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Abstract—The Moderate Resolution Imaging Spectrometer (MODIS)
has been designated as a facility instrument on the first NASA polar
orbiting platform as part of the Earth Observing System (EOS), and
is scheduled for launch in the late 1990’s. The near global daily cov-
erage of MODIS, combined with its continuous operation, broad spec-
tral coverage, and relatively high spatial resolution, makes it central
to the objectives of EOS. The mission requirements of the EOS and the
MODIS instruments may be traced through the MODIS science team
members to the proposed set of core MODIS data products. The de-
velopment, implementation, production, and validation of these core
data products define a set of functienal, performance, and operational
requirements on the data system that operate between the sensor mea-
surements and the data products supplied to the user community. In
this paper, we review the science requirements guiding the processing
of MODIS data, and we discuss some aspects of an operations concept
for the production of data products from MODIS for use by the sci-
entific community.

I. INTRODUCTION

HE goal of the Earth Observing System (EOS) Mission is

to understand changes of the Earth, viewed as a completely
integrated system, by examining the Earth’s hydrological, geo-
physical, and climatic processes coupled with the biogeochem-
ical cycles [1]. To achieve this goal, long-term multidisciplinary
Earth observations must be made. One of the instruments pro-
posed to measure oceanographic, terrestrial, and atmospheric
parameters is the Moderate Resolution Imaging Spectrometer
(MODIS) [2], [3]. MODIS will observe nearly the whole Earth
twice a day—once during daytime and once during nighttime.
Current plans call for the collection of data for at least 15 years,
thus providing long-term global data sets to the scientific com-
munity for the study of global change. MODIS will be com-
posed of two cross-track scanning components: nadir-viewing
MODIS-N [4] and tiltable MODIS-T [5]. As currently envi-
sioned, MODIS-N will have 36 spectral channels, and MODIS-
T will have 32 channels. MODIS-N channels will observe the
visible, near-infrared, and thermal-infrared (Table I) spectral
regions. Observations will be taken at spatial resolutions rang-
ing from 250 m to 1 km at nadir. MODIS-T channels each have
a nadir resolution of 1.1 km, and extend from 410 to 875 nm
in 32 bands, each between 10 and 15 nm in width (full width,
half maximum). The capabilities of the MODIS instrument ex-
pand upon the achievements of a number of earlier sensors: the
Advanced Very High Resolution Radiometer (AVHRR), the
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High Resolution Infrared Sounder (HIRS), and the Coastal Zone
Color Scanner (CZCS). Additional spectral bands common to
the Landsat Thematic Mapper (TM) and Multispectral Scanner
(MSS) have also been included.

MODIS data products are being required not only by the
members of the MODIS science team, but also by members of
the other EOS facility instrument teams, the EOS interdiscipli-
nary investigators, and the scientific community at large. The
diverse observing capabilities of the MODIS-N and MODIS-T
instruments allow MODIS observations and data products to be
applied to many of the key areas in the study of global surface
dynamics, change, and the interrelationships of Earth processes
(61, [71.

The mission requirements of the EOS and the MODIS instru-
ments may be traced through the MODIS science team members
(Fig. 1) selected through peer review by NASA. The develop-
ment, implementation, production, and validation of data
products from MODIS in turn define a set of functional, per-
formance, and operational requirements to be placed on a data
system that operates between the sensor measurements and the
data products supplied to the user community. The primary data
systems include the MODIS Instrument and its processor (from
sensor signals to data packets), the EOS Platform (data trans-
mission from the instrument through the platform to the ground),
and the ground processing system including the EOS Data and
Information System (EOSDIS). A set of definitions defining the
processing stages for instrument data from sensor signal through
data product are given in Table II.

Processing requirements for MODIS data are being studied
[8]-[10]. The most important feature is the amount of data col-
lected by the MODIS instrument. Operating with 12-b quanti-
zation on a 100% duty cycle, the MODIS instrument will have
an orbital average data rate near 8 Mb /s. Each day, just under
1 Tb of raw data will be acquired. A large number of multidis-
ciplinary geophysical parameters will be produced for each ob-
servation. The EOS ground data system is being sized and
designed to handle the data efficiently in order to effectively
meet stated functional, performance, and operational require-
ments [11], [12].

Remote sensing science begins with a definition of science
requirements, i.e., what scientific questions can be addressed
using spaceborne platforms and sensors, and what geophysical
features can be detected. These requirements drive the instru-
ment design. The instrument design defines acceptable radiance
noise levels (the radiometric sensitivity), which impose an ab-
solute limitation on the ability of the instrument to potentially
meet the science requirements. Science requirements also drive
the formulation and refinement of an operations concept, which
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TABLE 1
BanD CENTER (nm FOR BANDS 1-19, um For BanDs 20-36), NADIR
IFOV (m), FuLL-WipTH HALF-MAXiMUM BANDWIDTH (nm FOR
Banbs 1-19, um For BaNDs 20-36), AND PRIMARY PURPOSE OF THE
MODIS-N VisiBLE, NEAR-INFRARED, AND THERMAL BANDs. (THE
SPECTRAL PARAMETERS FOR THE MODIS-N DETECTORS ( AND TO A
Lesser ExTENT MODIS-T) WiLL CoNTINUE TO BE REFINED TO
OPTIMIZE THE POTENTIAL INFORMATION CONTENT AND STABILITY OF
THE MEASUREMENTS )

