been
sought and located in many parts of the developing world with the
assistance of remotely sensed data. Large arezs of the world, how-
ever, zre still geologically unexplored using advanced technolory.

Terrain studies, to identify landforms, faults, fractures, folds, ma- -
- jor rock types, end geophysica! and gesbotanical anomelies, are an
important elemant in geological mapping and mineral exploration. -

There have been initial steps on the construction of a mineral
survey and in the identification of potential exploration sites. Ge-
clogical mapping at reconnaissance scales, which is available for
many areas, needs a follow-up by detailed local mapping of selected

" arezs. In some cases, study of groundweter resources elso requires

epeciz] kinds of geclogical mapping. Expanded research into the

. uses of the new spectral bands on Landszt 4 and the Shuttle imag-

ing radars should be encouraged. These systems are capable of
providing new insights that can influence our understanding of the

processes affecting the biosphere,
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Oceans

Ocean processea have traditionally been investigated by sampling
from instruments in situ, yielding quantitative measurements that
are intermittent in both epace end time. The pest two decades
have szen the development of new observing systems, such as the
conductivity temperzture depth system, current meters, and radio
transmitting floats. These devices give a continuous record in one
dimension, either instantancously in the vertical or at afixed point,
or approximately moving with a weter parcel. Arrzys of these
instruments have greatly increased our awareness of the space-
time variability in the ocezns due to internal waves, mesoscale
eddies, or fluctuations in the general circulation iteelf,

In principle, space-based techniques can offer substantially
improved information important to thias four-dimensional jigsaw
puzzle. Global coverage of broad-ecale surface features (such as
wind stress, sca level, and temperature) at time intervals that are
short enough to be effectively continuous gives an enormous poten-
tial advantage over shipborne techniques. High-resolution images
of temperature or color or microwave emissivity allow unique vi-
sualization of near-surface processes, such es internal waves or
eddy formation; such visualizations can greatly extend the inter-
pretation of conventional measurements, and allow considerzble
economies and a new kind of strategic planning of ship cperations.
Communications with sensors on fixed and drifting buoys, and
the location of nonfixed systems through satellites, make possible
many types of composite subsurface measurement systems that
would otherwise be impracticable.

Remote sensors operating from the vantage point of space will
never replece direct measurements and acoustic remote sensing
because the ocean i3 effectively opaque to electromagnetic radia-
tion. Seasat and the Coastal Zone color scenner, however, were
important satellite systems for the study of the oceans. Contin-
ued emphasis needs to be placed on the development of advanced
systems of these types.
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A BRIEF HISTORY
OF THE REMOTE SENSING
OF LAND VEGETATION

The development of remote censing can be subdivided into several
major periods. The first major period in the history of remote
sensing of vegetotion extended from the invention of the airplane
to the 1950a. Photographs from powered aircreft were firat taken
by Wilbut Wright on April 24, 1809, cver Centocelli, Italy. Ap-
plications of serial photogrephy developed rapidly. By the 1920s,
stercoccopic eerial photography in forestry, renge, and egricultural
studies hod been developed. The early 19305 eaw the Agricultural
Adjustment Administration of the U.S. Depnrtment of Agriculture
systematically photogreph farm and ranch lands throughout the
United States. This operatisn became routine in the 19503 and
19603 as the Agriculture Stecbilization and Coneervation Service
(ASCS) systemstically ecquired black-and-white eerisl photogra-
phy of agricultural lands for their use in edministering USDA’s
farm programs. In the early 1930z the U.S. Forest Service zlso
began its program to photograph vast areas of the timber reserves
of the United States. Since 1948, eerial photography hes been
employed a3 8 base for the range resource inventories conducted
by the U.S. Forest Service. o

Early »erial reconnaissance of forests typically employed pho-
tographic images acquired from relatively low flying aircraft. Tra-
ditionally, manual anzlyses of stereoscopic aerial photograpliy
produced measurements of tree species composition, tree height,

crown diametera, crown closure, crown area, end number of trees’

per unit of surfsce area. These remotely s2nsed derived vegetation
characteristics were then combined with ground meszsurements to
produce eatimates of merchantable timber—a proportion of forest
biomass—for large regions.

The secon-Z major period in the development and application
of remote sensing techniques to the analysis of vegetation was
stimulated by the need of resourze managers for more zecurate and
timely information for detection and assessment of less from crop
and forest pests. In 1961 the National Research Council formed
the Committee cn Remote Sensing for Agricultural Purgoses and
extended efforts beyond crop and pest detection to information
on crop and forest production, management, and marketing from
both zirborne and space vehicles.

b . i b
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Research, begun in 1564, funded by NASA and USDA, con-
centrated on problems of data reduction and discriminant analysis
for the timely production of crop and forest information. In 1565
NASA began to zpply aercspace remote sensing techniques to the
study of agriculterel crops, forests, and natural grasslands. Re-
search conducted at academic and federz] centers through the
remeinder of the 19603 provided the basic foundations for an
Earth-viewing, remote sencing czpability utilizing satellites and
digital computer processing technologies.

The first digital computer zaalyses of multispectral data col-
lected from sircrz® were made from an ggriculturel field in Indiana
in 1963. Results showed that digital image processing techniques
could indesd be employed to distinguish wheat from oata.

A number cf key projects in the 1870s led to important ad-
vances in the remcte e2nsing of vegetation. These projects included
among others the Cornblizht Watch Experiment (CBWE); the
Crop Identification Technology Assezsment for Remote Sensing
(CITARS); the Large Area Crop Inventory Experiment (LACIE);
the Ten Ecosystem Experiment; and the Forest Classification and
Inventory Systern Project.

In 1970 the Southern Corn Leaf Blight caused extensive dam-
age to the U.S. ecen crop. CBWE was initiated in April 1971
to use information derived from multispectral remote sensing by
digital pattern recognition techniques and manual interpretation
of infrered aerizl photographs to detect and control the develop-
ment and epread of corn blight zcross the corn belt during the
growing season; =s:es3 the levels of infection present; estimate the
land area saffect:d; generalize information obtained from surface
site visits to assess yield impacts; and asseas the applicability of
techniques developed to simiiar future situations. Prior to use of
remote sensing techniques, information concerning the spread of
the corn blight was based often on hearsay.

CBWE utilized high-altitude zircraft taking color infrared
photography, a low-altitude aircraft collecting multispectral data,
and ground observations, all collected according to a statistical
sampling strategy. CBWE demonstrated that large areas, in this
case parts of seven ctates, could be eccurately and rapidly assessed.
The experiment proved essentially that the location and sprea.d of
blight could be accarately monitored.
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Landsat-1 wea launched in July 1972. The Crop Identifica-
tion Technology Aszccament for Remote Sensing (CITARS) exper-
iment wzs one of the firet mejor programs that attempted to use
data from this satcllite for the study of vegetetion. CITARS was
designed to evaluate existing quantitetive meesures for the iden-
tification of specific crops using catellite remote senring. Specific
CITARS cbjectives were to (1) determine the ability of Land-
sat data to identify and distinguish between corn and soybeans
during a growing s2asecn; (2) cssees the effects of different geo-
graphic locations with different physical and cultural patterns on
crop identificetion; (3) employ mechine data proceesing and de-
velop quentitative measures of the variation in crop identification

- accuracy; (4) test the concept of “signature extension”—that clas-

sification algorithms developed for one location could be applied
to others; and (5) evaluate the benefits of Landsat classification
techniques. ,

CITARS demonstrated that multidate Landsat data improved
the potential for nccurate classification of egricultural cover types.
This program alco pointed out two major problems that are still
under study: the mixed pixel and siznature extension problems.
A pixel (picturc element) ia the crea covered by the instantaneous
field-of-view cf a tcenning remote s2nsor system, thus defining
the resolution limit of the system. When two or more types of
vegelztion cover are present within the area covered by a given
picture element (creating a mixed rather than “pure” pixel), the
probability of correct clzssification of those vegetation types can
be significantly decreesed. When automated techniques are em-

. ployed to develop correlations for cne erea that are then used to

classify a different area, the probability of correct classification
again decrezses; this in brief is the signature extension.

Results of the CITARS program affected the design of a new,
more focueed progrem with direct applications, the Large Area
Crop Inventory Experiment (LACIE) program, which began in
1974. LACIE’s purpose was to determine how well one could
forecast the harvests of a single and important crop, wheat, on
a worldwide basis using satellite remote sensing technology. In
LACIE, for the first time, the biological production of a major
crop on a global scale was to be estimated. What LACIE found
was that techniques developed in this program tended {o produce
particularly good estimates of wheat acreage in geogrephic areas
having large field sizes (ficlds having rectilincar dimensions that
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were large in relation to Landeat pixel resolutiva, which is about
80 m). Such arens included the hard red “winter® wheat of the
United Stztss, Soviet Union, and Argentina.

