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ABSTRACT

This document presents plans for the evaluation of the

inflight performance of the Ithaco Conical Scanner

onboard Landsat—D. The planned activities involved in

the inflight sensor calibration and performance

evaluation are discussed and the supporting software

requirements are specified. It summarizes the possible

sensor error sources and their effects on sensor

measurements. It also presents the methods by which the

inflight sensor performance will be analyzed and the

sensor modeling parameters will be calibrated. In

addition, a brief discussion on the data requirement for

the shady is provided.
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SECTION 1 - INTRODUCTION

1.1	 DOCUMENT OVERVIEW

This document presents plans for evaluation of the

inflight performance of the Ithaco Conical Scanner

onboard Landsat -D. This mission offers a unique

opportunity to evaluate the inflight performance and

accuracy of the conical scanner because accurate

reference attitudes will be available from other sensors

on the spacecraft, such as the star trackers. This

evaluation will provide information on the attitude

measurement accuracies obtainable from the newest Ithaco

IR scanner design. The results will be useful for

prelaunch evaluation of attitude accuracies in future

missions which ma,y use these scanners or similar

scanners. The improved modeling of the Conical, Scanner

that results from this effort can be used in future

mission support.

The Attitude Determination and Control Section (ADCS) at

Goddard Space Flight Center (GSFC) has 	 initiated this

evaluation	 effort in order to study the inflight

performance of this sensor. Originally, it was planned

to evaluate the Ithaco scanner by comparing its data to

the attitude solutions determined on ground using the

t
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star tracker data.	 However, due to the unavailability

of a ► ufficient amount of star tracker data, the plan

was altered to compare the scanner data to the attitude

solutions determined "rom star tracker data by the

onboard computer.

The primary goals of this activ;lty are to detect the

uncertainties that exist in scanner data due to

localized weather effects, to dete ,,-mine the adequacy of

the horizon radiance modeling methods, and to determine

the attitude accuracies achievable using the Ithaco

Conical Scanner data.

This section provides vn overview of the Landsat-D

mission and the conical scanner. Section 2 summarizes

the planned evaluation activities, data oomparison

options, the modeling of the conical scanner, and the

required supporting software. 	 Sections 3 through 5

describe the basic elements.of the sensor evaluation

plan. Section 3 describes the sensor error sources,

their effects on data, and the qualitative examination

of data using data plots. Section 4 presents the

inflight sensor calibration and sensor performance

evaluation procedures, including the analysis of both

systematic and random error sources. 	 The data span

1-2



required for the evelueton ie briefly diecueeed
Section 5.
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1.2	 LANDSAT-D MISSION OVERVIEW

Landsat is a program of the Office of Space and

Terrestrial Applications managed by NASA Goddard Space

Flight Center. The General Eleetrin Company Space

Division is the mission contractor and is responsible

for the Landsat-D spacecraft design, integration and

+.eating, the Data Management System, the Landsat

A-.sessment System and the Operations Control Center.

The Landsat series of satellites provide multispectral

imagery of the Earth's surface useful for Earth

resources analysis.

Landsat-D is intended as a precursor to an operational

system for global resource management. The improvements

over previous Landsat spacecrafts include a higher data

rate, a more accurate sensor (the thematic mapper) and a

more efficient operational ground support and data

management system.

The Landsat-D spacecraft design is significantly

different from the previous Landsats. Landsat-D makes

use of the Multimission Modular Spacecraft (MMS) design

and the NASA Standard Onboard Computer (OBC) for the

spacecraft control and data handling. 	 The MMS bus

includes four momentum wheels, three electromagnetic

1-4



coils, and three two-axis gyroscopes for 3-axis

stability, orietx+;jtion and momentum control. The MMS

bus also includes two NASA standard star trackers, one

fine sun sensor, and a 3 -axis magnetometer for attitude

determination.

Landsat-D will also carry two Conical Earth sensors for

Earth direction determination. The Conical Earth Sensors

are built by Ithaco Inc. These sensors are used in

control laws for the attitude acquisition sequence and

used as backup attitude sensors by the "SaYehold

Electronics" to check for possible problems in the

primary onboard attitude determination and control

system.

Landsat-D	 will be	 launched	 into	 a	 circular, sun

synchronous,	 near polar orbit with about	 a 708	 kilometer

altitude.	 The	 orbit inclination will	 be	 about 98.18

degrees	 with	 the	 descending	 node at	 9:30	 a:m. local

time.	 Landsat-D is	 now	 scheduled to	 be	 launched from

the Western Test Range	 in	 July	 1982 onboard a Delta 3910

veriicle .
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1.3	 CONICAL SCANNER OVERVIEW

The conical scanner is cylindrical. 3 inches in

diameter, 4 inches long, and 1.9 pounds in weight. It

Utilizes about 4 watts of power during operation and is

designed +o furtstion at temperatures between -10 0 and

+35 0 Celsius.

A diagram of the sensor optics is ahown in Figure 1-1.

All of the optics (lonses, window, and prism) are made

of germanium, which is nearly transparent to the

infrared wavelengths detected. Infrared radiation

enters the detector through a window which is coated

with an interference filter. The filter/window is also
9

coated to reflect sunlight to preven'f+ internal heating.

The filter restricts the incoming radiation to the 14 to

16 micron wavelength region. The incoming radiation is

attenuated somewhat Further by the other optical

components.	 The spectral response at several stages is

shown in Figure 1-2.	 Figure 1-3 shows the spectral

bandpasses for the IR scanners on four missions for

comparison.	 These bandpasses have been normalized to

the same height to give better bandwidth comparisons.

The Landsat-D scanner obviously has a narrower radiation

sensitivity range.
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Figure 1-1	 Sensor Optics Diagram (Courtesy of Ithaco Inc.)
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Just inside the window/filter is a wedge or prism. The

prism is designed to bend the infrared radiation along

the optical axis from an angle 45 degrees off this axis.

To generate the scanning motion for the bolometer field

-of-view, the prism is rotated about the optical axis by

a stopp:',ng motor. Thus the center of the field-of-view

sweeps out a cone with a radius of 45 degrees. The scan

rate or prism spin rate is 120 revolutions per minute.