Band Center IFOV  Width Primary Purpose

Land, Aerosol, and Cloud Properties Bands

1 659 250 50.0 Chlorophyll Absorption and Land
Cover

2 865 250 40.0 Atmospheric Correction and Land
Cover

3 470 500 20.0 Soil-Vegetation Differentiation

4 555 500 20.0 Green Peak

5 1240 500 20.0 Leaf Canopy Properties

6 1640 500 20.0 Snow/Cloud Differentiation,

Volcanoes
Land Surface and Cloud
Properties, Volcanoes

7 2130 500 50.0

Ocean Color Bands

8 415 1000 15.0 Chlorophyll
9 443 1000 10.0 Chlorophyll
10 490 1000 10.0 Chlorophyll
11 531 1000 10.0 Chlorophyll
12 565 1000 10.0 Chlorophyll and Sediments
13 653 1000 15.0 Aerosol Properties and Sediments
14 681 1000 10.0 Chlorophyll Fluorescence/Aerosol
15 750 1000 10.0 Acerosol Properties
16 865 1000 15.0 Aerosol and Atmosphere
Properties
Atmosphere/Cloud Bands
17 905 1000 30.0 Total Precipitable Water and
Cloud Properties
18 936 1000 10.0 Total Precipitable Water and
Cloud Properties
19 940 1000 50.0 Total Precipitable Water and
Cloud Properties
Thermal Bands
20 3.75 1000 0.18  Sea Surface Temperature
21 3.75 1000 0.05  Forest Fires/Volcanoes
22 3.96 1000 0.05 Clouds and Surface Temperature
23 4.05 1000 0.05  Clouds and Surface Temperature
24 4.47 1000 0.05 Tropospheric Temperature and
Cloud Fraction
25 4.52 1000 0.05  Tropospheric Temperature and
Cloud Fraction
26 4.57 1000 0.05  Tropospheric Temperature and
Cloud Fraction
27 6.72 1000 0.36  Mid-Tropospheric Humidity
28 7.33 1000 0.30  Upper-Tropospheric Humidity
29 8.55 1000 0.30  Silicate Emissivity; Surface
Temperature
30 9.73 1000 0.30  Total Ozone
31 11.03 1000 0.50  Clouds/Surface Temperature; Split
Window
32 12.02 1000 0.50  Clouds/Surface Temperature; Split
Window
33 13.34 1000 0.30  Cloud Height and Fraction/CO,
Slicing
34 13.64 1000 0.30  Cloud Height and Fraction/CO,
Slicing
35 13.94 1000 0.30  Cloud Height and Fraction/CO,
Slicing
36 14.24 1000 0.30  Cloud Height and Fraction/CO,
Slicing

Earth Observing Syslenj

Primary MODIS Scientific
Mission Objectives

l

MODIS Science Team

|

Data Data Data Data Data
Product Product Product Product Product

MODIS Science Functional,
Performance, and Operational
Requirements

MODIS Eos

Instrument * Platform » #

Fig. 1. A conceptual illustration of the flow of requirements from the EOS
science objectives to the data system (top to bottom) along with the flow
of instrument data from MODIS to the end users (left to right).

CDOS EosDIS

TABLE II
DATA DicTIONARY DEFINING S1X LEVELS OF EVOLUTION IN THE
PrOCESSING OF THE MODIS INSTRUMENT DATA

Data Level Data Definition

Level-0 Instrument-Data at original resolution, time order
restored, with duplicates removed.

Level-0 data which are reformatted, with earth
location, calibration data, and other ancillary data
appended.

Level-1A data to which the radiometric calibration
algorithms have been applied, to produce
radiances or irradiances and to which the Earth-
location and navigation algorithms have been
applied.

Geophysical parameter data retrieved from the
Level-1B data by application of geophysical
parameter algorithms.

Earth-gridded geophysical parameter data (including
Level-1 and Level-2 radiances), which have been
averaged or composited in time and space.

Analyses of the lower levels of instrument data,
generally involving detailed model calculations.

Level-1A

Level-1B

Level-2

Level-3

Level-4

include items such as the choice of orbit, duty cycle, and sched-
uling for the various operating modes of the instrument. Con-
version of the radiances detected by the sensor into meaningful
geophysical data products then requires a geophysical algo-
rithm. Given the operations concept, there is an inherent error
from three sources: 1) the instrument radiometric sensitivity; 2)
the accuracy of ancillary, external data that may be required by
the algorithm; and 3) the accuracy of the algorithm in convert-
ing radiances to geophysical data products.

The following sections present the current science require-
ments. In Section II, we review the oceanic, atmospheric, and
terrestrial ‘‘core’’ data products to be produced by the MODIS
science team. Radiances at the top and bottom of the atmo-
sphere are considered. Required utility algorithms and their role
in the MODIS data processing are reviewed in Section III. Sec-
tion IV presents operational requirements on the current design
of the platform and the EOS Data and Information System
(EOSDIS). Timeliness requirements for data processing to
monitor instrument performance and support field experiments
are given. In Section V, issues affecting other elements of the
EOS are discussed.
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II. MODIS CoRE DATA PRODUCTS
A. Definition of Core Products

The MODIS science team is making an effort to have in place,
and implemented on an EOS Distributed Active Archic Center
(DAAC) by launch of the first polar platform (EOS-A), a set of
algorithms which will produce a complete set of *‘core’” MODIS
data products. A MODIS data product may be defined as a core,
or “‘at launch,”’ product if it meets the following criteria.

e It is of interest to the scientific community, particularly to
members of the MODIS science team, other EOS instru-
ment science teams, and the interdisciplinary investiga-
tions.

® There is some experience with previously flown space-
borne or aircraft instruments that indicates it is feasible to
produce the geophysical data product at, or shortly after,
launch.

* The availability and accuracy of the data product will pro-
vide an important contribution toward meeting the scien-
tific objectives of EOS.

¢ The product can be generated using primarily, although not
exclusively, MODIS data.

B. Types of Core Products

¢V For types of core MODIS data products have been identified:
1) Level-1 radiances at the top of the atmosphere and Level-2
radiances at the bottom of the atmosphere; 2) core terrestrial
data products; 3) core oceanic data products; and 4) core at-
mospheric data products, which include the core cloud data
products. Table I lists Level-2 to Level-4 core MODIS data
products that have been identified by the MODIS science team.

It is envisioned that the MODIS sensor data, MODIS ancil-
lary data, and platform ancillary data will be combined with
calibration and Earth-location data sets to create MODIS Level-
1 radiance products In addition to the primary MODIS Level-1
products used for processing to higher data levels, Level-1 pro-
cessing should create routine radiometric calibration support
products and instrument response histories (Fig. 2). The latter
product would then be combined with command histories and
event and anomaly analyses, and archived as a comprehensive
MODIS instrument mission history. The Level-1 radiances may
be converted into Level-2 and higher-level (3 and 4) MODIS
data products. Cloud identification, snow/ice discrimination,
and atmospheric corrections would be applied early in process-
ing since these procedures are required for the generation of
most Level-2 and higher products. The cloud identification al-
gorithms to be used at the beginning of Level-2 processing
would be, for the most part, unrelated to the algorithms that
will create core Level-2 cloud products. However, the atmo-
spheric correction algorithms would incorporate features and
elements of algorithms proposed for the generation of core
Level-2 atmospheric products.