In a cimulated operzticnel test, the LACIE in-sezson forecast
predicted a S0 pereent shortfoll in the 1877 Soviet epring wheat
crop. This cotimate came within 10 pescent of the cfficial So-
viet figures released months after harvest. In eddition, LACIE
midesason winter wheat forecaats predicted, within 7 pereent,

23 parcent abovo-normsl Soviet winter wheat crop & r.um‘*er of
menths before harvest with a coeflicient of veriztion for the total
wheat hervert of 3.8 percent.

In 1978, the LACIE experiments were extended to more types
of crops, =1 well &3 to forests and rengelands under the Agricul-
turzl Resource Inventory and Survey ‘Technology using Aerospace
Remote Sensing (AgRISTARS) program. In AgRISTARS, crop
assesament wes enhanced in several cases by the construction of
agrometeorological models and canopy reflectznce modela.

Agricultural research employing remotely censed deata in the
1830s and 1870s demonstreted that timaly sgricultural rescurce
surveys ore feagible. Remotely censed dsta, however, must b cup-
ported by collateral informaticn of specific npatisl, epecirel and

" temporal recolution, dats processing herdware and softwere sup-

port for both digital and analog imagery, integrated and operated
by skilled perconnel. The pregrams discussed sbove and others
also have led to major advances in meachine processing cf remote
seasing imagery of vegatation; mejor advances in the development
of models of canopy structure and of the reflection, abtsorpticn and
emiszion of electromagnetic radistion by vegetation canopizs; and

‘a recognition of the importance of models of the energy exchenge

properties of vegetation.
Remote sensing data from aircraft and satellite platforma has
been znd is being applied to forest and renge inventory and mon-

" itoring. The USDA (U.S. Forest Service) NASA Ten Ecosystem

Study explored the fonsibility of using Landsat multispectral data
and eutomezted pattern recognition enalysis to inventory forest and
graszlond resources. Dy dividing the continental United Statesinto
10 brozdly defined ecological clzszcs and examining the similari-
ties tnd differences amcng them, this study built on the results
of mere localized resesrch and could gerve es & prelude to larger
scale investigetions. Ten Eccsystems demonstrated that Lendsat

" data, with eppropriate machine-assisted processing techniques,



B

o~

PRI IVERS SRS g

101

can diztinguish herdwood, coftwood, greszland, and vrater pnd

make inventorics of thesa claszes with en accuracy of 70 percent

or better &t an operationel cost of 11 cents per oquare hactare,

The Forest Clessification and Inventory Systsm (FOCIS) em.
ployed machine processing techniques to extract and procees tonal,
textural, and terrain information from registered Laadsat multi-
cpectral ceanner dats and digital terrsin data. Ucing theze tech-
niquea in a portion of the Klamath Netional Forest (an erea of
300,000 hectzres), on estimate of ceftwood timber velums wes ob-
tained with a coefcient of veriation of 6.3 percent, which was
gimiler to eecurecies derived concurrently by Forezt Service per-
gonnel and yet was produced in considerably lezs time and at less
cost than the data generzted by the conventionel survey.

In other forestry projects, strong correlations have bzen found
between stand density and Landzat data for single-species planta-
tions, including stands of pondercsa pine, southern pine forests,
Douglas fir, and red and white fir. Landsat imagery in digital for-
mat are also being used to produce land cover maps for rangeland.
When combined with digital terrein information, these data are
being ussd to produce resource maps for habitat assessment and
manzagerial decizions. ,

A generel reszarch advance growing out of remote tensing re-
search on vegetetion in the last decade is a better understanding
of how diffierent wavelength bands provide different kinds of infor-
mation, and how the ratio of different bands yields information
not obtainable directly. It has been zzen that the spectral region
between 0.74 and 1.1 um exhibits som= sensitivity to totel plant
biomzss. Healthy green vegetation is typically charecterized by
both high reflectance (45 to 50 percent), high transmittence (45 to
50 percent), and low absorptance of near-infrared radiation. Anal-
yees of the multispectral remotely sensed dzta generelly involve
transforms of the data. Most of these indices or transformations
employ ratioa of measurements taken from at least one band in the
near-infrared region (0.7 to 0.9 sm) and one band in the red (0.6
to 0.7 um). Reseerch has demonastrated that a linear combination
of the ratics in more highly correlated with biomsazs than either
red or ncar-infrared maezsurement elone.

Research has also demonstrated that most spectral variability
in Landast data is two-dimensional and has developed a linear
orthogonal transformation with cne axis representing brightness
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and the other reprecenting & m2asure of the vegetation develop-
ment. The axis censitive to vegetation was called “gresnnces™ It
hzs been chown 2leo that this greenness transform is insenzitive to
ehedow effocts and atmozpheric effects over & reaconsable range of
stmospheric conditions. The came transformation hes elso been
shovm to minimice differences dus to eoil types and goil moisture
corditions. Thus, for o goopraphic area with a ressonably lim-
ited amount of variatien in £oil type, the numerical velue of eoil
greenneza can ba essumad to be constent.

Armong tho sccomplishments of the second period in the uee of
remote eensing fer studying vegetation is the davelopment of tech-
niques for (1) monitoring vegetaticn state and predicting crop
yields; (2) inventorying forests &s zecurately and much more
cheaply than before; (3) utilizsing repeated measurements from
data acquired over time for identifying vegetation type and for
monitoring sessonal production; {4) modeling relationships be-
tween cenopy structure and spactral signatures; and (5) combin-
ing information from ceveral wavelength bands to better reveal
vegetation characteristica.

Finally, a third period in the use of remote sensing for the
study of vegatation is just beginning. Major.chzallanges to be ad-
drecsed involve devising ways to estimate biomass end net primery
production for all major vegetzation types. Recent advances in re-
mote ceneing and in ecological and forectry research have demon-
stratad significent potentisl, end a growing number of researchers
belicve this challange can be met. Remote senting offers the poten-
tizl to measure spatial variation, monitor temporal changes, and
estimate the error aseociated with average velues for a variety of
biophysical and socioeconomic environmental parameters. Land
use and land cover and their changes over tims can be monitored
for large regions. With the continued development of data process-
ing algorithms for extracting, registering, anslyzing, and relating
remote eensing imagery to ground measurements, biomass and
biological productivity can be estimated with an zccurecy never
before pozzible. :

At the prasant time the key to studying vegetation biomass
and productivity from eprce eppears to be the vegetative charsc-
teristic of leaf area index (LAI). Leaf arca index ia the ratio of the
surfece area of 2ll leaves per unit of land surfece. Recent ecological
recearch has demonstrated strong functional snd statistical rela-
tionships among canopy leaf ares, stand biomears, and net primary
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productivity, and even with evepotrancpiration. Research 2lzo in-
dicates that LAI can be msesured by remote sensing, at least for
indices up to sppreximately 7. Thus, for the firct time there iz a
measure that is aveilable from remote zensing that can serve 2a a
link between a structural cheracteristic of vegetation and the pro-
cess of net primary productivity. Yet, problems exist: (1) a major
limitation in the use of LAl is how to obtain eufficient ground sam-
ples to demonstrate the rignificancs of the relationship between
remotely censed images end canopy leaf ares; (2) another problem
concerns how to extend the sbility of remote censing techniques to
recognize leaf area indices greater than 7. .
Indirect methods of meacuring LAI are available. Recently,
rescarch has shown that tree dismeter and height ere strongly cor-
related with LAI for individual species. Theee correlations may be
established by using destructive sampling techniques. Moreover,
well-known field and aerial photographic analysia techniques exist
for measuring tree diameters and heights rapidly. Yet, consider-
able work is still required to establish the relationships between
destructive sampling, nondestructive ground indices, and satellite
remotely sensed data. These relationshipa must be established
for ezch major vegetation type and their level of accuracy and

stability demonstrated. In addition, the potential for extending

correlations from one vegetation type to another must be tested.
Other recent research indicates that new sensor systems can
provide considerably more biophysical information on vegetation.
The lack of advanced sensor data such as the Thematic Mapper
and the Shuttle Imaging Rodars supported by adequate ground
truth data and iinage procecsing and analysis capabilities at ma-
jor research institutions acrocs this country, however, frustrates
the study of potential uses. Registered sets of nearly concur-
rent SEASAT/SAR and Landsat/MSS data exist over a variety
of vegetation types. In the few cases in which these data have
been analyzed, the inclusion of the SAR data with the MSS data
appears to lead to improved discrimination of land cover types.