After passing through the prism, incoming radiation is

focused by two lenses. The bolometer is immersed in the

second lens. A field stop in front of this lens acts to

prevent stray radiation from entering the bolometer.

All the focusing surfaces are spherical. The bolometer

is placed along the optical axis in the focal plane of

the lens system.

The bolometer flake is a thermistor or thermally

sensitive resistor. The thermistor is a semiconductor

which is made of sintered oxides of mangenese, cobalt,

and nickel pressed into a thin flake. 	 The flake

measures about 0.1 millimeters square.	 As infrared

radiation falls on the flake it is heated and its

resistivity decreases. 	 As the flake cools its

i ti it	 ires s vy ncreases.	 The time constant of the flake

temperature response to radiation changes is about 2

1-10



milliseconds. The changes in current through tl

thermistor as the scanner field-of-view moves on and o

the Earth constitute the input to the Earth Sign

Processing electronics. 	 Detailed description of t'

sensor electronics and the Earth signal processing

given in Reference 1. One significant difference in t

conical scanner signal processing over the previo

Ithaeo IR scanners is the new horizon locator logi

This is shown schematically in Figure 1 -4.	 The Ear

output voltage so determined is less sensitive to t

triggering levels and pulse heights 	 of the Earth

signals obtained from the bolometer.

Two horizon scanners are onboard the Landsat-D. The

axis of scanner No. 1, which is called the tail-side

scanner, is oriented toward the negative spacecraft

velocity direction tilting 24 degrees toward the Earth

center. The axis of scanner No. 2, which is called the

right-side scanner, is mounted toward the negative orbit

normal direction, also tilting 24 degrees toward the

Earth center. The mounting geometry of the two horizon

scanners in the Landsat-D spacecraft coordinate frame is

shown in Figure 1-5. More detailed discussion of the

Landsat-D coordinate systems and their, transformations

is given in Reference 1.	 The nominal ground tracks of

1-11
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these two scanners relative to the spacecraft flight

path is shown in Figure 1-6.
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Figure 1-6	 Nominal Ground Track of conical Scanners
Onboard Landsat-D.
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SECTION 2 - EVALUATION PLAN OVERVIEW

2.1	 PLANNED ACTIVITIES

The basic technique used in evaluating the conical

scanner performance is to compare its measurements with

those predicted from a reference attitude. The reference

attitudes will be computed by the onboard computer (OBC)

by using star tracker and gyro data. 	 The OBC attitude

solutions are expected to be accurate to better than a

hundredth of a degree ( Reference 2). These attitude

solutions will be available in the spacecraft telemetry

stream along with the conical scanner measurements.

The planned activities for Landsat-D conical scanner

performance evaluation can be briefly summarized as the

,'owing:

1. Collect and process spacecraft telemetry data to

retrieve horizon scanner measurements and OBC

attitudes for required time spans. Store data in a

data library for later evaluation purposes.

2. Predict sensor measurements using OBC attitudes and

the conical scanner modeling.

3. Generate necessary data plots for qualitative

comparison and review.

2-1
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4. Compute residuals and statistics for quantitative

error estimates.

5. Study possible arror sources from reffiidua1

I!	 characteristics.	 Differentiate systematic errors

from random errors.

6. Optimize the sensor modeling parameters and

determine sensor biases by minimizing the systematic

residuals.

7. Study cold cloud effects and other anomalies by

examining the random residuals.

8. Document results.

The following sections of this report describe these

steps in more detail. Thies section discusses the

specific data comparison options, the sensor modeling

and software required to support the evaluation.

'.;
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2.2	 OBSERVED AND PREDICTED DATA COMPARISON

This section describes the options for comparison of the

conical scanner measurements with the reference

attitudes provided by the OBC.

In order to compare the scanner measurements with the

reference attitude, the scanner measurements can be used

to estimate the spacecraft attitude or the reference

attitude can be used to estimate the scanner

measurements. This is illustrated schematically in

Figure 2-1, where the two basic comparison options are

labeled by the dashed lines A and B.

When	 the	 measurements	 are	 converted	 to	 attitude

estimates	 for comparison	 B	 of	 Figure	 2-1,	 usually	 some

approximations must	 be	 made.	 This	 is	 because	 a	 priori

knowledge	 of the	 spacecraft	 attitude	 is	 necessary	 in

order	 to	 make corrections	 for	 the	 effects	 of	 Earth

oblateness	 and/or	 systematic	 horizon	 radiance

variations. Since	 these	 corrections	 are	 not	 very

sensitive	 to small	 changes	 in	 attitude,	 an	 priori

estimate	 for	 the	 attitude	 (such	 as	 zero-pitch-roll-yaw

for	 a mission like	 Landsat-D)	 is	 usually	 adequate	 for

pitch and	 roll determination	 from	 the	 IR	 scanner.

2-3
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Figure 2-1 Basic IR Scanner Data and Reference Attitude Comparisons
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In the case of Landsat-D IR scanner ground evaluation

the available 0®C reference attitude could be used to

accurately correct oblateness/radiance effects. This

could be done by computing the differences in the

predicted measurments with and without these effects.

It is a more direct procedure to predict the conical

scanner measurements from, the reference attitude and

make comparison A of Figure 2-9. No approximations need

to be taken in this approach because tt;e spacecraft

three axis attitude is immediately available for use in

the computation of Earth oblateness and horizon radiance

effects. The predicted measurements can model all known

features of the scanner operation. Therefore comparison

A is the recommended approach for the conical scanner

evaluation.

The scanner measurements may be parameterized in several

ways. The most useful units are the angular measurement

of Earth width 0 and phr-e (P in degrees. The actual

output of the scanner are voltages which are

proportional to sl and (A. These voltages are converted to

counts for the telemetry stream.

Even though the basic comparison will be made in terms

of Earth width and phase angles, 	 the residual

2-5
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differences in these angles can be easily converted to

equivalent errors in the pitch and roll measurements.

This conversion will be done by a linear relationship as

a first order approximation, which is quite valid over

the range of the errors.