C. Core (Level-1 and Level-2) Radiance Data Products

The general science community appears to have an interest
in both the radiances at the top of the atmosphere (Level-1) and
the radiances at the bottom of the atmosphere (Level-2). The
EOS-wide requirement for MODIS radiances is presumed to ex-
tend over most of the spectral bands (particularly in the re-
flected wavelengths). The requirement will include upwelling
radiation at both the top and bottom of the atmosphere, and will
be for a range of spatial resolutions.

Several MODIS-N water-leaving radiance bands may be re-
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TABLE III
PRELIMINARY LisT oF MODIS CorE DATA PRODUCTS, TO BE
AVAILABLE AT LAUNCH

MODIS Ocean Data Products

Water-Leaving Radiances
Single-Scattering Aeroso! Radiances
Angstrom Exponents

Chlorophyll-a Concentrations (Case 1)
Chlorophyll-a Concentrations (Case 2)
Chlorophyll-a Fluorescence

CZCS Pigment Concentrations
Sea-Surface Temperature

Sea-Ice Cover

Surface Incident Photosynthetically Active Radiation
Attenuation at 490 nm

Detached Coccolith Concentration
Phycoerythrin Concentrations
Dissolved Organic Matter

Seston

Primary Production

Calibration Adjustment Data Sets

MODIS Land Data Products

Cloud Mask, Cloud Shadow
Land-Leaving Radiances
Vegetation Index

Surface Temperature

Thermal Anomalies

Snow Cover

Land-Cover Type

Bidirectional Reflectance, BRDF

MODIS Atmospheric Data Products

Cloud Fractional Area

Cloud Effective Emissivity
Cloud-Top Temperature

Cloud-Top Pressure

Cloud Optical Thickness (0.66 pm)
Cloud Particle Effective Radius
Cloud Particle Thermodynamic Phase
Aerosol Optical Depth (0.41 to 2.13 um)
Aerosol Size Distribution

Aerosol Mass Loading

Atmospheric Stability

Total Precipitable Water

Total Ozone

quired for general oceanographic use; however, water-leaving
radiances from most of the MODIS-T spectral regions will be
required for algorithm development work. Also, additional
longer wavelengths not required for open ocean may be re-
quired for this product for coastal regions. These bands are di-
vided into those requiring atmospheric correction to produce
water-leaving radiances (e.g., bands 8 to 16) and those requir-
ing water vapor correction to produce sea surface temperatures
(e.g., bands 20, 31, and 32). The snow and sea-ice cover al-
gorithms should require no atmospheric correction, and utilize
bands used for other ocean products.

MODIS-T radiances are not relevant to the production of sea
surface temperatures or sea ice estimates, but only water-leav-
ing radiances and products derived therefrom. However, all
bands in the visible wavelengths will probably be used for re-
search, even if they are not required for core data products.
Thus, MODIS-T may require atmospheric correction for all
bands between 400 and 700 nm, and perhaps to 875 nm.

In research involving the remote sensing of terrestrial vege-
tation, many results have been presented in a qualitative way
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Fig. 2. Conceptual data flows through the MODIS Level-1 processing, illustrating the earth location and calibration steps and
the merging of MODIS sensor data, MODIS ancillary (engineering) data, and platform ancillary data.

(e.g., ratios of reflectance and correlations of the ratios with
ground data). The most popular vegetation ratio is the Normal-
ized Difference Vegetation Index (NDVI), which has been found
to be strongly related to vegetation parameters such as Ab-
sorbed Photosynthetically Active Radiation (APAR), green-leaf
biomass, leaf-area index, net primary productivity of natural
vegetation, and seasonal green-leaf dynamics at a continental
scale. This qualitative presentation of remote sensing data has
been prevalent in the literature on remote sensing since the be-
ginning. Using the greater multispectral capabilities and higher
bit quantization of MODIS, it will be possible to advance to the
quantitative analysis of remotely sensed vegetation dynamics
using radiance values for the bottom of the atmosphere.

It appears that the major obstacles to obtaining land-leaving
radiances from satellite data in the past have been either a lack
of good radiometric calibration of the sensor or an absence of
standardized atmospheric corrections; both are required to re-
trieve land-leaving radiances. With MODIS, the requisite ra-
diometric data and the ability to generate the atmospheric
corrections should be available. Thus, land-leaving radiances
may become a standard Level-2 MODIS data product. For the
terrestrial sciences, a number of the MODIS-N bands may be
routinely corrected for atmospheric effects.

These atmospherically corrected Level-2 ‘‘land-leaving’’ ra-
diances would be useful for: 1) the direct comparison of ground-
based in situ data with MODIS observations; 2) the calculation
of physiological processes and energy balances in ecological
modeling studies; 3) the computation of energy balances for
several disciplines; and 4) analysis in studies employing mul-
titemporal data sets. Atmospherically corrected data may also
enhance our ability to discern among surface features. By ac-
counting for atmospheric scattering and absorption, the use of
land-leaving radiances may make it possible to discriminate and
detect smaller differences among features, especially at the
higher bit quantizations of MODIS.

The MODIS Level-1 data product will contain substantial in-
formation in addition to the calibrated spectral radiances. Earth
locations (latitude, longitude, and elevation) will be provided
for a subset of the detector IFOV’s (and, due to storage consid-
erations, not for all spectral bands). Angles describing the
Earth-Sun-satellite viewing geometry (e.g., solar zenith angle,
satellite zenith angle, relative azimuth, and the satellite’s view-

ing azimuth from due north) must be provided for use in bidi-
rectional-reflectance and digital-elevation model determination
and application, and for use in comparison to other instrument
observations. Comprehensive platform and MODIS ancillary
data will also have to be included. Derived ancillary data will
include calibrated MODIS temperatures, scan position, and sta-
tus words.

D. Core Ocean Data Products Overview

Fig. 3 describes a candidate data flow scenario for obtaining
ocean core data products proposed for MODIS. Its primary pur-
pose is to show the interrelations among the products. The over-
view is compatible with the MODIS ocean core data products
algorithms; however, expected changes that may result form
improved algorithms are not reflected. The flight of the Sea
Wide Field of View Sensor (SeaWiFS) instrument [13], for ex-
ample, may result in some changes.

