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Executive Summary

Each EOS Science Team Member is required to prepare an Algorithm Theoretical
Basis Document (ATBD) describing the physical and mathematical basis for his or
her data products. This document is the Version 1 ATBD describing the MODIS
Level-1 processing algorithms (products MODO01 and MODO02) and the associated
MODIS Utility Mask (product MOD18). In this document, calibration refers to the
application of calibration coefficients to instrument data to create radiance values.
Characterization refers to any manipulation of instrument data to derive
instrument characteristics, including the generation of calibration coefficients using
data from on-board calibration systems built into the instrument.

Processing algorithms for the MODIS Level-1 data products are in a preliminary
phase of development. As the engineering and protoflight models of the MODIS
instrument are fabricated and tested, the instrument manufacturer, Santa Barbara
Research Center (SBRC), will provide characterization and calibration equations
suitable for initial use and a numerical error analysis addressing Level-1 data
product uncertainties. At that point, critical instrument-specific information can be
incorporated into this document to provide a more quantitative formulation of the
algorithms and their theoretical basis.

The MODIS Characterization Support Team (MCST), working under the direction
of the MODIS Team Leader, has the primary responsibility for developing the Level-
1 ATBD. With review from MCST, the MODIS Science Data Support Team (SDST) is
responsible for developing and implementing the MODIS geolocation algorithm,
Level-1A product. MCST is responsible for developing the characterization and
calibration algorithm, the Level-1B product. MCST is also responsible for
development of the MODIS Utility Masking algorithm.

Processing level designations for MODIS data products are defined in Table 1. Level-
0 data from the instrument are reformatted, the Earth coordinates of individual
pixels are determined and appended to the instrument data, instrument calibration
information and other ancillary and engineering data required for processing are
provided, and the whole is archived as the Level-1A MODIS data product, MODO1.
Level-1B processing accepts Level-1A data as input and completes the conversion
from digital numbers generated within the instrument to physical observations
expressible in SI units. Level-1B processing provides calibrated at-satellite radiances
generated at the original instrument spatial and temporal resolution, which are
some radiometric calibration techniques used in Level-1B (MODIS product MOD02)
processing require knowledge of intrinsic pixel properties such as clear or cloudy, sea
or land, pure or mixed terrain class, inoperative detector, etc. Pixel classification
results obtained during Level-1B processing will be retained and provided for
general reference by the scientific community in MODIS Standard Data Product
MOD 18, the MODIS Utility Mask. The Utility Mask will contain a series of binary
and octal data fields describing designated pixel characteristics. Level-2 data products
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are derived from the Level-1 radiances and describe geophysical and other Earth
phenomena that cannot be measured directly by satellite instruments but can be
mathematically derived from radiance observations. Level-2 data include derived
land, ocean, and atmospheric products. This document discusses the theoretical
basis for Level-1 processing algorithms and the MODIS Utility Mask.

Table 1
MODIS Data Processing Levels

Raw Data Data in the original space-to-ground transmission packets, as received from
the observatory, unprocessed by EDOS.

Level-0 Reconstructed instrument data at original resolution, time ordered, with all
possible space-to-ground transmission artifacts removed and duplicate
packets eliminated.

Level-1A Level 0 data, reformatted but not resampled, located in an Earth-referenced
coordinate system, and packaged with needed ancillary and engineering
data.

Level-1B Radiometrically corrected and fully calibrated instrument data in physical
units at the original instrument spatial and temporal resolutions.

Level-2 Environmental variables (e.g., ocean wave height, soil moisture, ice
concentration) retrieved at original instrument spatial and temporal
resolutions.

Level-3 Instrument data or retrieved environmental variables that have been

spatially and/or temporally resampled, averaged or composited.

Level-4 Model outputs or environmental variables derived from lower level data
that are not directly measured by the instruments. For example, new
variables based upon a time series of Level-2 or Level-3 data.