The onboard conversion of the scanner horizon

measurements to pitch and roll ang1,es is done by

assuming a linear relationship for a spherical Earth,

circular orbit, and fixed conical scan. This

approximation does not take into account the measurement

effects due to the oblateness of the Earth, systematic

horizon radiance variations, or spacecraft altitude

variations. ' Thus the onboard pitch and	 roll

measurements made by the horizon scanners have these

error sources due to the assumptions in the

computation. A more accurate IR scanner attitude is not

required onboard Landsat-D.

Figure 2-2 shows in more detail the various data

conversions, computations and comparisons to be made in

the Landsat-D sensor evaluation. In the figure,

computations are represented by solid lines, an arrow

through these lines indicates that model adjustment will

take place, and comparisons are represented by dashed

lines.	 Computations for observed sensor measurements

2-6
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are given on the left portion of the figure while those

for predicted measurements are shown on the right

portion of the figure. Aside from the conical scanner

modeling, which involves comprehensive computations as

will be discussed in Section 2.3, all other computations

shown in Figure 2-2 are given by simple linear relations

with specified constants.

Two	 comparisons	 are	 suggested	 as	 shown	 by	 the	 labels	 A

(or	 A')	 and	 B.	 Note	 that	 comparison	 A	 or	 A'	 in	 Figure	 ^-

2	 is	 the	 same	 as	 comparison	 A	 in	 Figure	 2-1,	 while

comparison	 B of	 Figure	 2-2	 is	 different	 from	 that	 of

Figure	 2-1	 because	 no	 corrections	 are	 made	 to	 the

scanner	 pitch	 and	 roll	 estimates.	 The	 activities

involved	 in	 these	 comparisons	 and	 their	 objectives	 are

summarized below.
t	 .4

A.	 Compare	 the	 observed	 and	 the	 predicted	 conical

scanner	 Earth	 measurements	 (in	 terms	 of	 Q and S	 as

in	 A	 or	 in	 terms	 of	 approximated	 pitch	 and	 roll	 as

in	 A')	 to	 evaluate	 the	 sensor	 performance.	 Study r

the	 systematic	 and	 random	 error	 sources.	 Determine 4

the	 sensor biases	 by	 adjusting	 the	 scanner	 modeling

parameters	 to	 minimize the residuals.

.r
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B. Compare the attitude computed from the horizon

scanner measurements through the specified linear

relation used for onboard processing with the OBC

reference attitude. This will show the pitch and

roll measurement accuracies obtained from the

conical scanner onboard the spacecraft.

As a result of these comparisons, the attitude

accuracies measured by conical scanners can be

determined, and the optimal sensor modeling can be

obtained. Detailed descriptions for the sensor

evaluation activities are given in Section 4:

2-9



2.3	 CONICAL SCANNER MODELING

The mathematical modeling of the Landsat-D conical

scanner is presented in detail in Reference 1. A brief

summary of this modeling is given in the following.

The conical scanner is modeled in different levels of

complexity in Reference 1. It starts with a simple

geometrical model to determine the scanner measurements

and then provides modeling for corrections due to

various error sources. The simple geometrical model

corresponds to an ideal situation where the sensor

measurements are obtained by intersecting a conical scan

with a spherical Earth ender nominal conditions. The

error sources considered include sensor misalignment and

hardware specification errors, the Earth oblateness

effects, the seasonal Earth radiance variation effects,

the sensor optics and electronics responses, the sensor

output voltage and telemetry calibrations, the cold

cloud effects, and the random measurement noise. For

some of these error sources several modeling options are

described.

Due to the complexity of equations and the large amount

of computations involved in the modeling of the sensor

optics and electronics responses and the Earth radiance

2-10



seasonal variations, this part of modeling is typically

done separately to create a data base which is used to

apply corrections to the geometric modeling. This type

Of simulation will be referred to as the sensor optics

and electronics simulator (SOES) in the remainder of the

document.

Thu3 two simulators are required to model the conical

scanner measurements, one for the primary sensor

measurment prediction and one for the SOES-type

simulation. The computational procedure used in each of

the two simulators are shown in Figures 2 -3 and 2-4

respectively. The mathematical equations required in

each of the computation steps are given in Reference 1.

The primary sensor measurement predictor will be used to

accomplish the observed and predicted data comparison

discussed in Section 2.2. The inputs to this predictor

will be the reference attitudes and the measurement

changes predicted by SOES due to systematic radiance

variations.	 This predictor will include model

parameters for all the following.

• Sensor mounting alignments and scan cone angle

• Geometric Earth triggering biases (triggering height

and Earth angular radius)

2-11
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Figure 2-4 Sensor Optics and Electronics Simulation Procedure
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• Constant measurement biases

• Output voltage calibrations

• A to D telemetry conversion calibrations

• Earth oblateness

• Systematic horizon radiance variation effects

• Temperature dependent errors

These model parameters will be selectively adjusted to

accomplish the inflight sensor calibration.

The functional outline of the SOES-type utility is given

as follows:

• Reads an input database consisting of simulated

horizon radiance profiles for the Landsat-D spectral

response for all latitude bands and seasons of the

year.

• Integrates the simulated horizon radiance over the

scanner FOV at each scan position to obtain the

predicted input voltage signal from the bolometer as

the scanner sweeps across the Earth.

• Convolves the bolometer input voltage signal with the

signal impulse response function to obtain the

predicted output signal to the horizon locator

electronics.

z-1a



• Applies the horizon locator logic to the sensor

electronics output signal to obtain the direction of

the center of the sensor FOV at the horizon

triggering time. This is expressed as an effective

altitude or tangent height of the center of the

sensor FOV above the surface of the Earth at the time

of triggering.

• Obtains predicted horizon triggering heights for each

scanner horizon crossing for each orbit position and

season of the year.

Some more discussion of these two simulators and their

interface with other utilities is given in Section 2.4.
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2.4	 SOFTWARE REQUIREMENTS

The conical scanner evaluation activities described in

this report require a system to execute the nine

utility functions as summarized in Table 2-9. The

data flow between the various functions is shown in

Figure 2-5. A brief description of the utility

functions and their interfaces follows. These utilities

can be designed as independent programs interfacing

through the datasets, or some of the functions may be

combined in one program. These utility programs will be

developed to run in batch mode on the IBM 360/95 or

360/75 computer. The details of these programs will be

worked out in the upcoming software design effort and

will be available in June, 1982.