Derivation of MODIS ocean data products begins with Level-
1B calibrated radiances. A cloud filter may then be applied,
diverting the data stream from ocean products to cloud prod-
ucts. However, cloud products may then be used to make de-
terminations of surface incident Photosynthetically Available
Radiation (PAR). If pixels pass the cloud test (if they are suf-
ficiently clear), they should then be used, uncorrected for atmo-
sphere, to determine sea ice extent. They can also be corrected
for water vapor to determine the sea surface temperature. These
products can only be generated by MODIS-N because they re-
quire observations in thermal-infrared wavelengths. Otherwise,
the pixels will be atmospherically corrected to produce water-
leaving radiances. At this time, it is expected that both MODIS-
N and MODIS-T will generate water-leaving radiances and
products derived therefrom. Although this scenario involves
some duplication, it also maximizes global coverage by allow-
ing MODIS-N to fill gaps in MODIS-T observations at Level-
3, and vice versa,

The atmospheric correction involves determining the Ray-
leigh scattering and aerosol absorption; and scattering contri-
butions to the total radiances, and removing them. Angstrom
exponents, an indicator of the wavelength dependence of aero-
sol attenuation, come out directly in this process. Atmospheric
correction will directly generate two ocean core products: water-
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Fig. 3. A conceptual overview of the core MODIS ocean

leaving radiances and aerosol radiances. Water-leaving radi-
ances form the foundation for the remaining products. They
would be used to directly obtain pigment concentrations and
chlorophyll-a pigment concentrations for Case-1 and Case-2
waters. In the generation of Case-2 pigment concentrations,
a flag differentiating Case-1 from Case-2 areas will be used
to determine whether to employ the Case-2 algorithm. Also
derived from the water-leaving radiances are chlorophyll fluo-
rescence, total seston (suspended particulate matter) concentra-
tions, detached coccolith concentrations, K(490), dissolved
organic matter, and phycoerythrin concentration. Phycoerythrin
is an accessory light-harvesting pigment present in specialized
types of phytoplankton.

For the oceanic primary production, an empirical approach
relates MODIS-generated pigment concentrations to measured
in situ primary production. Surface incident PAR and the dif-
fuse attenuation coefficient for PAR, as well as Case-1 and Case-
2 chlorophyll-a concentrations, may also be involved in this al-
gorithm. Chlorophyll fluorescence is also envisioned as a pos-
sible method to obtain primary production in the future

When MODIS data product software prototyping is consid-
ered, each of these algorithms and their related code may be
visualized and realized as a separate subroutine. The calling
sequence for the subroutines is identical to the scenario illus-
trated in Fig. 3, with a single exception. The calibration ad-
justments generated through a comparison of the water-leaving
radiances and the in situ data will likely require human inter-

data processing scenario, including the primary data flows.

vention. The improved calibration could then be applied to ad-
just the water-leaving radiances, either for future processing or
for reprocessing. The time scale for this step could be from
weeks to months initially, and then from months to annual well
after launch.

E. Core Atmospheric Data Products Overview

An overview of the suggested processing structure for the
atmospheric core data products is provided in Fig. 4. One of
the first steps in the Level-2 processing will be the setting of
cloud cover flags. We anticipate that cloud flags will be set in
a two-step process. First, a series of tests will be performed to
identify clear fields of view. Second, a series of tests will be
applied to separate homogeneous clouds from partly cloudy and
mixed IFOV’s. Snow and ice cover discrimination will also be
performed at this stage of the processing. A cloud fractional
area product can be produced directly from the cloud flags.

A series of tests for cloud cover can be performed, and the
result of each test would be stored by setting flags. Every test
could be applied to each pixel, and the result of up to eight tests
can be carried as a single byte. This technique allows MODIS
data users flexibility in selecting data for further processing.
This procedure is viewed as necessary since there is no single
definition of a cloud, and certain types of cloud cover may not
prevent the determination of surface properties. For example,
NDVI may be useful even under thin cirrus. Cloud flags will
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Fig. 4. A conceptual overview of the core MODIS atmospheric data processing scenario, including the primary data flows.

be useful for users of either MODIS-N or MODIS-T radiances.
However, radiances from MODIS-N only will be required to
generate atmospheric core data products.

Those observations for which cloud flags have been set will
be processed to retrieve cloud data products. Infrared radiances
may be used to determine cloud-top pressure and temperature
by means of a CO, slicing algorithm and effective cloud emis-
sivity. Radiances from up to five MODIS-N reflected bands will
be used to retrieve cloud optical depth at 0.66 um, effective
cloud particle radius, and cloud particle thermodynamic phase.
Surface reflectances for these bands will be required as ancillary
data.

The infrared radiances from as many as 16 bands will also be
used for all scenes to compute the total ozone, atmospheric sta-
bility (e.g., lifted index), and total precipitable water. Layer-
mean temperatures and water vapor amounts will be by-prod-
ucts in the generation of these core products. Observed or fore-
cast (AIRS or NMC) surface and atmospheric temperatures will
be required as ancillary data.

All of the processing to this point can be done for a single
swath of MODIS-N data (one scan). Some of the products may
require the combination of scan swaths so that the analysis can
be applied over larger areas. In particular, the algorithms which
would be developed to determine cloud area and perimeter,
fractional cloud coverage, and aerosol parameters may work
most efficiently with scenes with dimensions of 200 km or larger
(alternatively, these products may only be generated at Level-
3).

Required inputs to the aerosol core data product processing
(Fig. 4) include Level-1B radiances over approximately eight
spectral bands, previously observed radiances for scenes with
the same viewing geometry (perhaps 7 to 16 days earlier), NDVI
values, land-cover-type maps, total column ozone amounts, to-
tal precipitable water, and surface relative humidity. The radi-
ances will first be screened to remove clouds. Depending upon
the surface type, aerosol optical depth (0.41 to 2.13 um) could
be calculated by as many as three different algorithms. Surface
spectral reflectances or albedos would also be required by some
of these algorithms. Given aerosol optical depths, the aerosol
size distribution and aerosol mass loading then become deriv-
ative data products.

F. Core Land Data Products Overview

Except for aerosol optical depth and spectral surface albedo,
the land core data product processing scheme shown in Fig. 5
assumes that all atmospheric computations required to support
land product processing are done as a part of atmospheric pro-
cessing. Since aerosol optical depth and surface spectral albedo
both affect the radiance observed by the MODIS instruments,
they appear as simultaneous unknowns in the solution process,
and surface spectral albedo is obtained automatically as a co-
product of atmospheric correction. Surface spectral albedo
might be computed in the final stage of atmospheric processing
just before dedicated land processing begins.