PERSPECTIVES ON THE FUTURE

Developments in remote sensing and computer science during the
past severzl decades have led to a new potential for research on
the biosphere employing remote sensing from aircraft and from
satellites. These developments are summerized in Figure 6.1. The
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FIGURE 6.1 Tke developmez2 cf remots eensing for earth resounrces re-
search.

history of remote censing i3 a history of increased complexity.
- This complexity mekea it emestial that ve dstermine the true ca-
pabilitizs znd limitations cf remote censing for the study of the
biosphers. Developments to date show corcidérable premise. The
committes belicves that thete developments make an integrated
study of tke bicsphere trulr pocsible for the first time. The global
quantitative data obtained through satellite remote sensing pro-
vide the significant key t3=2 can walock new insights into the
working of the bicsphere znd can potentizlly provide expanded
understudi=a of factors thzt influen=z the long-term hazbitability
of the Earth. Remcte seriing cen significantly 2id in studies at
scales from sample plots ts global estimates. Research on large-
scale phecomens, in partizlar, has always suffered from a lack
of sufficient number of sarrsles, and remote sensing has proven to
be very vzlusble in the sequisition of information on large-scale
phenomena.

Exploitation of the iproved axnd unique information avail-
able to researchers. condecing studies of the biosphere from re-
mote sensing has barely bezun. Maxy problems and issues exist.
What is rzquired to increzse the irmpact of remote sensing on the
study of the biosphere i3 = concerted effiort on the part of both
the basic and the applied reszarcher to learn the copabilities and
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Limitations clearly. Recearchers chould be aware that the utility of
remote s2nsing may be grettly increassd when the information is
combined with other sources of dats; time ceries of remote censing
imzges are svailable; and ratios of spectrel bands are uged. Yet,
this awareness i3 only meaningful if research.there is a commitment
on the part of NASA and the federal government to the long-term
continuity of remote eensing data. A new ctert for a major land
obaerving satellite hes not been spproved since Landeat-4’s The-
matic Mapper. NASA hzs conducted studiza of both linear and
area arroy multiband, multispectrel eencor sysioms. In addition,
NASA is studying th= potentizl for & permanent, highly edeptable
civil epece facility for scientific studies of the Earth and the de-
velopment of related technology (the eo-cslled “system-Z*). While
such studiea sre impertent, it is more impartent that the next step
be taken beyond Thematic Mepger as quickly 23 pozsible. A bal-
anced program of instrument development, including high spectral
rezolution imaging, radar, 2nd thermal eensors, should be pursued.
With the current difficulties with the precent Thematic Mapper
and the existance of only the gingls backup Landsat-D’, a decision
must be mede. Continuity of advenced santellite eencer data must
be mzde a priority izsue by NASA. Tke current Landsat MSS
data have preven extremely valuable; however, the potential new
insights from the analysis of the improved spectral information
from advanced sensor systems make this an extremely important
issue. Almest os important ere the major concerns surrounding
the plenned commereialization of the federal land observing satel-
lite program. Far from caving the government money, every study
of this plan hes shown it to have the potential for costing the
government a considerable smount per year. In addition, many
researchers feel that commercializatinn will Lill the land r:sources
remote sensing progrem. This must not occur. The committee
urges that land resources remote senzing satellite systems not be
transferred to private industry at this time. That is, it i3 not yet
time for a private, national, cr multinational company to have
control in any way over a national technology with important na-
tional and international implications. Commercizlization has the
potential for slowing considerably the sccess to remotely sense

data and consequently the study of the biosphere. While the needs
of science for timely, consistent remotely sensed data are not nec-
essatily incompatible with those of operational users in industry
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and government, there iy a risk that cerving the needs of opera-
tional usero will inhibit the fulfilling of the need for tha varicty of
ecience data types required in the study of the biasphere.

A finz! erea of mejor concern i3 the level of funding in cuppert
of land remote sensing research et universitics esress this coun-
try. Runding for basic and epplicd land-related remote censing
receerch, which could loed to an improved understanding of the
biospkere, hes been reduzed to a level whers the nctiaon ctands
to lezs a major znclyticsl copability. Once lost thiz capability
cannot ezcily be regained. Today the proceszing end analysis of
advanced remotely sensed dets require cemplex, highly eophisti-
cated hardware systems and coftwere, along with individuals who
are familiar with remote censing and the ccience of the biccphere.
This most often will require interdizciplinary efiorts. NASA must
find recources to sustain end encourage such efiorts. Finelly, when
thoughtfully analyzed, remote goncing informstion cen provide re-
searchers with significant improvements in the quantity, quality,
and timeliness of dsta. Remote censing allows ua literally to ex-
pand our herizons far beyond what was ever thought pozzible. Aa
more re=cexchers becoma sware of the cignificont implications cf
remote eenzing for providing such data, the trve impact of the
techniques on the study of the biozphere will be {elt. When eilied
with appropriate field studies nnd modeling, remote gensing can
change our perception of the lendscape, of land’s biota, and of
the interrelstionships between life on the laad and the rest of the
biosphere.



7.
DATA MANAGEMENT

INTRODUCTION

Although future scientific data management will be strongly influ-
enced by sdvances in technology, from both cost and performance
viewpoints, most experts believe that the majority of the current
data problems= cre not due to technological barriers. Maeny be-
lieve that current data problems can also be tolved by employing
projected advances in technology, provided menzgement of data
operations is properly organized. There are a number of areas in
which technological advancement will not only greatly improve the
quality of the data acquired, but also will improve the efficiency
with which the data loads required for global monitoring are pro-
cessed. An example of the type of data load that might be required
for ecological modeling is as follows. An area of 600,000 acres (an
area covering 42 USGS 7.5-minute Topographic Quadrangle maps)
at Landsat resolution of 80 m yields approximately 660,000 grid
cells. If we assum. that an ecologist might want come 30 separate
data plans {e g., geologic map, coils map, and topographic map),
none of which hes more thzn 256 eeparate categories for the area
of interest, the dzta baz2 is 4.8 million data units. If the resolution
of the data baze is reduced to 12.5-m resolution cells (a scale possi-
bly more realistic for come more-detsiled ecologicel studies), then
using the seme 30 categories, the data bzs= would contain some
2 x 10® data units. This size of data base is roughly the equivalent

of full-ecene Landsat procescing today.
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An exemple cf the type of data load that can be produced by
remote gencing technology is that generated by the Landsat Multi-
Spectral Sczaner (MSS) system. The conterminous United States
requires epproximately 470 Landzat frames. For global coverage
of land arees, more than 10,550 frames are needed. This global
coverzge of land areas amounts to approximately 3.2 x 101! bytes
of data, teking into soccunt that there ere four Landsat spectral
bands per scene. The newer Thematic Mapper {lown on Land-
sats 4 and 5§ expands the preblem, because the instrument has 7
bands on a resoluticn ¢f 30 m. It is little wonder that there is
concern in the ecientific and applications uter communitiea over
problema with the level of planning of syeterns for scientific data
acquisition, reduction, ~nd distribution; the quality, timeliness,
and accuracy of sensor date; the ellocetion of processing functions
on the epacecraft and the ground; programmer productivity, soft-
ware compatibility and portability; and the overall cost to the user
of data acquisition. The efficient capture, processing, storage, and
transmizsion to ultimate users of the large number of data that
have been zcquired in the past, are currently being acquired, and
are planned to be zequired in the next decade repreeent a challenge
to NASA, to NOAA, ard to the ecientific community as a whole.

There ara many ateps within the flow of remotzly sensed data
from acquisition through the extraction of information. At each
step in the process, the poieitiel exists for the data to be managed
in an efficient way. Important elementa in the ares of data man-
agement can be listed &3 {ollows: sensor data ecquisition, cpace
data proceszing, space data storage, spece data handling, space to
ground transmizsion, computers (ground basad), ground data stor- -
age and erchiving, data base systems, communications networks
and distributed processing, interactive processing, &ud software.
Specific issues that are related lo data management in several of
these acezs and are important to the studies of the bicsphere are
expanded upon in the following discuesion.

As can be scen from the discussion of sensor systems and
platforms, space data sznsor technology has advanced and will
continue to advance in the srezs of increased spatial, spectral,
temporel, and radiometric resolution, along with other ncquisition-

related capabilities. At precent, however, there is & great potential

for improvements that can result from edvances in processing and
data storege. Integration of high-speed signel processors andfor
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superminicomputer systems into high-dete-rate ceneors can pro-
vide the capability to ecquire, process, end store data celectively
as they ere collected. Such intogration, when combinsd with tech-
niques being developed in the area of artificial intcllizence (Al),
czn result in “emert” or odaptive cencors with the capability to

~ maneags data during the scquisition procecs.