Telemetry Processor

The function of the Telemetry Processor is to extract

the necessary attitude data from the spacecraft

telemetry and store it in another much smaller dataset.

The spacecraft telemetry stream contains a large volume

of science and engineering data of which only a small

part relates to the attitude measurments. The telemetry

data words which relate to the Earth Sensor Assemblies

are shown in Figure 2-6 (Reference 3). 	 In addition to

2-16
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TABLE 2-1	 Utility Software Functions

1. Telemetry Processor

2. Spectral Bandpass Integration

3. Sensor Optics and Electronics Simulator

4. Scanner Measurement Predictor

5. Data Plotter

6. Residual Statistics

7. Polynomial Fits

S.
	 Finite Fourier Series Fits

9. Scan Path Plotter

2-17
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this data, the telemetry processor must extract the

associated GMT times, and the OBC attitude solutions.

The OBC attitude is provided every four seconds.

Spectral Bandpass Integration

A Horizon Radiance Data Base (HRDB) is being prepared tQ

describe the Earth infrared radiance in a mission

independent format. This data base will contain average

Earth radiance profiles for each latitude band and

season and a range of small spectral intervals around 14

to 16 microns. These radiance profiles will be derived

from an Air Force Earth radiance model, LOWTRAN V

(Reference 4).

This utility will extract the radiance profiles from the

HRDB and integrate the radiances over the specific

spectral bandpass of the Landsat-D conical scanners to

obtain a set of radiance profiles for the Landsat-D

mission analysis. These Landsat-D radiance profiles

will be used as input to the sensor optics and

electronics sin;ulatar.

f
Sensor 0 tics and Electronics Simulator

The main function of the sensor optics and electronics

simulator (SOES) will be to predict the sensor response
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to seasonal, systematic, Earth radiance variations. The

computational procedure of SOES is shown in Figure 2-4

and discussed in Section 2.3.	 It will read a radiance

profile data base and output a horizon triggering

heights data base. The SOES can also be used as an

analytical tool to study the sensitivity of the scanner

measurements to various detailed model parameters.

Scanner ;Measurement Predictor

The main functions of the measurement predictor will be

to compute the predicted sensor measurement based on the

OBC attitude and generate a file with the predicted and

observed measurements for the generation of data plots

and analysis by the statistics and fitting utilities.

The measurement predictor will include a comprehensive

model of the conical scanner and Earth, with all

significant error sources for the scanner modeled. The

computational procedure of this predictor is shown in

Figure 2-3. The adjustment of the scanner measurement

predictor model parameters will form the basis for the

inflight calibration of the sensor. The output to the

plot file will include, in addition to the predicted and

observed measurements, all parameters which might

conceivably be useful for correlation with the

2-21



measuremen'; errors. 	 A list of parameters needed to be

included in the plot file is given in Table 2-2. The

signal status and sensor states words will not normally

be examined, but they are included in the plot file so

that they can be easily checked if data anomolies appear

in tale plots.

The scannisr measurement predictor can also be very

useful as an analytical tool for studying the error

sources. In order to make it particularly useful as an

analytical tool, options will be included to

1) input an attitude from some other source than

the OBC telemetry (e.g. constant p,r,y or tabular

attitude history), and

2) simulate ideal measurements in place of the

observed data normally written to the plot file.

In this way predicted measurements can be simulated for

two sets of model parameters and the differences can be

plotted with the plot utility and analyzed with the

statistics utilities. This will make the testing of the

effects of model variations very convenient.

Data Plotter

The plot utility will provide Calcomp plots with general

scaling options of any of the parameters included on the

3

i

i
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TABLE 2-2 Plot File Parameters

s

Notes

Observed Scanner Measurement3

Earth width
Earth phase
Earth-in angle
Earth-out angle

Predicted Scanner Measurements

Earth width
Earth phase
Earth - in angle
Earth -out angle

Resdual Errors

Earth width
Earth phase
Earth - in angle
Earth -out angle
Pitch error
Roll error
Earth - in triggering heights
Earth -out triggering heights

Bolometer Temperature

Scanner Assembly Temperature

Signal Status

Sensor Status

Predicted Horizon Crossing Latitudes

Earth-in
Earth-out

Reference Attitude

Pitch
Roll
Yaw

1, 2

1, 2

1. 2, 3
1. 2, 3

1

1

1. 3
1. 3

1
1
^. 3
1. 3
1. 3
1. 3
1. 3
1. 3

1

1

1

1

1

1
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TABLE 2-2 Plot File Parameters (cont)

Spacecraft Altitude

Subsatellite Latitude

Subsatellite Longitude

Satellite orbit phase angle rel,ati've to the ascending
node

Notes

1. Measurement taken for each ecanner separately.

2. Nominally,	 the fine measurements are used and the
course measurements are dropped.

3. Can be derived from 0 0 
,1, ;	 4u p .	 (p	 by a simple

relationship and therefore need'Xot actually be
stored on the plot file„



plot file (which is output by the measurement

predictor). The most commonly used option will be the

plotting of the measurements vs. time, but any of the

variables in the file could be plotted against the

other.	 Plots of several parameters can be overlaid on

the same graph or stacked on top of each other. This

flexibility will allow the generation of plots of a

large number of important parameters, and allow visual

correlation of one variable with another.

Residuals Statistics

The data statistics utility will serve the simple

function of generating mean and standard deviation

statistics on the measurements and residuals. The input

file to the statistics utility is the same file as the

input to the plot generator;

Polynomial Fit

The polynomial fit utility also performs a simple

computational function that could be accomplished by

reading the plot file. Some existing polynomial fit

subroutines recieve data from an array. However in this

case, because of the long data spans, it is practical to

read the data file sequentially and compute the fit.

2-25



Finite Fourier Series Fit

The finite Fourier series fit is another computational

function that could be accomplished by reading the plot

file. It can also be used to fit the horizon

triggering height data base to provide parameters for an

analytical representation of the data base.