The atmospherically corrected radiances serve as inputs for
the determination of land surface temperatures, thermal anom-
alies, snow/ice cover, vegetation indexes, land-cover type,
spatial heterogeneity measures, and the development of bidi-
rectional reflectance distribution functions. Since thermal
anomalies, such as fires and volcanic eruptions, may affect the
apparent value of the land surface temperature, thermal anom-
aly events may need to be tagged in the listings of land surface
temperature. Similarly, extraordinary values of land surface
temperatures may help to corroborate thermal anomaly events,
so that the land surface temperature may be examined as a part
of the thermal anomaly identification process. The snow/ice
identification makes use of land temperature determinations, as
well as reflected visible and near-infrared radiance observa-
tions.

The vegetation indexes (e.g., NDVI) may be obtained using
either atmospherically corrected or uncorrected radiances. At-
mospherically corrected indexes are best for identifying long-
term trends, and these may be desired for MODIS use. Since
the computation of vegetation indexes may be made to depend
on the presence or absence of snow cover, the snow cover flag
may serve as possible input for the computation of vegetation
indices.

G. MODIS Data Processing Scenario

An overview of a candidate MODIS core data product pro-
cessing scenario is illustrated in Fig. 6. Initially, Level-0 data
are acquired (Table II) and used to generate Level-1A and Level-
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Fig. 5. A conceptual overview of the core MODIS land data processing scenario, including the primary data flows.

IB radiances at the top of the atmosphere. A set of masks are
generated at the bit or word level to indicate scene-type infor-
mation (e.g., land, ocean, cloud, snow/sea ice) georeferenced
to the particular scan of data being processed. Based on the
status of the cloud flags, cloud or other atmospheric, oceanic,
or terrestrial MODIS core products are produced. During the
generation of the Level-2 products, many of the MODIS bands
should be atmospherically corrected. The Level-2 data are then
available for the generation of higher-level products. Within this
scenario, it may be possible to efficiently process an entire scan
of MODIS-N or MODIS-T data from Level-0 through Level-2
and into Level-3, for all data products, without the need for
I/0 interruptions.

This concept is expanded in Fig. 7 for the Level-1 process-
ing. In the illustration, a Level-O scan ‘‘cube,”’ with dimen-
sions of a single or small number of scans along and across-
track by the number of spectral bands, is first processed through
Level-1A and then Level-1B, perhaps without leaving the main
memory of the processor. Still in main memory, the Level-1B
data could then be made available for Level-2 processing as the
Level-1 components are routed to archive.

In a similar manner, the Level-1B data cube is then processed
through Level-2 (Fig. 8) before being routed to Level-3. Within
the Level-2 processing, a candidate set of processing and anal-
ysis masks are first appended before the core products are gen-
erated. The scan data cube could then be routed to Level-3
processing, as the Level-2 components are sent to archive.

III. Core Mobpis ‘‘UTILITY’’ ALGORITHMS

The algorithms for the core geophysical data products will be
provided by the MODIS science team members. There are a

number of algorithms, other than the core geophysical algo-
rithms, which appear essential to the reduction of the Level-0
MODIS data and the successful generation of higher-level prod-
ucts, including standard:

calibration algorithms

earth location algorithms

topographic correction algorithms

cloud identification (flagging) algorithms

cloud and snow/ice discrimination algorithms
atmospheric correction algorithms

time and space averaging and rectifying/overlaying algo-
rithms

¢ display and processing algorithms.

A. Calibration Algorithms

To support the scientific goals of EOS and the MODIS sci-
ence team members, the maintenance of the MODIS calibration
over the planned 15-year period will be an area of substantial
emphasis for the science team. Calibration may be performed
by a MODIS Characterization Support Team (MOST), which
would be composed of MODIS science team members and sup-
porting staff. The MOST should fully characterize the MODIS-
N and MODIS-T instruments, and also consider the absolute
MODIS calibration and, perhaps, most importantly from a per-
spective of global change, the relative calibration stability of
MODIS over time. Preflight calibration data, instrument models
and simulated data, on-board calibration data, routine data, data
taken over ground-truth sites, and supporting ancillary and in
situ data would be used by the MOST. The ICT is 1o be re-
sponsible for the delivery of sensor calibration algorithms and
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coeflicients to the DAAC so that MODIS data products may be
generated. For this purpose, the calibration algorithms would
include:

¢ instrument data monitoring algorithms

¢ analysis of internal calibration data; potential sources in-

clude blackbodies, lamps, space, the sun, and the moon

analysis of instrument models

comparison to in situ and ground-truth data

comparisons to other EOS and non-EOS instrument date

Assignment of the MODIS calibration coeflicients for pro-

duction

¢ intercomparisons of MODIS-N and MODIS-T collocated,
coincident, and co-angular data sets.

B. Earth Location Algorithms

The navigation of MODIS observations to the Earth’s surface
is required. At nadir, positioning accuracies of at least 500 m
(i.e., about one-half pixel) are estimated to be necessary to meet
the science requirements. To accomplish this task, the Earth
location algorithms will include:

¢ determination of the sensor IFOV line of sight, given plat-
form attitude, platform thermal or dynamic distortion data,
and sensor tilt and scan angles

* navigation of the IFOV centers to the Earth geoid

® correction for the effects of atmospheric refraction (a small
but systematic effect)

¢ interpolation of the Earth locations from a sparse array of
anchor points to each IFOV

¢ correction for surface topography.

C. Topographic Corrections for MODIS

A global Digital Elevation or Terrain Model (DEM/DTM) is
highly desirable for the generation of standard data products.
Applications of the DEM include (J.-P. Muller, personal com-
munication, 1990):

¢ the correction of geometric distortion (pixel shifts during
navigation to Level-1; orthographic resampling)

* radiometric correction for terrain slope and aspect, as well
as shadowing from subpixel scale features

* atmospheric correction for path radiance and thermal pro-
files

* surface roughness.

Present analyses indicate that a global DEM, with a spatial
resolution and vertical accuracy approaching 100 and 10 m, re-
spectively, is necessary. The DEM might be routinely applied
to all pixels located in regions of the Earth for which the terrain
elevation exceeds 1 km.