Specific capabilitics that eppesr pessible and feasible include

" the ability to do the following:

e gearch out specific types, cleeses, and /er levels of data end
to transmit data to ground etetions only when those data have
bean located;

o modify & c2nzor pregrem gequence when unable to perform
preprogrammad functions becausz of znomalies, such 23 cloud
cover or the ebsence of specified eventa;

o store date/scene from previcus obesrvations, perform com-
plex on-board data processing, and transmit to Earth only perti-
nent and/or new date;

e vary resolution and data rates from zrea to area;

e preprocess, filter, 2nd perform other complex operations

- under the preprogrammed and/or interactive control cf cither on-

board or ground-bazed scientists or ueers; end

o unep'r. and /or reconfigure cutomatically datu zytilems in
responce to changing data/mformt.hon requiremnents and/or envi-
ronmental conditions.

Conciderable work is still required beflcre this potentizl ca-
pability becomes reality It is important that NASA support ex-
panded resesrch in the area of the links between Al and image-

oriented data bases.

SENSOR DATA ACQUISITION

Research hes demonstrated that important information on bio-
phyzical properties of vegetation, eoils, water, and =o on, are
conteined in remotely censed messurements et distinctly differ-
ent parts of the electromagnetic spectrum, e.g., visible, near re-
flectance infrared, middle reflectance infrared, emissive infrared,
and X, C, L bands of microwave, Emph=sis should be given to
the integration of existing senrors and the developmsent of new
enes (e.g., linear and/or arvea arrsy systems end multifrequency
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calibrated active microwave eystoinz) thet can be flown on suitsble
sircr=ft and Earth-orbiting cpececreft,

Effort should slso be placed on developing improved technolo-
3ies that provide an improved capability to bring the data from
such different types of ssnsors in their different orbitzl configura-
tions into registration or congruzncy. These data should be regis-
tered to each other and to ground geographical coordinate systems
in order to support multispectral and multitemporal research in-
vestigations. Such a registration czpeability needs to support high
data volumes and be affordable.

In addition to these eflorts, research and development efforts
also need to be directed toward the development of improved
instrumentation and procedures fer meaking in zitu biophysical re-
lationships to environmental facters (e.g., water strecs to canopy
morphology, and spectral meesurements within research sites).
Conventional capabilities are generally not adequate for collect-
ing enough measurements within a required interval and having
sufficient precision to characterize the variance inherent in a test
site scene of remotely sensed data. A study needs to be made to
identify these deficiencies, and efforts need to be instituted to fill
in existing gaps. :

Examples of such gaps include in situ determination of such
parameters as leaf srea index, biomaczs, et primary productivity,
soil moisture as a function of curfece distznce and depth, and
evapotranspiration. NASA should institute a program of field
spectral measurements designed to assess the biophysical informa-
ticn inherent in spectrzl data at various wavelengths throughout
the electromagnetic spectrum. This would entail the development
of a series of test sites in a variety of environments.

The latest NASA Earth-obazarving censor, the Thematic Map-
per on Landsat-4, can be a most valuable device for research over
at least the next 10 yeara provided that current data processing
and dissemination problems can be resolved and the volume of
digital data available to the science community significantly in-
creased. It is extremely important that considerable attention be
directed at this effort by NASA and/cc NOAA.

SPACE DATA PROCESSING |

Traditionally, space data processing has becn a highly centralized
function with limited resources. Hardware required to accomplish
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such processing is complex and expensive. Future availability of
more powerful processors end storage capabilities on-board should
lessen these burdens. This will not, however, lessen the need for
the development of effective and efficient means for storing, dis-
tributing, and archiving the data produced by the space systems.
The rate at which a science of the biosphere will develop will
be strongly dependent upon the ability of scientists working in
the field to have access to the data and data bases they require.
To date, there has been little success in implementing standards
that could lead to the effective and efficient interchange of space
data between centers either preprocessing or postprocessing. The
NASA Transportable Applications Executive (TAE) program is a
step in this direction, and more such steps must be taken.

SPACE DATA HANDLING

Spece data handling systems have traditionally becit fixed-format
systems. Truly adaptive space data handling systems have gen-
erally not been feasible because of the complexity and cost of
hardware. In additon, features such as data compression have not
been effectively applied to Earth-oriented satelli‘e data, in part
because of the scientific community’s desire for raw data.

Current technology, however, does cffer an oppcriunity to
implement adaptive data handling systems for spaceborne instru-
ments and experiments. An ongoing effort in NASA’s End-to-End
Data Systems (NEEDS) program provides for asychronously mul-
tiplexed packets of data, buffered in variable-capacity data buflers.
A number of activities are also ongoing to develop data compres-
sion algorithms. Current techniques for image data provide a
lossless compression ratio of 2.5:1. If some minimal loss in data
i3 acceptable, compression ratios on the order of 10:1 to 20:1 are
possible.

COMPUTERS (GROUND-BASED)

In order to meet the requirements for synoptic information on a
global scale, a variety of sensor systems on the ground, in aircraft,
and on spacecraft have been employed. This hasincreased the need
for faster, more capable computer systems. Fortunately, commer-
cial markets and military and space requirements have driven and
continue to drive advances in computer technology at a rapid rate,

PRST
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Thus, in principle, it i3 possible to develop computer systems to
handle most short-term data processing and storage nceds. This
situation i3 not without proh!zms, however; the price of com-
mercial high-spced computers is atiil high. Some consequences of
advances in the microcomputer and cemiconductor memory device
area that can have an impact on the study of the biosphere include
the following:

e Microcomputers and memory chips cen be integrated with
sensors, instrumsntation, and control units in spacecraft to in-
creece the versatility and edaptability of these units to perform
data preprocessing on board.

e Large amounts of low-cost computing power and memory
can be incorporated into intelligent terminals to enhance interac-
tive computing and display gereration and presentation (including
sophisticated graphic displays) and provide word processing sup-
port.

e Microcomputers can be assembled into large arrays to in-
crease significantly processing power for scientific modeling, and
data base query. ’

o Special-purpose computers can be constructed from mi-
croprocessor, memory, and speciai-function computation chips at
relatively low cost for use 2s data analysis machines, network com-
munication processors, and adjuncts of general-purpose computers
(e.g., floating-point processors).

Microcomputers and mainframe computer technologies are
also edvancing. The cost of computing power is decreasing. Mini
and mainframe systems are evolving toward effective use in net-
works and distributed processing systems. High-speed and super-
scale computers, which provide performance at rates up to 100
million operations per second (MOPS) today, can be expected to
evolve into computers with performance in excess of 1000 MOPS
by 1985. These machines will dramatically reduce the present
problems of processing large volumes of space data and will sup-
port computations for complex models of biosphere processors.
Especially important will be the development of special-purpose
architectures for image processing and for management of very
large data bases. ‘
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DATA STORAGE

Ground data storage requirements fall into two categories: ehort-
term data ctorage for processing and long-term/archival storage.
At prezent, it appears that short-term needs cen be satisfied by
a combination of magnetic and optical storage devices, with mag-
netic devices dominating the field because of their read/write ca-
pability and flexibility. Technology for mass storage of data is still
evolving for storage in the range of 10** to 10%% bits of data, and
a clear leader for mass storagze media has not surfaced.

With respect to the storage znd archiving of space data, it is
critical that NASA begin as soon 23 pocsible to examine a number
of critical issues. Issues here include the following:

e Why and which data sets should be archived and dis-
tributed? -

o Where are catellite and ancillary data to be archived and
how will they be accessed and distributed (this requires that cfforts
be directed toward the development of standardized catalogs and
directorics of data and informaticn distributed in many different
data baces, which can be interrogated by any ressarcher and which
provide high-level assessments of data hclding and capabilities of
each participating facility)?

e How should data be erchived and distributed?

s Who will archive and distribute these dzta?

DATA BASE AND
INFORMATION SYSTEMS

Remote sensing is a somewhat unique technology whese transfer to
potential users has been greatly aided not only by the U.S. federal
role but also by governmental agencies around the world. This
has been true both in developing the technology and in making
it and its products available to the public at large. Integration of
remote sensing—particularly from satellite sensor systems—with
data bases has thus consistently been subject to institutional as
well as technical limitations. Yet, many recent reporta suggest that
the full potential of remote eensing cannot and will not be achieved
without continued and expanded efforts to adapt the technology
to the evolving needs of researchers and resource managers around
the world. NASA should focus considerable research here. To the
cxtent that geographic information system (GIS) designs reflect
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those needn, GIS design ought to ba a relsvant concern in develop-
ment of new satellite systems and in ectablishment of institutional
arrangements for procecsing, fermatiing, and disssmineting the
products of remote sensing. Indeed, to eame extent, NASA is be-
ginning to appreciate this, and the Information Scicase OFice in
the Office of Space Science and Applicetions hes initiated study
of a Pilot Land Data System to examine thess nesds. The goal of
these efforts is not only to improve the ebility to handles data and
integrate diverse data sets in the msdeling of fundsmental pro-
cesses but alzo to improve our overell understanding of the nature
of the processes.