Scan Path Plotter

A utility program was developed and used for Seasat and

Magsat mission ;r%lyses to plot the path of the scanner

field of view across the Earth's surface. This utility

is useful for a general understanding of the scan

geometry, and particularly useful for showing the scan

path on the Earth when the measurements are impacted by

cold clouds.	 The scan path plots can be overlaid on

GOES Earth photographs.

The existing utility will be modified so that the

spacecraft attitude and orbit parameters can be input in

a convenient, user oriented format for Landsat-D.



SECTION 3 - ANALYSIS OF ERRORS

3.1	 ERROR SOURCES

The principal error sources for the Landsat-D conical

scanner and their effects on the sensor meaaurments are

shown in Table 3-1. Here an error source is defined as

an effect which can make the horizon scanner

measurements different from those predicted by a simple

geometrical model. A brief discussion of these error

sources follows, along with some discussion of the past

mission experience with these errors and their relevance

to Landsat-D. The utility programs discussed in the

previous section will serve as analysis tools for the

detailed modeling of these error sources for the

inflight evaluation.

3.1.1	 Constant Biases

For the Landsat-D nominal attitude and orbit, i.e., zero

pitch, roll, yaw and circular orbit, biases in many of

the sensor model parameters have a virtually constant

effect on the Earth measurements, Thus it is logical to

solve for constant biases in the measurements which will

effectively adjust for the sum effect of all the

correlated bias parameters.	 This is the approach taken

i
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in previous similar missions.	 It is also the approach

taken implicitly by Ithaco in their ground calibration

of the scanner via the bench test. The detailed

measurement predictor can be used as a tool to show what

extent the model parameters have any non-constant effect

on the measurements over each orbit at the actual flight

attitude. Only parameters with a significant non-

constant effect can be distinguished from the constant

measurement bias effects.

In the Magsat mission inflight data analysis a constant

pitch bias was found to be stable from orbit to orbit,

but the bias value gradually changed by about 0.2
3

degrees over 5 months of the mission (Reference 6). It

is therefore very important to check the biases

stability over a long time span.

3.1.2	 Orbital Period Effects

Earth oblateness has a double orbital frequency effect

on the measurements, while systematic horizon radiance

variations have both orbital and double orbital

components that vary with the season. The Earth

oblateness is well modeled, and it is not a significant

error source unless ignored for simplicity as in the
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onboard scanner pitch, roll determination. For Landsat-

D, the magnitude ranges of the corrections to the pitch

and roll measurements due to the effects of Earth

oblateness are as follows: For the scanner 1 pitch and

acanner 2 roll, it is + 0.25 0 with maximum corrections

near equator and pole crossings. For the scanner 2

pitch measurement it is + 0.17 0 , with maximum

corrections near the + 45 0 latitudes. For the scanner 1

roil measurement the oblateness correction is

insignificant, + 0.05 0, because both horizons view

similar latitudes.

The Earth horizon radiance variations and their effects

on the sensor measurements are more difficult to model.

The SOES utility is specifically designed to predict

these effects, taking into account the sensor field-of-

view and electronics responses. The SOES utility will

be used to generate plots of the Landsat-D predicted

horizon radiance effects as a function of orbit position

and horizon crossing latitude. A sample plot of the

predicted effects of the systematic horizon radiance

variations on the Magsat IR scanner measurements as a

function of orbit position is given in Figure 3-1. It is

a major goal of the Landsat-D conical scanner evaluation

to test the adequacy of the current systematic horizon
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radiance effects modeling methods. Both the Magsat and

Seasat poetlaunch sensor evaluations (References 5 and

6) pointed to errors in systematic horizon radiance

modeling as a likely source of systematic error.

Any orbit frequency residual errors found from the

Landsat-D data evaluation can probably be attributed to

errors in the horizon radiance modeling, unless the

scanner temperature is found to vary at orbit frequency

with similar functional forms causing the temperature

dependent pitch or roll bias to be indistinguishable

from the horizon radiance modeling errors.

3.1.3	 Calibration Adjustments

Error sources that have a dependence on specific

variables will be considered as calibration adjustments.

Two important calibration adjustments are discussed

here.

3.1.3.1	 Temperature Dependence

It is possible that the Landsat-D conical scanner

measurements may show some dependence on either the

sensor assembly temperature, or bolometer temperature or

both. The sensor assembly temperature may affect the

sensor electronics response and the scanner spin rate,

t
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and the bolometer temperature may affect the

preamplifier gains. Since temperature data is available

in the telemetry this dependence can be determined if a

range of temperatures is observed in the flight data.

3.1.3.2	 Earth Width or Phase Dependence

This error can result from errors in the slope or

curvature of the scanner output voltage calibrations.

This dependence can also be parameterized as a

dependence on the spacecraft pitch and roll angles. On

Landsat-D this dependence is unlikely to be detected

because the attitude is not expected to have any

significant variation from the nominal constant pitch

and roll angles.

3.1.4	 Random Error Sources

Noise from the sensor electronics is of high frequency

and caln easily be filtered out in data processing.

The lower frequency noises due to local radiance

variations on the Earth, or cold clouds, are more

difficult to handle. Since cold clouds have been found

to be an important error source fol' past mission IR

scanners, it will be important to see how much they
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impact the Landsat-D conical scanner performance which

is designed to be less sensitive to cold clouds.
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3.2	 QUALITATIVE DATA REVIEW

Data plots in appropriate formats are a crucial tool for

successful data evaluation, especially in the area of

error analysis. This section discusses the parameters

to be plotted, the data plot formats, the plot options

appropriate for the Landsat-D conical scanner data

evaluation, and how those plots may be utilized to

analyze errors.	 Examples are provided from previous IR

scanner evaluation	 efforts to illustrate the plot

requirements.

A generalized plot pac!Gag= approach is recommended so

that it will provide plots of any of the necessary data

elements in order to demonstrate the correlations

between the elements. The Calcomp plotter will be used

to provide the high resolution plots needed for the

evaluation effort.