D. Cloud Identification Algorithms

For the analysis and retrieval of data products at the Earth’s
surface, it will be necessary to identify the presence of clouds.
The core cloud product algorithms should be more sophisticated
than those required to make a yes/no decision regarding cloud
cover. There are a substantial number of techniques available
that could possibly be used for the identification of cloud cover.
The MODIS instruments, and particularly MODIS-N, offer a
wide spectral capability for cloud detection. Because many of
the Level-2 data product algorithms will have a heritage that is
distinct and unique from the other product algorithms, it will
probably be appropriate to employ multiple (parallel) cloud de-
tection algorithms. A set of flags (from six to ten) could be set
based on the detection technique (e.g., IR threshold, VIS re-
flectance, spectral flatness, spatial coherence, bispectral, max-
imum likelihood, etc.). This processing will occur at the very
beginning of the Level-2 processing. Each higher-level algo-
rithm would then be free to accept or reject observations based
on consistent definitions of cloud contamination appropriate to
that algorithm. In addition to cloud identification and cloud ver-
sus snow/ice discrimination algorithms, it may be desirable to
delineate cloud shadows where possible.

E. Atmospheric Correction Algorithms

For the analysis and retrieval of data products at the Earth’s
surface, and particularly for oceanic product retrievals, which
provide only a small contribution to the total reflected radiance
signal, it is essential that the atmospheric ‘‘contamination’ be
removed. Atmospheric correction over land surfaces is also
critical. The development, refinement, and implementation of
atmospheric correction algorithms may be a major research ac-
tivity, particularly for aerosol estimation and correction. Fur-
thermore, maximum commonality in the atmospheric correction
procedures over land and ocean surfaces should be considered,
so that artificial discontinuities at coastlines are not introduced.
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Contamination sources (for clear skies) include:

* Rayleigh scattering

* aerosols

* ozone

¢ total precipitable water.

F. Time and Space Averaging Algorithms

Standard algorithms averaging product data to standard
MODIS grids may be required. Several different compositing
methods may be employed depending on the particular product.
These might include averages of densely or sparsely sampled
parameters, selection of a single or several pixels within a re-
gion to represent the whole, pixel intervals (e.g., every second,
third, or fourth pixel in time or space), empirical orthogonal
functions (EOF’s), or low/high/band-pass filters. The different
techniques (which will produce such diverse products as NDVI,
sea surface temperature, ocean biooptical constituents, and
cloud parameters) must be self-consistent to enable the study of
the Earth as a system.

Other algorithms will be required to remove the effects of
bidirectional anisotropy in the measured radiance field, limb
darkening, and the dependence of albedo on solar zenith angle.
The development of algorithms that can overlay observations
taken from different viewing angles (side-to-side and fore-to-
aft) with varying footprint sizes is required. Many Level-3
products will require weekly, monthly, seasonal, and annual
averages.

G. Display and Processing Algorithms

Display algorithms that are envisioned would include land
and land-cover type, coastal, and Case 1/Case 2 oceanic region

overlays, which can be used to identify regions for a specific
type of processing. An example of this is the generation of a
product at 1 km resolution for costal regions, and 4 km for open
oceanic regions.

With the advent of the EOS and the generation of global data
products, it is asserted that it is important to move away from
a scene-oriented processing system to a global mapping system.
A wide range of map projection options should be available for
all products with topographic, political, and physiographic an-
cillary data. A suggested map projection for atmospheric and
some other global data products is the Hammer projection of
latitude and longitude. These global grids are equal area, thereby
representing the area of the Earth’s ocean and land surface with-
out distortion. Atmospheric data products which go into this
mapped product could be produced as averages on a 1° by 1°,
or 0.5° by 0.5°, latitude-longitude grid. Alternatively, a 1024
by 2048 global grid has been suggested for the primary Level-
3 MODIS grid resolution for ocean products. For snow and ice
mapping, an equal-area 10-km mesh is desired.

IV. OPERATIONS AND OTHER REQUIREMENTS ON
EOSDIS

A. External Data Acquisition and Ancillary Data Set
Requirements

Ancillary data sets will be required to generate both core and
research and development MODIS data products. These data
sets must be acquired, supplied, or otherwise made available by
the EOSDIS. For example, National Meteorological Center
(NMC) global gridded fields of surface pressure and 1000 mb
winds must be supplied within 24 h of MODIS observations. In
situ data, including optical and other buoy measurements, sur-

\
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face and upper-air meteorological observations, and other data
types, must be made available within 48 h for the quality as-
sessment or validation of data products prior to archival and
distribution. A substantial number of other correlative data sets
will also be required for the development and validation of
future MODIS data products. These will include, for example,
data from SPOT, aircraft measurements, and other U.S., Jap-
anese, and ESA instruments.

Global observations of ocean color have been identified as
one of the key contributions of MODIS to EOS. Three data sets
external to the MODIS processing environment have been iden-
tified as required in order to produce MODIS ocean color data
products. These are: 1) total ozone to determine the absorption
of ozone, 2) atmospheric pressure to determine the Rayleigh
scattering contribution to the total radiance received by the sen-
sor, and 3) wind speeds to determine the sun glitter and sea
foam contributions to the total radiance. These data sets are
required for the calculation of water-leaving radiances, which
in turn are required to obtain all ocean data products based on
ocean color. Our analyses are based on the premise that the high

radiometric sensitivity of MODIS be maximized. By this prem-
ise, errors in normalized water-leaving radiance induced by
sunglint or nonstandard total ozone or Raleigh scattering (at-
mospheric pressure) should be kept at or below the MODIS
noise-equivalent radiance difference (NEdL) in order to prevent
an effect on ocean color.

The specific details of the analyses defining these require-
ments is outside the scope of this paper, and will be made avail-
able in report form in the near future (W. Gregg, personal
communication).

B. Product Implementation—A Turnkey System

MODIS data product implementation will occur both prior to
launch and on an as-needed basis during the mission. At launch,
the ground data system will be in place with data product gen-
erating software implemented and validated with simulated
MODIS data and/or data from analogous instruments and plat-
forms. Perhaps the first three to six months of MODIS obser-
vations (Table IV) will provide actual data for the final
adjustment of algorithms.
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TABLE IV
HYPOTHETICAL TIMETABLE FOR THE PROTOTYPING AND
IMPLEMENTATION OF MODIS DATA PRODUCTS ALGORITHMS

T — 5 years: Investigator-Specific Simulated MODIS Data
Available ‘
(Version A; e.g., CZCS, AVHRR, HIRS, TM,

GOES, etc.)