To assure that essential processing routines are available at launch, initial
development efforts will focus on a set of core processing algorithms that use
characterization and calibration data from pre-launch tests, on-board calibrators, and
vicarious calibration experiments. If instrument stability in the space environment
is better then the required minimum, appropriate calibration may provide
enhanced results. Special purpose algorithms to support special calibration
techniques may be required, or remedial algorithms to correct for non-ideal
instrument behavior in the space environment may be needed. Algorithms to
exploit increased instrument stability or correct for non-ideal behavior will be
developed in priority order as resources permit.

The design of the first MODIS instrument will be fixed at the Critical Design Review
(CDR), scheduled for the end of 1993. In-depth analysis of on-board calibration
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EXECUTIVE SUMMARY

systems will be initiated after CDR. A Peer Review of the MODIS Calibration Plan,
including both the SBRC Instrument Calibration Plan and the overall context into
which it fits, is planned for Spring of 1994. The Engineering Model will be
completed and tested in the spring of 1995. As test data from the Engineering Model
becomes available for analysis, Level-1 algorithm requirements will again be
reviewed and this document will be updated. Revised versions of this ATBD will
be issued as is appropriate; the probable schedule for instrument delivery and ATBD
revisions is given in Table 2.

Table 2
MODIS and Cal ATBD Delivery Schedules

MODIS Instrument Sensor Delivery Date | Revised Cal ATBD
Engineering Model Spring 1995 August, 1995
Protoflight Model Summer, 1996 November, 1996
Flight 1 Model Winter, 1998 March, 1999

On-board calibration systems built into the MODIS instrument can measure
radiometric response, spectral response, Modulation Transfer Function (MTF), and
band-to-band spatial registration. Previous on-board calibration systems in the
MODIS precursor instruments usually provided only a radiometric capability, so
MODIS calibration will likely be both more complex and more accurate than that of
its precursor instruments. A program of surface and airborne measurements to
provide vicarious instrument calibration is planned in the post-launch era. Other
sources of calibration information are shown in Figure 2.

The MODIS Characterization Support Team (MCST) has the task of integrating all
characterization and calibration resources. Calibration must support the radiometric
accuracy levels shown in Table 3.

To meet these accuracy requirements and assure that calibration uncertainty
contributes as little as possible to the error of scientific products, effects of correctable
instrument-related imperfections, such as pointing bias, systematic noise, and image
ghosting will be reduced in Level-1 processing. The calibration algorithm is required
to calibrate MODIS data to an acceptable level of accuracy in a fully automated mode,
i.e., without human intervention for extended periods of time. Components of the
Level-1 characterization and calibration algorithm will be formally documented and
presented for peer-review by the instrument and Earth science communities before
they are finalized and implemented in operational data processing.

ix
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Table 3
Radiometric Accuracy Required in the MODIS Specification
Required Accuracy at | Minimum Required
Wavelength Ltypa Accuracy from
(10, %) 0.3"L¢ypa to
0.9*Lmax> (t16, %)
| ————————————— —
<3um 5 6
>3 um 10 2
Reflectance 2 3
Calibration®

a. Based on use of multiple samples of a uniform, extended, non-polarized source.

b. At Ltyp Band 20 shall have minimum required radiometric accuracy of 0.75% with a goal of
0.50% and Bands 31 and 32 shall have an accuracy of 0.50% with a goal of 0.25%. The “high”
ranges of bands 31 and 32 shall have an accuracy of 10%.

c. Calibration relative to the Sun using the solar diffuser plate and solar diffuser stability
monitor.
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A potential structure for the Level-1B processing algorithm is shown in Figure 3.
This is the current baseline flow for on-orbit processing during the Operational
Phase; the structure presented does not address exception handling or the special
processing which will be required during the Activation and Evaluation (A&E)
Phase, nor does it address Level-1 reprocessing or required off-line investigations.
These issues will be addressed in future versions of this document. This processing
flow does distinguish between processes that are considered to be indispensable for
successful instrument calibration (core algorithm components), and those that
enhance calibration accuracy, but can be implemented as subsequent software builds.
The core algorithm will be given highest development priority; subsequent builds
will be developed as resources permit. Individual algorithm components in the
subsequent builds will be implemented only after it is shown that each improves
the accuracy of the calibration.