3.2.1	 Parameters to be Plotted

The main items of interest are the observed data, the

predicted data based on the reference attitude, and the

residual differences between them plotted as a function

of time.	 Figure 3-2 shows a sample plot of these data

items.	 Specific parameters of which these data items

3-9
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need to be plotted are discussed in the following. A

summary of these parameters are given in Table 2-2.

The measurements from each scanner are the Earth width

and phase angles, 0 and (P. These measurements may also

be provided in units of telemetry counts or scanner

output voltages. These alternate units, which may be

represented by a rescaling of the y-axis on the Q, q,

plots, are not generally useful. The scanner

measurements can also be converted by a linear

transformation to approximate pitch and roll angle

measurements which do not include adjustments for the

effects of Earth oblateness and systematic horizon

radiance variations and nonlinearities in their

relationship with SZ and (D. This approximate pitch and

roll, p o , r o , is the one which is obtained for the

conical scanners for use onboard Landsat-b by the analog

controller and 09C. It will be included as an option to

plot these pitch and roll measurements.

The Earth width and phase, 0 and 4), measurements can

also be parameterized somewhat differently as Earth-in

triggering angles and Earth -out triggering angles, ^YN

and BOUT' They are the rotation angles of the scan

cone when the Earth edges are detected. These angles

are given by
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0IN ' 0 - Q/2
(	 (3-1)

OOUTO (D + Q12

This alternate parameterization of the measurements is

sometimes useful because it shows the measurement errors

on each horizon crossing separately. Another useful

representation of the horizon crossing measurements is

as triggering heights, the apparent height of the sensor

line of sight above the Earth surface when it ,registers

the Earth CO 2 radiance edge, The computation of the

Earth - in and Earth -out triggering heights, h IN and h0UT-

involves more than gust reparameterization of the

measurements, since knowledge of the spacecraft attitude

is required. Let Q and 4p be the predicted Earth width

and phase based on the OAC attitude and a nominal

triggering 'height 
hNOM, 

then

h IN	 hNOM +	 3R	 ( -SIN 
+ (Vp 	S2 /2)

(3-2)

3(x/2) 
-1

hOUT hNOM + JR	 (BOUT - 
^p - S2 /2)

where j(p,/2)/^R,	 tho partial derivative of the half

Earth width with respect to Earth radius, is given in

Reference 1. These parameterizations of the

measurements are useful for the analysis of cold cloud

effects.



The scanner assembly temperature and the bolometer

temperature are wecieved from telemetry and will be

plotted to examine the temperature variations. Also the

OBC reference attitude pitch, roll, and yaw will be made

available for plotting to examine the attitude

variations.

cator of the spacecraft

An effective way to do

subsatellite latitude in

The spacecraft altitude

option to show the orbit

It is useful to have an indi

orbit position on the plots.

this is to plot the spacecraft

parallel with the other plots.

can also be included as a plot

apogee and perigee positions.

3.2.2	 Plot Options

Some flexibility in the plotting capability is

essential. Clear plots of the data as a function of

time are required for visual examination of the data

characteristics.	 Marks of the time axis should be in

even minute or ten minute intervals to provide an easy

to read scale. The x and y axis scales must be

adjustable, so that the plots can be set up to best show

the data features. Varying time scales on the plots are

useful to bring out features at different frequencies.
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For example, it is best to plot several orbits of data

in a fairly compact space in order to bring out orbit

frequency effects.

It is useful to stack plots at orbit periods in order to

demonstrate recurring orbit position dependent features.

Figure 3-3 shows sample plots of this type.

Several plotted variables are required to be shown along

the same time axis scale. This is an important, feature

for showing graphically any correlations between the

events shown on the graphs. An example is given in

Figure 3-4 of how the graphs can show a correlation in a

way that is easy for the user to study. In this

example, nutation of the Magsat spacecraft following a

control torque is related to oscillations in the roll

residuals that are ,just above the noise level in the IR

data. Plots of subsatellite latitude and spacecraft

altitude, alongside other plots, can be used to mark the

orbit positions on the plots.

In addition to showing variables vs. time, another

useful plotting option is the plotting of one variable

against another to show the correlations. The variables

that may be plotted this way to show particular

correlations are discussed in Section 4.3.
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South Equator Crossings (Reference 6)
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3.2.3	 Noise and Data Vc

i

It is sometimes necessary to reduce the noise and data

	

`	 volume in the data plots.	 This is particularly

important when long data spans are plotted. 	 N-point

averaging, a simple but effective method of noise

	

i
	 reduction, is rec* mmended as an option in the data

i plotter. N-point averaging acts as a simple low-pass

filter to remove the higher frequency componen'.;s in the

noise. Sample N-point averaging is shown in Figure 3-5.

3.2.4	 Plot Formats and Review

Experimentation with the plots will be done to find good

formats for displaying various features in the data. A

standard format will be selected to display all the long
data spans which are received. Particular formats may

be chosen to show special features, such as the effects

of cold clouds.

All available data will be plotted and reviewed closely

to identify any unexpected features or anomolies in the

measurements. The parameters which will be plotted for

all available data spans will include the residual

errors in the measurements (this is the main item of

interest), and the bolometer and scanner temperatures
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and reference attitudes (to check for any unusual

variations). Other parameters will be plotted if

analysis of the residuals indicates that some particular

correlations should be investigated.
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SECTION 4 - INFLIGHT SENSOR CALIBRATION AND PERFORMANC
EVALUATION

This section presents the procedures and techniques to

	

`	 be usad in the inf11ght sensor calibration and

performance evaluation for the Landsat-D conical

scanner.	 Sensor calibration activities involve the

determination of sensor modeling parameters to best

	

i
	 explain the sensor measurement residuals due to

systematic error sources. This is presented in Sections

4.1 to 4.4. The evaluation of sensor performance with

regard to random error sources such as the effects of

cold clouds is given in Section 4.5.
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4.9	 GENERAL MODEL ADJUSTMENT PROCEDURES

The goal of any sensor bibs determination or calibration

effort is the adjustment of sensor model parameters to

explain the actual systematic variations in the sensor

measurements. Automated bias determination procedur43

usually adjust the model parameters to minimize the

root-mean-square (RMS) residual errors. Complex bias

determination systems can have several model parameters

adjusted simultaneously. Development of such systems is

complex because they usually involve the computation of

the partial derivatives of the observations with respect

to all the model parameters. However in the case of

bias determination or inflight calibration for the

Landsat-D conical scanners, a complex automated bias

determination software system will not be necessary,

because bias determination can be accomplished with

the following model adjustment procedures.