Prototype Core Product Software Delivery
(Version 1)

Standard Simulated MODIS Data Available
(Version B)

Complete Core Product Software Delivery
(Version 2)

Standard Simulated MODIS Data Available
(Version C)

Flight-Ready Core Product Software Delivery
(Version 3)

T: Launch of EOS-A (Second Quarter, 1998)

T + 1 month: Actual (Prototype) Level-1 MODIS Data
Available
Actual (Prototype) MODIS Products Available

T — 3 years:

T — 2 years:

T — 1 year:

T + 4 months: Final Core Product Software Delivery

(Version 4)

End of Post-Launch Period
Actual Level-1 MODIS Data Available
Actual MODIS Products Available

T: (T + 5 years) Launch of EQOS-C

T + 6 months:

MODIS-A (MODIS on EOS-A) and MODIS-C (MODIS on EOS-C)

will have minor differences in spectral coverage. Some channels may

have significant changes. Algorithm changes may be required. New

standard product algorithms may be introduced. Some standard

products may be dropped.

T’ + 1 month: Actual Level-1 MODIS-A Data Available

Actual (Prototype) Level-1 MODIS-C Data
Available

Actual MODIS-A Products Available

Actual (Prototype) MODIS-C Products Available

End of MODIS-A/MODIS-C Overlap Period
Actual Level-1 MODIS-C Data Available
Actual MODIS-C Products Available

T’ + 6 months:

During the 15-year MODIS lifetime, new algorithms are ex-
pected to be developed. They will support new data products or
serve as refinements and corrections to existing data products.
Prior to being certified for regular production, new software and
algorithms will be fully tested in the DAAC in a fully opera-
tional environment. This certification process may initially in-
volve the conversion of the software for differences in language,
architectures, operating systems, or compiler implementations.
Once certified and documented, the new software will be inte-
grated with the existing MODIS processing, and the new or
modified data products will become part of the MODIS product
set. This process is expected to be repeated many times during
MODIS’s lifetime.

This concept for the implementation of MODIS data products
and their retrieval algorithms calls for the equivalent of a turnkey
system. Under this concept, fully tested code in a high-level
language will be delivered by the investigators to EOSDIS where
it will be implemented. The concept assumes that the code will
execute as delivered; nonworking code would be returned to the
investigators for revision. However, there is clearly the need
for an intermediary that might: 1) provide software shells con-
taining the required common blocks and I/0 and other utility
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algorithms; 2) assist with optimization of the code, both prior
to implementation and in a continuing sense; 3) provide coding
support for the investigators if required; and 4) make the soft-
ware system efficient. The importance for code and the whole
processing system optimization cannot be overemphasized.
Mathematically complex geophysical parameter retrieval algo-
rithms, operating on even relatively small subsets of the obser-
vations, have the potential to be major processing system
drivers.

As with other operational satellite data processing system,
new releases of algorithms may be developed, implemented in
advanced prototype form, and tested off-line on *‘parallel’’ (du-
plicate) facilities prior to full-scale operational implementation.
The same procedure could be advocated for MODIS. Further-
more, we advocate the development of an implementation sce-
nario (Table IV) utilizing several releases of simulated data and
implementations of the prototype core product algorithms (e.g.,
preliminary (rough), prototype (full complexity), flight-ready
(best as possible before launch; implemented one year before
launch), and actual (based on the first several months of MODIS
data; implemented three to six months after launch)).

C. Product Reprocessing

Clearly, as with all recent satellite data sets, some reprocess-
ing of MODIS data products must be expected. The motivations
for such reprocessing efforts may include the release of an im-
proved set of instrument calibration coefficients, the develop-
ment of an improved parameter retrieval algorithm, or the
implementation of a new data product algorithm. In each of
these examples, there may be a demand for the reprocessing of
perhaps years of previously generated data sets, or the retro-
spective processing of new products. The extent and complexity
of reprocessing will depend on factors that include the number
of affected archived data sets, the interdependencies among
MODIS data products, and the quantity of data necessary for
generating the new products. The reprocessing requirements
must be defined. The parent/child relationships between data
sets must be consulted to identify impacts and sensitivities as-
sociated with planned reprocessing efforts. Furthermore, con-
sideration needs to be given to the retention of outdated, but not
invalid, duplicate data products so that traceability to research
studies is not lost.

D. Product Dependencies and Processing Control

Given that a number of MODIS data products require other
MODIS or EOS products as input for their computation, the
sequence in which MODIS and other products are generated
must be carefully coordinated and controlled. The scheduling
and planning problems are not unlike that facing researchers
experimenting with parallel computer architectures where out-
put from one processor may be required as input to complete
processing at another processor. In fact, many of the techniques
developed for parallel computer architectures may be directly
applicable to MODIS and other EOS products. While some po-
tentially applicable techniques have been developed, other im-
plementation techniques for parallel systems are currently
research topics, and results may not be available for MODIS
use within the required timeframe. Automated processing con-
cepts utilizing multiple relational database management system
layers will likely be required to smoothly cope with the volume
and complexity of the MODIS data.
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E. Processing Redundancy/Product Integration

It appears that each MODIS science team member may be
individually responsible for only one or a few core data prod-
ucts. Since these products have, in many cases, been developed
and validated independent of other MODIS team member ef-
forts, many researchers may initially prefer to implement a
complete set of algorithms that generate required data products
beginning with MODIS Level-1 data. Since the intermediate
products required to generate the required final product may re-
semble (or be identical to) final core products generated by other
team members, processing redundancy may arise. For example,
the atmospheric corrections currently used for ocean products
include aerosol corrections and cloud filters similar to those
produced as core products by atmospheric researchers.

The alternative to redundant processing is product integration
which, at least in the case of currently existing products, may
require substantial negotiation, algorithm revision, and product
revalidation. The basic issues are as follows. How much redun-
dant processing is tolerable? What data system structures would
best support the creation of a integrated product set? In the case
of cloud products, how much redundancy between the MODIS
and the efforts of other instrument teams is desirable?

F. Data Processing Prioritization

MODIS data processing will probably require data at four
levels of processing priority (see Table V). MODIS product
generation and data processing will generally use the routine
data stream. The timeliness goals of this data type define the
requirements for externally supplied data as well as the general
pace for standard data product availability to end users.

The near-real-time data would be composed of two types:
data supporting field experiments and targets of opportunity
(TOO); and data supporting background science monitoring.
Each data type is equivalent to approximately 5% of the daily
MODIS data volume, and is processed in addition to the routine
data stream. The nominal requirements for field experiment/
TOO data are for processing over 15 (five terrestrial, five me-
teorological, and five oceanic) 2000 X 2000 km scenes per day.
The data requirement is estimated to be 100% of the MODIS
data over a daily total of 75 min ( =5% of the time).