Geographic Information System technology is important to
such studics. Yet GIS techrology, i3 itzslf a developing technology
as is remote gensing—neither is yet widely familizr nor well un-
derstood within the research and urer community at lzrge. Little
substantial work has been done on the philosophy &5d conceptual
linkagea between information systems and remote sensing. This
lack of work on models of the potentizl interzctions between these
technologies has, in part, sarved to isclate design of remote censing
techniques, hardware, and scftware from concepts cf GIS design.
As both data basz and remote seniing technologies move to new
states of maturity, many of the current problems of integrating
them can be elimirated. Specificelly, integration of remote sensing
and geographic information systers is not o matter of flundamen-
tal incompatibility or of reluctance oz the pert cf researchers and
technologists to collaborate. Integrziizn is dependert cn realiza-
tion that the potential of each conrct be achieved until they are
fully integrated. That is, both researchers and resource managera
alike must come to understand thet data bazes ere only as good
and as current 23 the data they contxin and remote sensing offers
the potentizal to produce high-quality, up-to-date informstion.

DATA BASE MANAGEMENT

Data base manasement is crucial to the uee of space technology
for the study of the biosphere. Fortunately, it is one of the most
worked arezs in data processing today. The problem is being
approached from the standpoints of zeftware, implementations of
special processora (back-end proceescra) that sre dedicated todsta
base managemant, end the implementation of epecial computers
with interneal architectures specificzily designed to accommedate
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the management of data bases. Such machines may provide ad-
vances for a mejority of ucers, but they may not provide all the
answers scientists need in this area for two rezsons: (1) the zoft-
ware support that will be initially zvailable with thezs machines
will probably be oricnted more to commercial applications than
to spatially oriented, time series data; and (2) reduced empha-
sis on numerical computati~n may have adverse eflects on the
cost/performance ratio for scientific applications.

COMMUNICATIONS NETWORKS AND
DISTRIBUTED PROCESSING

The interdisciplinary nature of ecological investigations increases
the importance of communication links between scientists. Com-
munications networks and the potential of distributed data pro-
cessing are critical elements in advancing a science of the biosphere.
Networks and distributed processing technoisgy have evolved at
a rapid pace during the 1970s. This evolution has been spurred
by the need to link scientists at various institutions and hes been
facilitated by technclogical advances in the areas of transmission
networks, microelectronics, software, communications protocols,
and packet switching. .

Here NASA needs to identily effective methods for connecting
various classes of participants for the sharing of data, analysis
facilities, and results. Studies must also be conducted to deter-
mine a best “course of action® to follow in the development of
georeferenced data bases and associated management systems to
permit the effective storage, retrieval, and distribution cf data,
preprocessed data, derived data, 2nd information via a network
structure. The ultimate intent cf such a data base stru:ture would .
be to provide researchers at many institutions with diverse sets
and types of data that are easily accessible and that have been
indexed to common spatial reference systems in a logical manner.

In addition, studies should be instituted to identify existing
analysis facilities (i.e., NASA and other federal agencies, universi-
ties, and private industry) together with the characteristics of ad-
ditional facilities that would become central nodes in a biospheric
resezrch network. It is envisioned that these facilities would fall
into different categories or classes based on need, existing capabil-
ities, and other factors. Finally, such an overall distributed system
should be phased into existence to factor in the results of ongoing
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efforts to determine the nature of and recommend the configura-
tion of a complete distributed data collection, storage, retrieval,
and processing system to support regional and global studies of
the biosphere.

INTERACTIVE PROCESSING

Interactive procezsing, though not a technology within itself, is the
trend in science data processing today. From the time eoftwere
and data are entered into s system, throughout the lifetime of &
given data bate, an interzctive approzch can permit the scientist
to effectively rework, modily, and fine-tune models 23 the data ere
being processed. Therc is considerable potential for improving the
capabilities of both besic and applied researchers through the use
of Al-assisted interactive image processing and analysis systems.
Therefore, NASA should investigate the potential of AI techniques
for improving interactive image proceasing.

SOFTWARE

Data manzgement is elmost universally besst vwrith software
problemsa. These problems are manifested in a number of ways,
the most prominent of which are the following:

e Software is expensive.

e Software is not generally transportable.

o Software documentztion is generally imprecise and inade-
quate for the requircments of operation, maintenance, sustaining
enginecring, and transportability.

Data processing professionals have bezun to understand the
ever-increasing cost of software development, operation, and main-
tenance. Fear of rising costs of software has led scientists to ad-
vocate using engineering discipline in the software development
process. Results in software engineering, to date, have ccen many
new approaches to developing software, many new tools to aid
software development, and many new management philosophies
for organizing software teams.

Yet, the majority of new discoverics in software engineering
heve not been widely accepted. Softwezre engineers have yet to
provide researchers and scientific users with some type cf soft-
wazre metrics or any other alternatives to gauge or demonstrate
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the usefulness and effectiveness of the neé‘ dx.,covenﬁa in software
enginecring.

To overcome current problems in eoftware for a study of the
biosphere, NASA needs to do the following:

1. Establish dieciplined coftware practices for both individual

programmers and group projects.

2. Embark on reseerch to csteblish software metrics to facili-
tate coftware estimstion and forecesting.

3. Initiate efiorts to sat up experimental eoftware engineering
frameworks and foundations to validate software methodologies
through cxperimentation.

4. Establich documentation standards and guidelines and
strictly enforce their edherence.

5. Estzblish s unified eoftware library center tomake available
softwere products that have already been ceveloﬂ\ed within the
software industry.

6. Specify that all software developed by NASA and by
NASA-supported researchers should be transportable.

e s b e ey
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APPENDIX A:
REMOTE SENSING SYSTEMS

The material in this appendix is presented to provide the reader
with a background concerning the variaty of sensor systems that
have been and are being employed to acquire data from satellite,
aircraft, and surface platforms.

SATELLITE SYSTEMS

Remote sensing from space represents a major technological step
forward over acrial photography in the gathering of data about
the Earth’s resources. The use of the airplane 23 a platform
is restricted to the area of coverage on any given photographic
mission. It is further limited by the ceats of the area’s coverage and
by the degree of uniformity required in repetitive coverage of the
same scene in different sczsons, or in its coverage of different scenes
at the same sun angle. Coverage available from a satellite, however,
depends on its orbit {Table A.1). Satellite orbits approximate on
an ellipse; the subsatellite track traces out a pattern with north-
south limits that are equal to the inclination of the satellite’s orbit.
Polar-orbiting satellites have inclinations near 80° and observe
from the equator to the poles. Satellites in an equatorial orbit
(e.g., geosynchronous satellites) always remain over the equator,
even though they may carry instruments that can sense as far as
60° latitude.
The altitude of a satellite determines its period. Most satel-
lites have altitudes near 1000 kin resulting in 2 period of about
115 minutes. The Landsats and Seasat experimental satellite are
examples. At an altitude of 35,200 km, the satellite would have
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TABLE A.1 Satsllite Orbit Options

L Poler

Allows view of polar rezions, o.¢., ICEX,
. Timo of eatsilite overpazs changes with csezon of the year,
This type cf orbit is nos eppropriate for visible imagery.

M. Geostationzry

Twenty-feur-hour orbit period with $3,000-km altitude.
Keeps epacacraft over fixed equatorial ground point.

ML & aSynchronous

For o given eltituds, inclination can ba determined so that
orbit plane precsssion cancels cezsonsl veriztion cf cun angle.
Setellite prssas over ground polnt et ceme locsl time exch day.
The zititude eleo dstermines ths numbser of orbits per day.