This procedure involves a detailed measurement

predictor, which includes modeling of various error

sources as described in Section 2.3, and a	 residual

statistics and data fitting utility. 	 The analytical

considerations for this utility is given in Section

4.4.	 The most likely errors, namely the constant

biases in the measurements, can be determined directly

A-2



from the mean residual error. In fact, this approach

determines the cons„ant bias ,just as effectively as a

least squares fitting procedure. In general, an optimal

fit of any model parameter can be made by varying the

parameter over several runs of the predictor to find the

value that minimizes the RMS residual error. However

this procedure can become tedious if many runs of the

predictor become necessary. Therefore, for the biases

that do not have constant, effects on the measurements,

two simple additional data analysis tools are

recommended.

One is a low order polynomial fit routine to determine

the relationship among observed variables. This allows

the selection, of calibr4cion curve parameters. For

example a temperature dependance or a roll angle

dependence of the Earth width measurement errors can be

determined. The slope or curvature of the observed

relationship would indicate how to adjust the model

parameters to optimally fit the data.

Another tool is a finite Fourier series fit routine.

This would be particularly useful for identifying the

orbital frequency effects in the data due to systematic

errors such as seasonal horizon radiance variations.
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Again, the fit parameters would dictate how to adjust

the model parameters.

The identification of error sources for systematic

residuals is important. However, when many of the

systematic errors contribute to the same effects on the

sensor measurements, they can hardly be distinguished

from each other. It is important to note that for the

case of Landsat-D, some of the correlated error sources

may be separated by comparing the measurements obtained

from the two conical scanners.	 Due to the different

mounting geometries and sensor scan path locations of

the two scanners as shown in Figures 1-5 and 1-6, the

effect on sensor measurements caused by the same error

source are sometimes different for the two sensors.

Some systematic errors may cause an effect on one sensor

measurements but not on the other. 	 This is shown in

Table 3-1.

For example, all of the near orbital frequency errors

(category 2 errors) give very little effect on the roll

measurement of sensor 1 while both the pitch and roll

measurements of sensor 2 are effected. Also, by

comparing the constant pitch/roll errors of sensor 1

with those of sensor 2, errors due to pitch/roll offset

biases may be distinguished from those due to Earth
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width/phase errors. 	 Thus, it is always advantageous to

compare data from	 two sensors to he ` - in identifying

the error sources in sensor bias determir,,^^ion.
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4.2	 CONSTANT BIASES

For missions like Landsat-D with a circular orbit and

near zero-pitch-roll-yaw nominal attitude, most of the

possible modeled bias parameters have nearly constant

effects on the sensor measurements. As shown in Table

3-1, an Earth width bias, an Earth angular radius bias,

a horizon triggering height bias, a scan cone angle

bias, a scanner tilt misalignment or E voltage offsets

will all make the Earth width larger or smaller at the

nominal scan geometry. Likewise, a reference pulse time

delay, a scanner twist misalignment, and a 	 H voltage

bias all have the same effect in changing the Earth

phase measurement. In this situation, one bias

parameter is adjusted which effectively compensates for

the sum effect of all the correlated bias parameters.

The constant biases which will be adjusted for the

Conical Scanners can be Earth width and phase biases.

The equivalent biases in the other correlated parameters

can easily be computed.

The mean residual error indicates the constant bias

which will minimize the RMS error. The term "constant

bias" in this context thus means the average bias over

the data span.

4--6

P



V

Some care must be taken to look fc. __.,.. 	 _..

the mean residual errors. If there i s little variation

in the general character of the residual errors over

time, this constant bias determined will be about the

same no matter what data span is used. However because

some likely non-constant error effects will vary at

orbit frequency, it will be wise to use an integer

multiple of a full orbit period for optimal

determination of the "constant bias" independently of

the particular data span. A "constant bias" can be

determined for each day that data is available, and the

consistency of these daily "constant biases" will

indicate the overall stability of the biases over longer

t:, :^S s0a1 C 's .



k	 4.3	 CALIBRATION CURVES

The non-constant measurement bias effects can be studied

with calibration curves. The calibration curve

formulation for biases assumes that the measurement

errors show some dependence on another variable. It is

generally the case that this dependence is nearly

linear, or possibly having a slight quadratic curvature.

Thus a low-order polynomial fit routine is recommended

for	 identifying calibration curve measurement

corrections. The other recommended option for fitting

the dependence between variables will be a selected set

of sinusoidal waves, using the finite Fourier series

4

	

	 fit.	 This option will be especially useful for

adjusting the horizon radiance effects model.

The calibration adjustment approach is purposely made

general, so that if unexpected relations appear in the

flight data between the various observed and predicted

parameters, these relationships can be analyzed without

software modifications.

Two particular error sources to be calibrated with these

fitting procedures are described below.



4.3.1	 Temperature Effects

There is the possibility that the seanne p measurements

will be influenced by the scanner assembiy temperature

or bolometer temperature. A first order polynomial will

probably be adequate to fit any observed temperature

dependence. The observability of this dependence

requires finding data with some temperature variation,

and information is not now available on how these

temperatures will vary in flight. This dependence will

only be determined if adequate temperature variation is

encountered in the available data spans.

4.3.2	 Horizon Radiance Model Adjustments

Systematic horizon radiance variations will cause a

variation in horizon triggering height as a function of

horizon crossing latitude. The triggering heights will

be lower in the winter hemisphere and higher in the

summer hemisphere. In the middle seasons, the

triggering height variations cause an oblateness like

effect.