Each pixel will be geolocated before its radiance is determined. Pixel geolocation
begins with the determination of pixel viewing vectors (look vectors) in an
instrument-referenced coordinate system. The look vectors are transformed
through three intermediate coordinate systems (spacecraft, orbital, and Earth
Centered Inertial) before the intersection of the look vectors with a suitable earth
reference ellipsoid (probably WGS84) is determined in an Earth Centered Rotating
coordinate system. Intersection points with the reference ellipsoid are then
transformed to the desired geodetic coordinates. The final phase of the computation
corrects for shifts in pixel location that occur because of terrain altitude deviations
from the reference ellipsoid. Because the look vector might intersect the Earth
surface in several locations at high look angles, an iterative procedure is used to
determine the first (highest) intersection of the look vector with the surface. Besides
the computations concerned with determining pixel geodetic latitude, geodetic
longitude, and height above the Earth ellipsoid, other portions of the algorithm
determine satellite zenith angle, satellite azimuth, range to the satellite, the solar
zenith angle, and the solar azimuth. A more complete ATBD description of the
geolocation algorithm is presented in Appendix E of this document.

The remaining processing components shown in Figure 3 (Box 2 and beyond)
provide radiometric, spectral, and geometric characterization and calibration of the
instrument. With sufficient measurement resources, radiometric calibration can
achieve an absolute accuracy nearly matching the inherent radiometric stability of
the instrument (NEdL). Radiometric processing begins with a pre-processing
operation (Box 2 in Figure 3) to characterize known systematic noise components,
i.e., determine their magnitude in the current dataset and reduce their effects. Pre-
processing to reduce noise in this manner may improve the effective stability of the
instrument and ultimately permit more accurate radiometric calibration. Examples
of systematic noise sources which might be present include event-related noise
(detected by its time correlation with events occurring within the MODIS
instrument, on the orbiting platform, or within other payload instruments),
coherent noise (periodic noise detected as a peak in the 1- or 2-dimensional Fourier
transforms of the MODIS signals), image “ghosting’, and crosstalk. This processing
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phase will also detect and characterize any anomalous or exceptional behavior, such
as might be caused by passing over the South Atlantic Magnetic Anomaly.
Characterization results will be included in the metadata. Noise reduction
procedures will be implemented only if all three of the following criteria are met:
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e
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Figure 3. Level-1 Control Flow Diagram
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(1) It is conclusively demonstrated that a particular type of noise (e.g., image
ghosting) is present in the MODIS data.

(2) The noise can be predicted accurately enough that its effects can be reduced.

(3) The MODIS Science Team approves its reduction.

If noise reduction techniques are implemented, parameters used in the noise
reduction process will also be retained in the metadata.

Systematic noise characterization and reduction is followed by instrument
characterization and the determination of calibration coefficients using the on-board
calibrators (OBCs) and the Moon (Figure 3, Box 3). The instrument manufacturer
will provide the initial software to determine calibration coefficients based on the
basic instrument design and measurements of instrument and OBC behavior
obtained in the laboratory pre-launch, including the instrument response to on-
board calibration systems. After launch, OBC characteristics will be studied in the
context of all available calibration information, and the initial OBC characterization
software supplied by the manufacturer will be modified to accommodate additional
information developed as the instrument ages.

Lunar calibration observations may be obtained in a direct view mode in which
normal platform attitude adjustments are suppressed for. half an orbit to obtain a
direct view of the lunar disk from the dark side of the Earth, and in a Space View
mode that exploits 2-6 x per year when the Moon is visible through the MODIS
Space Viewport. Lunar reflectance is a function of solar illumination angles as well
as lunar surface coordinates and lunar libration angles. An Earth-based lunar
reflectance measurement program has been initiated to provide the lunar radiance
parameters required to use the Moon as an EOS calibration source.