Considersiions fer Sun Synchronous Orbit Determination

1. Orbital drag : :

2. Instrumantstion sweth and rosolution
8. Ground station pass time

4. Deceired repeet coverszo periodicity
6. Desired cun enple

6. Pettem cf orbital coverage Cezired

IV, Special Ordits

An orbit with an inclination of 168 covers ell unfrozan
oceans and provides 40 treck crossing sngles at equator. This
type cf orbit is useful for the etudy of the marina geoid and
sea surface topography snd wes adopted for Sensat.

a period of exactly 24 hours end would remzin in a fixed posi-
tion with respect to the Earth. Examples of this type of satellite
are the Geostationary Orbiting Experimental Satellite (GOES),
weather satellites, and communications satellites. The combina-
tion of height and inclinaticn determines the rate at which the
orbital plane rotates with respect to the stars. Satellites with al-
titudes near 1000 km and inclinations near 100° have o plane that
rotates 365° per year and pasces overhead at the same local time
. each day. These orbits are cclled sun synchronous.
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TABLE A.2 NOAA AVHRR Chzanels

NOAA-6 ROAA-7 end Subsequent
AVHRR, um Satellitea D Through G, um

Channel 1 0.55-0.0 0.55-0.9

Channel 2 0.725-1.3 0.725-1.3

Channel 3 10.5-11.5 10.5-11.8

Chaanel ¢ 3.55-3.23 3.55-3.03

Channel 8§ 11.5-12.5
TIROS-N/NOAA Series

The TIROS-N/NOAA series of satellites carry advanced sensing
devices. The latest of this series, NOAA-6 and NOAA-7, have

"identical payloads, fly at an altitude between 817 and 830 km, and

are in different orbits so as to provide improved synoptic coverage
of global meteorological conditicns. These near-polar-orbiting sun
synchronous satellites have an expected operationsl lifetime of 2
to 4 years. Co e

Sensor payloads on these satellites include the following:

1. The advanced very high resolution radiometer (AVHRR),
which provides data for real-time transmissicn and for the storage
on the satellite digital tape recorders for later playback, is a 4-
channel scanning radiometer capable of providing global daytime
and nighttime sea surface temperature, ice, snow, and cloud infor-
mation. These data are obtained on a daily besis for use in weather
analysis and forecasting. The multispectral radiometer operates in
the scanning mode and measures emitted and reflected radiation
in the visible to thermal infrared spectral regions (see Table A.2).
Channels 3 and 4 have a thermal resolution of 0.12°K at 300°K.
The data recorded on-board include global area coverage, with a
resolution of 4 km, and local area coverzge data from selected por-
tions of each orbit at 1.1-km resolution. A third thermal channel
is now routinely mapping sea surface temperature with & precision
of a fraction of a degree celsiua over swaths 27 km wide, with a
spatial resoclution of 11 km.
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2. Operational Verticzl Sounder (OVS) consists of three
instruments—the beasic counding unit, the stratospheric sounding
unit, and the microwave sounding unit—designed to determine
radiances needed to calculate temperature end humidity profiles
of the atmospliere from the surfece to the stretosphere (approxi-
mately 1 mbar).

3. The Data Collection and Platform Locetion System (DCS)
provides a means to locate and/or collect data from balloon plat-
forms, fixed platforms, end moving buoys. It includes two services
not available in the geostationary (GOES) dzta collection oys-
tem: (a) the determination of platform lecstion using an inverse
Doppler technique; and (2) the sbility to acquire data from any
place in the world, but most particularly in the polar regions, that
are beyond the receiving and retransmission capabilities of the
GOES. .

4. The Space Environment Monitor (SEM) mesasures solar
proton flux, alpha particle and electron flux density, energy distri-
bution, and spacecraft altitude. The SEM consists of four detec-
tors and a processing unit. The total energy detector measures the
intensity of particles with energiea above 0.3 KeV. The low-energy
proton alpha telescope measures protons between 150 KeV and 40
MeV and zlpha particlea betwreen 150 KeV and 25 MeV/n. The
high cenergy proton and alpha detector sens=s protons and alpha
particles from 400 to about 1630 MeV. The proton omnidirectional
detector measures protons above 10, 30, and €0 MeV, electrons
above 140 KeV, and protons znd electrons sbove 750 KeV.

The lzst three spacecralt in this zeries ere being modified to
further enhance the TIROS mission. Three new payloads are being
incorporated into the system peclage of this advanced TIROS-N
mission: (1) The Earth radiation budget experiment designed
to measure the energy exchange between the Earth atmosphere
syetems znd spacz. These mersurements are considered important
for climate prediction and in developing statistical relatinnships
between regional weather and rediation budget znomalies. (2)
The solar backscatter ultraviclet radiometer. (3) An experimental
payload for search and rescue of aircraft or chips in distresa.

Further design studies zre under way to prepare TIROS-N for
Space Shuttle launches. This currently echeduled eeries of TIROS-
N missions will provide continuity of data through the late 195Cs.
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LANDSAT Prozram

The first satellite in the Earth Resources Technology Satellite
(ERTS) program was launched July 1972 and named ERTS-1. It
was followed into space by a second zatellite in January 1975,
at which time the ERTS program wza renamed Landsat, In
March 1978, a third satellite, Landeet-3, was put into orbit. Ta-
ble A.3 shows a comparison of the epatial resolution and apectral
ranges covered by these three systems and their successor satellites
Landsat-4 and Landsat-5.

The Landsat satellites (1-3) flew at altitudes that varied be-
tween 897 and 918 km in circular, near-polar orbit and crossed
the equator at a 99° angle. Completing 14 sun synchronous or-
bits a day (103 minutes per orbit), these satellites repeated their
coverage cf any specific point on the Earth’s surface at about 9:30
a.m. local time every 18 days. The 14 etrips of the Earth’s surfece
covered cach day by Landsats 1-3 are successively 2800 km apart
at the cquator. On each satellite pass, the strip viewed by the
sensors i3 185 km wide. A day later the satellite passed over a
point at the equator 170 km west of that same strip znd senged 2
contiguous strip 185 km wide. This provides a 14 percent overlap
at the cquator so that at least 15 km at the edge of each strip were
always viewed twice on consecutive days in each 18-day cycle. The
image overlap increases with latitude, giving 19 pcreent overlap
at 20° and 34 percent at 40°. An important advantage to zreas
enjoying overlap coverage is the double cpportunity this provides
in a 2-day period to obtain a cloud-free image.

Landsat-4, launched on July 31, 1982, maintained the first
four bands of Landsat-3 MSS, but has also added an advanced
MSS called the Thematic Mapper {TM). The TM was £o named
because of its intended use in the production of classified images or
thematic maps. The TM has seven spectral bands. Six channels
(1, 2, 3, 4, 5, 7) have a resolution field-of-view of about 30 m
and image in the visible to middle infrared spectral region has a
resolution of 120 m.

The fundamental difference between the four-band MSS and
the TM is that the MSS gcans in only one direction, while the
TM scans and obtains data in both directions. Furthermore, the
TM detector arrays are located in the instrument’s primary focal
plane, thus allowing the incomir.g radiation to be reflected directly
onto the detector, while in the MSS the incoming light is first



TABLE A3 Comparison of tha Spectral Ranges

A L IR S

Landsat Spectral Ranges, pm : .
Satellite Channel 1 Channsl 3  Cheannel 3 Ch:m_ul 4 Channel§  Channel 6 Channel 7 Rnolut!on,[uﬂ
Landsat-1 0.5-0.6 0.0.0.7 0.7-0.8 0.8-1.1 80
MSS .
Landsatel 0.47-0.578 0.53-0.63 0.62-0.63 80
npyv
Landsat-2 0.5-0.6 0.8-C.7T 0.7-0.8 0.8-1.1 10.4-12.6 80
MSS
Landsat-2 0.47-0.575  0.85-0.¢3 0.09-0.83 80
RBY
Landsat-3 " 0.5-08 0.6-0.7 0,7-0.3. 0.8-1.1 10.4-12.6 80
MES
Landaat-3 0.53-0.78 40
RBY
Landsat-D 0.5-0.6 0.8-0.7 0.7-0.8 0.3-1.1 80
and D1 )
MSS
Landsat-D  0.45-0.52  0.562-6.0 0.63-0.£9 ~ 0.76-0.00  1.56-1.76  2.03-2.35 10.4-12.5" 30

2120-m resoluticn.

(4
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transmitted through fiber optica before being reflected onto the
detector arrays with the possibility of some loss of the rediation
intensity.

Major improvements in data acquisition will also ba achieved
through the use of a series of Tracking and Data Relzy System
(TDRSS) satellites. Thesz satellites, once cperational, should
eliminate the need for the on-board tzpe recorders used by the
previous Landsats.

The TDRSS satellites will relay the MSS and TM sensor data
through one of two satellites to a single ground receiving station
in White Sands, New Mexico. (This station was chesen for its
relztively cloud-free location because the TDRSS uses a frequency
that is particularly affected by atmospheric conditions.) From
the White Sands receiving stztion, the DOMSAT will be used
to transmit the data to Goddard Space Flight Center (GSFC),
thus reducing the previous delays due to shipping, 2nd from that
location, after some processing, the data will then be shipped to
its data distribution center.

GOES Program

First in a geries of NOAA's GOES program, NASA launched the
first Sun-Synchronous hMeteorological Satellite (SMS) in May 1974.
Since then, six more geostationary satellites have been put into
space.