The nominal requirement for background science monitoring
(e.g., volcano and forest fire detection and monitoring) is for a
subset of the MODIS bands to be processed in near real time,
perhaps globally. The data requirement is for =5% of the data
(on the order of five of the 1000 or 1100 m bands) 100% of the
time.

G. Processing Growth

At the time of the launch of EOS-A, on the order of 40
MODIS core data product algorithms may be implemented and
resident at an EOS DAAC for the generation of terrestrial, at-
mospheric, and oceanic geophysical parameters. However, the
MODIS instrument will provide the Earth science community
with advanced capabilities for spectral and spatial coverage at
a full 12-b quantization. The global observing capabilities of
MODIS should be made available to the science community
through the archival of calibrated and navigated Level-1 visi-
ble, near-infrared, middle-infrared, and thermal-infrared radi-
ances (Table I), as well as atmospherically corrected radiances
over a large subset of the spectral bands. There exist at present
many additional proposed data product algorithms which have

TABLE V
DATA DICTIONARY DEFINING FOUR LEVELS OF PRIORITY IN THE
PrROCESSING OF MODIS DaTa

Data Priority Data Definition

Routine MODIS instrument (science and ancillary) and
platform ancillary data initially stored on the
platform tape recorder, played back after up to
two orbits (3 h), fully processed through
Level-0 within 24 h (99.7% complete), Level-
1 within 48 h, and Level-2 within 72 h.

Near-Real-Time MODIS instrument and platform ancillary data
initially stored on the platform tape recorder,
played back after up to two orbits (3 h),
partially Level-0 processed (priority
processed, Reed-Solomon error corrected, but
no completeness guarantee), processed
through Level-3, and made available to users
(archived) within 3 to 8 h after real time.

MODIS instrument and platform ancillary data,
real-time or platform-recorded, minimally
Level-0 processed (passed through CDOS
within 10 s), and used primarily for
instrument monitoring purposes.

MODIS instrument data, only propagation
delayed (possible during scheduled TDRSS
contact), subsequently treated as quick-look
data.

Quick-Look

Real-Time

been identified as candidates for possible future MODIS stan-
dard products. These algorithms have been termed ‘‘research
and development (R&D)’’ efforts, as their refinement will re-
quire the observing capabilities that perhaps only MODIS is ca-
pable of providing.

For example, the CZCS provides water-leaving radiances in
four spectral bands at 8-b quantization. the proposed SeaWiFS
instrument will provide water-leaving radiances at 10-b accu-
racy over six spectral bands. MODIS-T will make available a
full 32 bands of measurements at the more accurate 12-b reso-
lution (13 b when alternate gain selections are considered). If
SeaWiFS is launched prior to EOS, then a number of these R&D
algorithms will be further developed and may evolve into new
MODIS core data products.

We estimate that the number of data products generated by
MODIS could grow at a rate of 40% per year following launch.
Of course, the load on the data system would also increase,
potentially doubling every two years. After 15 years of opera-
tions, MODIS might require a data product processing system
that is 10 to 100 times more powerful than the baseline system
sized as adequate at launch.

V. REQUIREMENTS FOR OTHER ELEMENTS OF EOS
A. MODIS Instrument

To facilitate the near-real-time and instrument monitoring
functions of the ground data system, data packetization by spec-
tral band could reduce the MODIS ground data processing ef-
fort. In this approach, individual data packets would be built
within the MODIS-N and MODIS-T instruments for each spec-
tral band, as well as for the instrument ancillary data. The source
data packets might be constructed for an entire scan of data and
segmented into convenient lengths. Packet headers would then
identify the spectral band and provide other information to fa-
cilitate the sorting of individual data packets without the need
to first unpack the entire datastream. However, the loss of even
a single data packet (for an essential spectral band) could have
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a disproportionately large effect (albeit for only a fraction of a
scan) for geophysical products requiring multiple bands. The
tradeoffs are improved handling convenience versus increased
impact from lost packets.

B. EOS Platform

To meet the EOS science objectives, the creation and analy-
sis of long-term (15 years) data sets is required. The stability
of the orbit plane, particularly the local time of the ascending
node, will be critical in determining the validity of trends ob-
served during this period. Present plans indicate that this data
record will be provided through the use of similar or identical
instruments on three platforms, each with a nominal lifetime of
five years. Under this scenario, overlap periods of six months
to one year will be required to maintain the calibration and con-
tinuity of the measurement time series.

C. Level-0 Processing

The Data Handling Center (DHC) will perform Level-0 pro-
cessing. MODIS requirements call for the provision of three
data streams, each with specific completeness, timeliness, and
processing requirements. The routine data will consist of all
MODIS data and will be fully restored (Table V) into the orig-
inal form of the MODIS source data packets. Separate data
packet types might be desirable for each spectral band, as well
as for the ancillary data. Although Level-0 processing is re-
quired to be completed within 21 h after reception at the DHC
(about 24 h after observation), data completeness is consider-
ably more important than a precise adherence to time cutoffs.

Data requiring near-real-time handling should be appropri-
ately identified in the header of each packet. For this data
stream, timeliness will be more important than completeness,
and the Level-0 processing should be completed in less than an
hour after data are received at the ground station and transmit-
ted to the DHC. Up to 100% of the MODIS data may be re-
quired for monitoring the performance and status of the MODIS
instrument at the Instrument Control Center (ICC). These quick-
look data will be minimally processed, and should be passed
through the DHC with 10 s.

For routine and near-real-time data, platform ancillary data
(position, attitude, and relevant engineering data) will be re-
quired with the same timeliness. A platform attitude sampling
frequency of no less than 10 Hz is required to accurately navi-
gate the MODIS observations when uncompensated instrument
angular momentum is considered.

VI. SUMMARY

We have presented concepts for producing data products from
MODIS. The MODIS science team has reviewed the set of core
MODIS data products that have been presented here. Because
of the team’s experience with other instruments that form the
MODIS heritage (AVHRR, CZCS, HIRS, TM, etc.), we feel
reasonably comfortable that these core products can be pro-
duced at launch. Between now and launch, there will be contin-
ued studies as to how to optimally implement these core data
product algorithms within EOSDIS. As such, this paper is an
interim statement of progress; concepts are still undergoing
evolution and refinement. Further interactions among members
of the Earth science and data communities will have to occur
before a definitive set of procedures are developed.
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