The combined hardware/software system delivered by the manufacturer is required
to meet the radiometric accuracy requirements of the specification (Table 3) without
reference to the additional sources of calibration information that become available
after instrument launch. The characterization & calibration algorithm processing
flow assumes that the manufacturer has successfully met this requirement, and
calibration coefficients used for processing are not allowed to deviate from the
combined OBC/lunar values obtained in this processing phase by more than the
probable error limits of these coefficients. However, it may be possible to improve
on those error limits by using other sources of information such as vicarious
calibration, trending data obtained from long-term instrument behavior studies,
and past coefficient determinations from OBC and lunar data, as well as image-
derived characterization (shown in Box 7 and described below). All of this data is
combined to generate a “best guess” set of projected coefficients for the next orbit. If
comparison of the last-available projected coefficients with the OBC/lunar
coefficients (Box 4) shows that the projected coefficients are within the probable
error limits of the OBC/lunar coefficient determinations, the projected coefficients
are declared the "best" and these coefficients are used in subsequent processing. If
the projected coefficients are outside the probable error limits for the OBC/lunar
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coefficients, the OBC/lunar coefficients are declared "best" and these are used in
subsequent processing. In the processing scheme as shown, no calibration
coefficient that is inconsistent with the OBC and lunar coefficient determinations is
ever used. The goal of the processing done after OBC and lunar coefficient
determinations is to fully characterize and validate the calibration, and possibly to
improve its precision and potential accuracy.

In the calibration phase (Box 5), calibration coefficients are applied to instrument
data to obtain Level-1B data, and the calibrated Level-1B data then serves as input to
utility mask processing (Box 6). The utility mask provides flags for important pixel
characteristics such as cloudy/clear, land/water, pure/mixed terrain class, and
inoperative detectors. In the processing flow, utility mask information is used to
identify pixels that are cloud-free and otherwise suitable for image-derived
processing techniques.

Image-derived characterization is based on intrinsic image characteristics and
includes techniques such as image de-striping using histogram equalization,
Modulation Transfer Function (MTF) characterization (and potential), and site-
based radiometric monitoring of unsupervised calibration sites. If results of the
image-derived techniques suggest that changes in calibration coefficients are
warranted for some channels, new Level-1B radiometric data is created for those
channels (first time through) and a decision is made as to whether the change in
those calibration coefficients warrants recomputation of the Utility Mask. If not,
processing proceeds to Quality Assurance (Q/A) Metadata generation. If so, the
entire Utility Mask is recomputed and image-derived characterization is again
applied based on the new pixel classifications.

Processing terminates after not more than two iterations through the Utility Mask
and Image-Derived Characterization routines. With processing terminated at
depicted, the radiometric calibration, the utility mask and the image-derived
characterizations are consistent, i.e. the utility mask is based on the same
radiometric information provided in the Level-1B product.

The flow now proceeds to quality assurance and metadata generation. MODIS
Level-1B processing must maintain the radiometric accuracy and spectral and
geometric characterization uncertainty required by the instrument specification
(GSFC, 1993, Table 2, Appendix C) for the whole lifetime of the EOS program. The
Q/A metadata will allow quantitative tracking of MODIS calibration performance.

xiv



Chapter 1

Introduction

The Moderate Resolution Imaging Spectroradiometer (MODIS) is being developed
and launched as one of a series of Earth Observing System (EOS) instruments that
will "advance scientific understanding of the entire Earth system by developing a
deeper comprehension of the components of that system and the interactions
among them (Asrar and Dokken, 1993)". Each of the EOS instruments is supported
by a dedicated science team that is responsible for developing and validating the
scientific for that instrument. Science team members are individually responsible
for specific data products from their instrument, and as part of a documentation
effort, each team member will generate and update an Algorithm Theoretical Basis
Document (ATBD) describing the theoretical basis for the algorithms used to
generate those data products. This document is Version 1 of an ATBD for the
MODIS Level-1 Processing Algorithms, which include Level-1A, geolocation raw
data (product MODO1), Level-1B geolocated radiance (Product MODO02) and the
MODIS Utility Mask (product MOD18). This ATBD is produced by the MODIS
Characterization Support Team (MCST), which is responsible for developing
standard MODIS characterization and calibration procedures.