The sensors of the GOES satellites can 2cquire data and im-
agery of a fourth of the Earth’s surface every 30 minutes. GOES-
4, launched September 1980, was the first of these geostationary
satellites to carry an at mosp}unc sounder. This mstmmcnt has
three modes of operation:

1. Visible and infrared spin-scan radiometer (VISSR) mode,

which images in the visible spectral range (0.5 to 0.7 ym) with
a ground resolution of 0.9 km. This visible image i3 obtained
simultaneously with an infrared image (11.2 pym) with a 6.9-km
ground resolution every half hour.

2. In the multispectral imaging mode, a filter wheel in the
infrared opticel path 2llows selection ¢f 11 cther infrared bands
for imaging, in additica to the infrared band in the VISSR mode.
Earth images can be made to represent temperature or moisture
distribution in selectable atmoapheric lzyers.

X
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3. Dwel' sounding mode 13 also included in the paylozd of
this satellite in the Ocean Color Scanner (OCS) and the Space
Eavironment Monitor (SEM).

The expected operational lifetime of these eatellites is 2 to 4
years. GOES dsta have been used in the manzgement of weater
resources to improve rainfall estimates over large areas of the
tropics and subtropics, as well as providing information on ocean
dynamics and potential fishing areas.

NIMBUS Program

Nimbus-1 was launched in August 1964, and 23 of January 1831,
the spacecraft in this series have returned more than €0,000 hours
of “sounder” data on the temperature and pressure and more than
22,600 hours of data on the Earth’s heat balance,

Included in the nine systems on Nimbus-7 (launched October

1978) is the Coastal Zone Color Scanner {CZCS). This instrument
was planned primarily for biological investigation, but there is
evidence from the data now available that the patterns seen in the
images trace dynamic ocean features of interest. The CZCS has
several channels ia the visible to infrared spectral range that depict
the distributions cof biological and other scattering agents, such as
chlorophyll and orgznic and inorganic suspended materials. Some
early use of these images has thown promising application to the
studies of the food web and the illumination of the relationship
between planktonic distribution and the development of young
fish. However, work remains to be done to discriminate between
the various biological and physical processes taking place in the
upper ocean layer from the CZCS return signzals.

The CZCS on Nimbus-7 takes only 4 minutes to acquire the
182,000,000 bits of raw dai1 needed for imaging a scene 1500 km?.
This results in an average acquisition rate of 760,600 bits per
second.

AIRCRAFT SYSTEMS

It is important to understand that remote sensing from aircraft
platforms is not in competition with nor should it be considered an
alternative to satellite systems. The role of aircraft is supportive,
The focus of NASA’s airborne remote sensing activity today is on

-
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developing and testing sencors destined for space end on work-
ing with new and experimental remote sensing techniques and
methodologics, such es multistage sampling desisns and new lin-
ear and area array censors and microwave applications. Airborne
and gpace systems complcment exch other—not only in developing
and testing new instrwinents, techniques, and methodologies, but
also in their unique capsbilities. The brezd synoptic view offered
by space systems cannot effectively be achieved by zircraft. Con-
versely, eircraft are at present capable of far more detailed ground
resolutions for detecting and clacsifying smiall features, NASA air-
craft support work, now centrelized st NASA’s Ames Research
Center (ARC), can provide data that con be correlated with space
images and field verification data. These aircraft measurements
enhance the potentizl of both the field and the satellite data by
extending detailed surface samples over a wider 2rea with a min-
imum error on the one hand, and minimizing the variznce and
ultimately the bias of the zatellite data on the other.

NASA’s U-2 aircraft have played a key part in the develop-
ment of sensors for new spece systems as well as providing support
for various environmental spplications. The U-2 is designed for
high-altitude (65,000 to 70,000 feet) operations ranging to 2500
nautical miles. The U-2 routinely carries a wide variety of sensors,
including aerial mapping cameras, electronic sensors and scanners,
and both in situ and remote atmospheric sampling devices. How-
ever, the payload for any one flight is limited to approximately
1500 pounds. The U-2 has been used extensively for color infrared
photography. An zrray of camera configurations—fcaturing a va-
riety of focal lengths, film types, film format sizes, and multispec-
tral capabilities—is avzilable. Uses have varied, depending on the
specific remote sensing research and development activity, but in-
clude direct evaluation of terrestrial conditions from imagery and
the indirect use of imagery for satellite programs.

More than 15 nonphotographic sensors are also flown aboard
the U-2; some are part cf the NASA inventory but most of them
have been built by outside investigators. A palletized system for
payload handling makes it easy to switch payloads either in or out
of the aircraft or from one aireraft to the other. Table A.4 gives
a listing of various sensors that have been flown by the U-2. This
list is by no means exhaustive, but is meant to provide = sample,

Similar developments for ‘design of spzceborne sensors oc-
curred using the C-120 aircraft. The C-130 has at times been
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TABLE A.4 RASA U-2 Alrcreft [temote Sensor Systems

Sencor

Use

Stratospheric 2nd Atmospherje Studies

Aerozol Particulste Sampler

Stratoepheric Alr Sempler

Water Vapor Radiometer

Condenastion Nucleus Counter

Infrared Radiometer

Calibrated Air Measuremnents
Program

Quarts Crystal Microbalance
Caacads Impector

Daisibl Ozone Monitor
Lyman Hygrometer
Stratospheric Cryogenic Sampler

Ocean Studies

Ocean Color Scanner

gathers high-altitude dust
particles for laboratory
ressarch
real-tims mersurements of
nitric oxide and czone
concentrations in the
lower etrotecphers
upweard-looking stnsor
designed to determine
total water vapor
overburden above
sircraft
measures concentration of
particulates having
dismeters between 0.01
and 1.0 um
meassures etmospheric
non-uniformities
in 4- to 5- rm spectral
region
radiometer that looks
downward and roexrures
radiance from the Esrth
* end objects in the
stmosphere in six
different infrared
wavelengths
senses the mass of
suspended particulates
us & function of
particle rize
meagures Jow csone Jevels
measures water vaper
samples large volumes cf
stratozpheric air for
laboratory analysis cf
trace gases

10-chennel multispectral
scanner designed for
water color messuremients



~—

\\\

—

o e e, T Y T T

r",‘. -+

i
o F
‘
!

TR e 4 e

I

i : TABLE A4 (continued)

o B T e W T

R o ST G Uep PR

e

129 -

Use

Ocean Temparsture Ecanner

tudi

Thematic Mapper Simuletor

Airborn2 Imaging Spectremeter

AP A —_ < R

Cameras

Research Camera System
\Q'atent 70-mm framing camera
1I°S Multispectral 4-bends

Fron Aomn

Wild-Heerbrug RC-10 framing
. entnera
Itek Optieal Bar

a8 SR

Daedalus Multispectral Scanner

§-channal ecanning
radiomster decignod
to meke accurste
mesasurements of g
surfaca tsmperature

Heat Cepacity Mapping Radiomster 2-chinne] scanning

rediomater thet
{mages in vizible and
thsrmal infrered bands
used to detect tharmal
pollutioa

12-cheannels covering the
visibls and nezr- :
infrared portions of
tha epactrum with ons
chennel in the thermal
infrarsd

high-altituds multispectral
ecanner that ecimulstss . .
eratial and epezirnl
characteristizs of the
eeven Lundsat-D Thematic
Mapper bands

Heat Cepacity Mening Redicmeter same o3 listed above, hut

uzed to detect wetlands

and roil moisture
experimants] instrumant to

scquire data in 2.0- to

3.4~ 4m region with

10- to 20~ i spectral -

resolution

high-rezolution
photographic
system contisting of
70-ram panoramic cameras
with 24-inch focal
length lenses that
provide starco coverags
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equipped vwith both pessive and cctive microwsve geneors in eddi-
tion to a multispectral scanner. These instruments were down for
a variety of inveatigations, which provided a basis for the Shut-
tle Imaging Radar (SIR) and fo1 evolving soil moisture studies in
support of Earth resources and climate applications.

For several years, NASA’s Lewis Rescarch Center has con-
ducted lake ice studies in the Great Lakes region using radar-
equipped C-130 aircraft. In 1975, experimental work with aircraft
culminated with the establishment of a fully operational system
for monitoring winter lake ice as an aid to shipping. This project,
known as the Great Lakes Ice Information System, is one of the
very few technology transfer efferts employing an airborne plat-
form exclucively for the surveillance task. Developed by NASA,
the system is now operated by the U.S. Coast Guard. During the
ice season, dzily flights over the Great Lakes ice fields cie made by
a Cozst Guard C-130 eircraft equipped with a cide-looking redar.
Data acquired by the aircraft are relayed via the GOES-1 ratellite
to the Coast Guard's Ice Navigation Center in Cleveland, where
images are annotated £ad cent on in faczimile to ships ca the lakes
to guide them through ico fields. As a result of this experiment, 2

_ similar system wes inatalled in cooperation with the Coast Guard

- in Alaska to aid chipping in the Beaufort Sea.