The algorithm to geolocate MODIS pixels is being developed in a separate effort
undertaken by the MODIS Science Data Support Team (SDST) with review by
MCST. The geolocation of MODIS data includes the determination of geodetic
latitude, longitude, and elevation for the individual pixels and the determination of
geometric parameters for each observation (satellite zenith angle, satellite azimuth,
range to the satellite, solar zenith angle, and solar azimuth). Details of the proposed
geolocation algorithm can be found in Appendix E of this document.

This Level-1 ATBD and its updates are written for MODIS data users who need to
understand the strengths and limitations of the MODIS data for their own research,
and for those people who are responsible for developing and implementing
algorithms which utilize MODIS instrument data. This document with its
appendices will present those features of MODIS characterization and calibration
needed to understand the calibration algorithms. The MODIS calibration algorithm
is currently in the early stages of development; consequently, this document
presents a top-level overview of the algorithm with some illustrative equations.
Calibration, in this document, refers to the application of calibration coefficients to
instrument data to create radiance values. Characterization refers to any
manipulation of instrument data to derive instrument characteristics, including the
generation of calibration coefficients using on-board calibrator data. Initially, it is
assumed that the instrument will meet its specification, and that no anomalies will
arise. A set of characterization and calibration procedures to deal with this scenario
is identified. This core algorithm is the minimum set of routines necessary for at-
launch calibration processing; it will be given highest development priority. As pre-
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launch instrument test data become available, additional calibration issues may
arise, even though none are currently anticipated. If there are instrument
anomalies such as systematic noise that must be removed in ground processing to
meet specification requirements, then procedures to reduce those effects will receive
the next highest development priority. Finally, an instrument that meets
specifications may provide stability that exceeds minimum requirements. The
approach to MODIS calibration outlined here includes provisions to exploit any
such margins in the instrument performance to minimize calibration error and the
associated uncertainty in the final scientific products; these procedures will be
developed as resources are available.

MODIS instruments will be launched on the EOS spacecraft in a Sun-synchronous
orbit. There are six such spacecraft planned, three in the AM series (in a descending
orbit with a 10:30 AM equatorial crossing time) and three in the PM series (in an
ascending orbit with a 1:30 PM crossing time). Each series will consist of an initial
platform followed by two replacements launched on 5-year centers, for a total series
life of 15 years. The schedule for successive MODIS instruments and the MODIS
ocean precursor instruments (SeaWiFS and COLOR) is shown in Figure 1.0-1.

Year 1995 2088 2085
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* A&E: Activation and Evaluation of the MODIS instruments

Figure 1.0-1. Launch schedule for the MODIS AM and PM instruments with ocean precursor instruments
also shown.

MODIS requirements are laid out in other source documents (Salomonson et al.,
1989; Salomonson and Toll, 1990; Ardanuy et al., 1991; Salomonson and Barker,
1992; Pagano, 1992; Barnes and Salomonson, 1993, and Pagano and Durham, 1993).
MODIS heritage instruments include AVHRR, HIRS, Landsat TM (Markham and
Barker, 1986; Salomonson and Barker, 1987; and Barker and Wanchoo, 1988) and
MSS, Nimbus-7 CZCS, and SeaWiFS. To provide long-term observations of
potential changes in Earth processes for succeeding decades, MODIS will maintain
observational continuity with predecessor and successor instruments, and with
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instruments that will provide correlative and ancillary data. The EOS mission
requires a cohesive, calibrated data set composed of data from all six MODIS
instruments. A scientifically useful data set composed of measurements from all
MODIS instruments requires a calibration scheme to provide consistent radiance
values across instruments, orbits, and time intervals.