NASA’s WB-57F provides a high-altitude (60,000 fest) cape-
bility and accommodates large payloads up to sbout 4000 pounda.
The WB-57F i3 equipped with a modularized pallet system that

" permits the rapid changeout of eensers without imposing excessive

down time on the circraft. The WB-57F is equippedwith a syn-

_ thetic aperture radar, multispectral scanners, and a photographic
. capability for interagency support missions, '

Also located at ARC is the Galileo II, a Convair $90. This
aircraft is a flying laboratory capable of multiprogram eupport in
epplications, eeronautics, and space science. However, it is used
primarily for zpplications research tasks. The CV 990 does not

" have a sensor complement as does the C-130. It is used mostly as

an instrument test platform, but one where the principal investiga-

‘tor works in & hands-on mode with his equipment in a ghirtsleeve

envircnment. Numerous investigators and their instruments can
be accummodated on a single mission or series of flights. Racks
with their instruments are coupled with aircraft power sources,

.viewports, exterior mounts, and an air data system to superim-

pose flight perameters with the scientific data, and an on-board
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data recording eystem. ARC acsigna a miesion menager to each
expedition, who ncts za the primary contact point for the investi-
gators and i3 in charge of &ll planning and on-board experiment
operations.

‘The future of airborne reezarch in NASA must be viewed
critically. In the business of rapidly expsnding space technology,
the zircraft remaina s cost-effective bridge from concepts to in-
orbit capebility. Both high- and medium-zititude platforms will
be needed for ecientific and spplications research programs, The
justification for these nircraft will remain etrongly tied to the user
nesds end economics that have driven the cffort over the past
decade,

Multistage Data Collection

Multistags sampling yields progressively more detailed informa-
tion for correzpondingly cmaller units of the ares under etudy. By
carefully ezlecting surface semple sites end choeaing approprizte
platforms and sencor systems, the more detailed subzamples meke

1t poasible to extrzpolate findings to an entire Landezat scene and

thereby to produce an inventory of chozen faaturess,

The epecial roles of aircraft ﬁ‘-n".n{, snd ground observations
in a full system of remote sensing may be briefly described as
follows:

1. Atreraft Sensx’ng Aeriz! photographky mizsions can be
fiovn over a xpeciﬁed aren to collect date of en intermediate level

. between gatellite cencing end ground obzervation. If acquired con-

currently with & Lendsat overpaes, or reezonably zoon thereafter,
the data may Le used as “ground truth” with which to calibrate
the data of the space sensors.

In addition, for purposes not met by satellite sensing, aerial
photography or sensing is frequently the sole alternative. Aircraft
provide excellent platforms for phctographic cameras, magnetome-
ters, radar, ecintillation counters, and infrared instruments, per-
ticularly for data collecting micsions not requiring repetitive mon-
itoring of wide aress under uniform conditions. New zerizl eensora
are continually being developed for minerzl and petroleum explo-
ration, mapping, geophysical study, and spplications relatmg to
forestry, cgrxculture, ecolory, ud water resources. :

Low-eltitude (up to 9 km) sircraft are used currently in range
manzagement, fich epotting, water quality studies, and zquisition
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of photos for mapping and charting. Medium altitude (9 to 15 km)

aircraft, equipped with side-looking radar, radar ecatterometers,
infrered and multispectral cameras, and various metric and multi-

‘band photographic equipment are of special value for photorecon-

naiesance, urban planning, egricultural monitoring, and environ-
mental quality applications. High-altitude (over 15 km) plancs
with high-resolution and wide angle cameras, and various infrared

cameras and scanners are used in horizon scanning and broad-area, -

high-resolution mapping. High-altitude, high-resolution photogra-
phy proved to be extremely valuable in essessing the damage from
the Guatemala carthquake in 1976. _
Aircref systems can provide MSS hard copy film and tape for
on-ground analysis; some zre equipped for on-board aualysis or

" data editing. The aircraft’s special advantage lies in the flexibility

it offcrs in the selection of the best line of flight, altitude, and time
of day for one-time studies or for observing specific events.

2. Ground Obeervation: Ground observations are essential
components of any remote sensing program. Whether zn inves-
tigation is based on spaceborne or on airborne sensing date, the
resulting data may be meaningless without “ground truth®—the
examinaticn, sampling, or measurement of festures of the Earth'’s

“surface to correlate what is seen on the remote sensing data with

what actually exists on the ground. The reed for such a correla-
tion cxists with respect to both static and dynamic elements of

" the Ezrth’s surface.

Information needs for some broad catagories of informatisn
can at times be met by study of satellite data with virtually no
ground observation. If hydrologists wish to know the surface area
of a country’s lakes and reservoirs, spectral analysis of the satellite
duta alone can yield the answer, often with better than 90 percent
absolute accuracy.

In- genersl, however, without ground measurements and ob-
servations appropriate to the remote sensing task, the accuracy of
information acquired from satellite data may fall below zcceptable
standoards. If the objective, for instance, is to identify, eeparate,
and map categories of green vegetation, along with categorics of
water, or different soil mapping classification units, the ground
obaervation component becomes exceedingly important.

For some monitoring purposes, in fields such as agriculture
and forestry, the nced for continued validation of the spzce data
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by ground chesrvations con be presrezividy reduced with succsed-
ing paoses s the data cignotures becoma familisr with experiznce.
The extent and nature of the ground ctudy in a perticular remecte
senzing program depend not only en the pregrem’s ebjsctives, but
alzo on the types of ceneorm veed end the methods of data enaly-
sis to be employed. To carure efficizncy znd aceuracy ia a study,
investigators must cerefully telect the optimum timing of measure-
ments, sample locntion, instrumentation, and the properties to be
observed or measured.
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 APPENDIX B:
GLOSSARY

albedo:  The fmctmn cf visible light thet is refecied froem a

surface, . : :

anacrebics mes cz m:twe in the chseace of frea axygen.

anorde: Deprived of oxygen

biome: A biological unit of tha biscshere. A biom2 includes a
gel of ceonyetoma that exizt undsr a similer climetic regime

" and have dominent cpecies with o similer life eyele, climatic

edaptations, and phyeiesl cructure. 'Dop'c.al czvannehe, com-.
poced of & mixture of trezs and chrebain a comis xid chma-a,
2re an cxempls of o bioms.

: blnzphere: In this report, the b:c*r‘:.:z 2 is defined 2 the cntxte

planetery eystem thet mclu*gs end suzstains Bz, Th cr:foze, it
includes &ll of the bista and thers porticns of the stmosphere,
- oceens, eud cedimznts in sotive interchenge with the biota.
denitzification: The converzion of pitrote to mclosulsy nic:cgen
by the zetion of beeteria, This iz 2n xmpc:t..nt step m the
globel nitrczen cycle.

-ecologys ‘The ccience th..t.m the w.dv of the relationships be-

tween living things and their envircoment.

~ ccosystem: A locel eat of species znd their local ncnbzologxcal

environment.

' ecosystem function: All procsszes rcq.nred to sustzin life and

carried out by ecosyztems, including biological productivity,
chemical cycling, and energy flow.

eukaryoticcell: A cell thet hes a nuclous and certain other char.
acteriztica that ezperate it from protaryotic cells. Eularyotic
cells are those found in higher plants end animals.
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leaf (are)a Index: The retio of laof avea (m?) per uzit land area
m?).

not primary procducticn: Primsry preducticn is the produe-
tion of vegetation and other sutcirophic crzanicms. Net pri-
mery production i3 the rel productisn remsiriog cfter utilize-
tion. Nct primery producticn is mszzured typicelly os grams
per unit arca or volums. _

net primary productivity: Therate of change in crganic mat-
ter. It is typically maesured os groms per unil zrea or unit
volume par unit time. Fer cxample, the pet primery prodac-
tivity of a forest is the grams per cquese maicz per year.

» oligotrophiz: Low in nutrisnts. Applied to bodizs of fresh wa-

‘ter. An cligctropkic Izks in low in the chemizol elements
. required fer Bfe; it s thercfore typicelly eleor and low in
. biomess of elgee, photle zone: The upper zone of a lake,
tea, or ocean where Light s bright enovsh for photosyntho-
eis to occur znd for photosynthetic orgonizms to gresw end
reproduce. » o v
prokasyolle cells A cell lecking a nuckus and ciber charae-
- teristics thet diztinguoich i$ from cukorvolic eslls. Bereteria
kove prokaryelic cells. Prohnrystic organivens evelved befors
cukeryotiz organizma. -
upwelling: - In aa occzn ez oo, (1) & verticel exsrant that brings
chemical eloments frem ths botltom walsrs to the surfsce;
© (2) on erea, typically on a continental chalf, where vertical
"~ currents cccur.
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