An intensive series of instrument check-out, characterization and calibration
activities is planned during the on-orbit Activation and Evaluation (A&E) period (3-
6 months), immediately after each of the instruments is launched. As each MODIS
instrument is launched and activated, MODIS characterization and calibration on-
orbit procedures will:

*Establish initial estimates of MODIS instrument stability within an orbit and
over many orbits, and from these, develop a schedule for the use of
individual calibration techniques and an estimate of achievable
instrument calibration accuracy;

*Determine the extent to which pre-launch instrument calibration has been
successfully retained in orbit and make any adjustments necessary in the
pre-launch characterization and calibration algorithm;

*Incorporate the results of vicarious calibrations as they are available.

An illustrative flow diagram for MODIS Level-1 processing is given in Figure 1.0-2.
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Figure 1.0-2. MODIS Level-1 Calibration & Utility Mask Products illustrative flow diagram
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The MODIS Level-1 characterization and calibration algorithm consists of all the
procedures required to produce radiometrically calibrated, spectrally characterized
and geolocated MODIS data for distribution within the science community. The
core algorithm will be based on pre-launch laboratory test results for the instrument
and its on-board calibration systems as supplied by the instrument manufacturer.
Successive versions of the algorithm will be augmented by some of the
characterization and correction techniques discussed in this document. Changes to
the calibration algorithm will be implemented only if it can be unambiguously
shown that the changes produce a better product. In addition to absolute
radiometric calibration and image-derived calibration techniques, processing may
include noise removal, within-band and cross-band signal normalization, spectral
band monitoring and geometric registration assessment, and possible (Modulation
Transfer Function) inversion. A scene mask will be implemented indicating
characteristics of each pixel such as dead or noisy channels, replaced

channels, clear or cloudy, radiometrically homogeneous (pure) or heterogeneous
(mixed), approximate water fraction, snow fraction, glint, solar irradiance level, etc.

Over a period of more than three years in the 1980s, the scientific investigators of
the Landsat Image Data Quality Assessment (LIDQA) project characterized the
performance of both the MSS and TM sensors (Markham and Barker, 1985). When
correctable anomalies were found, it was no longer possible to change the ground
processing system. The intention of the MODIS Level-1 processing effort is to
provide the possibility of correcting for observed anomalies by having appropriate
software in place for evaluation and potential use at the time of launch, and to
provide for on-going post-launch up-grades.

MODIS Level-1 processing will produce Level-1A and Level-1B data sets. The Level-
0 MODIS data is digitally quantized to twelve bits (one part in 4096). The Level-1A
data processing de-packetizes the Level-0 data and re-formats it into 16-bit, byte-
aligned words. Ancillary and engineering data which are needed for calibration
processing will be appended; examples of such information include spacecraft
location and attitude and the projected calibration coefficients, along with their
uncertainties. The same Level-1A processing also geolocates the data, i.e., the Earth
location of each individual pixel is determined, expressed in Earth-referenced
coordinates, and included in the data set.

The MODIS Level-1B data product is a radiometrically calibrated and spectrally and
geometrically characterized product. It is created from the application of
radiometric processing routines to Level-1A data. If the symbol Q is used to
represent the original 12-bit quantized Level-1A radiometric data from the
instrument and Ly represents the Level-1B at-satellite radiance obtained from
calibration processing, then radiometric calibration processing is represented by the
equation:

Ly=£f(Q)
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where the functional form of f will be determined for each channel from pre-
launch radiometric calibration activities and the coefficients for f will be
determined on an on-going basis on-orbit. To facilitate the comparison of scenes
taken under different conditions, some researchers may prefer to work in units of
planetary albedo (for the solar reflective bands) or effective temperatures (for the

thermal emissive bands). The effective at-satellite planetary reflectance p, is given

by

nL d’
=k
Egn, €os6,

where d is the Earth-Sun distance in astronomical units, Esyn, 1 is the mean solar

exoatmospheric irradiance and 6; is the solar zenith angle. The effective at-satellite
temperature T is given by:

r-—K
ln(zf+1)

where K; and K, are band-dependent constants.

The sections that follow address calibration requirements and potential algorithm
structure and theoretical basis. The appendices cover the instrument specification,
instrument design, calibration strategy, the geolocation algorithm, a draft Vicarious
Calibration ATBD, and glossary, acronyms and symbols, and re