The estimate of these effects will be made by using the
 5

sensor optics and electronics simulator (SOES) in i

combination with an Earth radiance model as shown in

Figure 2-4.	 The triggering height variation predicted

4-9
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by this model will be fit by a finite Fourier aeries

function whose exact terms will be selected based on the

predicted functional form of the dependence (optionally,

polynomial terms may be added). The likely form of the

dependence will be

h(k) = ho+a 1sin(k) + a 2coa(2R) + a 3 (3k) + a4cos(4k)	
(4-1)

where k is the horizon crossing latitude.

A dependence will be determined separately for the

Earth-in and Earth-out horizon crossings.

Using the flight data, the residual differences in the

observed and predicted triggering heights will be

examined. Based on the functional form of the observed

residual errors, an adjustment will be calculated for

some of the finite Fourier series fit terms, by fitting

the residual errors.

4 .3.3	 Other Calibration Relationships

A brief mention is made here of some other calibration

relations which will probably not be applicable to

Landsat-D because of the mission attitude/orbit

geometry.	 These calibrations, which have been done on
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other missions, would be to show dependence of the

measurement residuals on the following items

9) Spacecraft Pitch Angle
a

2) Spacecraft Roll Angle

3) Spacecraft Altitudi

The Land4at-D nominal attitude/orbit will show very

little variation in these parameters, therefore

determination of residual dependence on these parameters

will be difficult. However, because the calibration

software will be designed in a general way, the

calibration could be done if there is enough variation

in these parameters to indicate a dependence.
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4.4	 ANALYTICAL CONSIDERATIONS

4.4.1	 Basic Statistics

It is important to make a statistical evaluation of the

fit between the predicted anu observed data. The mean

and root-mean-square (RMS) or standard deviation of the

residual errors are the main statistics of interest.

The mean residual errors give good indications of the

constant biases needed to optimize the fit.	 The

standard deviation shows the variations in the residuals

about the mean.

The specific definitions of these statistics are

`	 4-2

	

rmean	 N !r ri	 (mean residual)

rims	
N	

^, ri2
	

(RMS residual)	 (4-3)

i=1

1	
N	

2
ar •^ N_1	 ( ri-rmean)	 (standard deviation estimate)

i=l

	

•	 N	 ( r 2 _ " 2	 )	 (4-4)
N-1	 rms `mean

where r i is the observed minus predicted residual errors

for the N observations in the data span.
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4.4.2	 Polynomial and Fourier Series Fits

The finite order polynomial and Fourier series fits

will be discussed together because they are obtained by

the same method. The n th order polynomial relationship

between two variables is given by

n

Y 
M 

F-0 
P 
kxk	 (4-5)

where Pk is the k th order coefficient.

The finite Fourier series fit is given by

n

	

Y M Fr (aksin(kx/P) + bk cos(kx/P)]	 (4-6)

k° p

where ak, b k are the k th order Fourier coefficents and P

is a known, period for the function.

Both of the above formulas share the characteristic that

they are linear in the coefficients. We may write the

following general representation for equations with

linear coefficients.

y	 c l f l (x) + c 2 f 2 (x) +	 + cnfn(x)	
(4-7)

n
}r ckfk(x)

k-I
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The least square fit to data provides the optimgl

estimate for model parameters based on the assumption

that the observation noise is random with a Cuasfian

distribution ( Reference 7). The least squares fit

minimizes the sum of the squares Of the residual

observation errors;

X2 -	 (yi - f(xi))2/ai2

	
(4-R)

i

where f is presumed dependence of y on x and (x i , yi)

are the coincident observations of x and y. This sum

may be weighted by a different uncertainty C r i in each

observation, although often all the observations are

assumed to have the same uncertainty.

Thus the quantity which must be minimized in a least

squares fit of Equation (4-7) is given by

2

X

	

	
(yi-II f 1('xd-c2f2(xd - "' -cnfn(xl)^ 2 	 (4-9)

i

X2 is minimized when its partial derivative with

respect to each of the coefficients is zero, i.e.,when

f
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(iX)ax 
3 

a -22,[-!I;ri— ^Yi-clf'(xi)"c2f ( xi)	 cnfn(xi)	 Q

c 1	 i 

8X2	
f2(xi)	 ^ 0 (

	

-2^;	 2	 yi -clfl(xi',-r.2 f 2 (xi )-..	 cnfn(Xi)^
a	 a.c2	

i	 1	 (4-10)

2fn(xi)
aX	 -2^ ---- 'fi,clfl ( xi)-c2f2(xi)-,.,-cnfn ( xi)

1 	0
8cn 	i	 of	 r

The above equations can be rewritten as the following to

more explicitly show toe relationship among the coefficents

2^f l (x i )y i - c lg f l (x i ) 
+ c2g 

f l ( x i ) f2(xi)+,..+cn E f l (x i )fn (x )

i	 t	 i	 i

;f 2 ( x i )yi - 0 1^ f2( x i )fl x i ) + c 2 L f 2 ( x i ) 2 +...+ c .n ^ f2(xi ) fn(xi)
(4-11)

	Efn(xi )y i - c lE fn(xi ) f l (x i ) + c 2 ; fn ( x i )f I ( x i ) +...+ cn	 fn(xi)2

i	 1	 1	 1

where the a  in the	 denominator	 of	 each	 summation	 has

been omitted for simplicity.
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j
Equation (4-11) representa n simultaneous equations in

the n unknown coefficients. These equations can be

solved by standard methods.

In matrix representation we may write equation (4-11) as

Yf 0 [M] C	 (4-12)

where

fk(xl)yl
Yk	 ^.

Q2	 (4-12a)i

fi(xi)fk(Xi

M,j,k	
i a. 

2	 (4-12b)

The solution to Equation (4-12) is given by

. [Ml- 1 Y	 (4-13)

The matrix (M] can be inverted as long as the functions

f k (x) are linearly independent,	 and at least n

independent observations are made. In fact, the

polynomial and finite Fourier series equations are

linearly independent.

The particular terms in a given finite Fourier series or

polynomial fit between variables can be selected based

on an analytical understanding of the expected

4x-16



relationship between the variables. Then the summations

in Equations (4-12a) and (4-12b) can be computed over

the observations and the appropriate coefficients can be

solved for.
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4.5	 COLD CLOUD EFFECTS EVALUATION

Detailed examination of Ithaeo Scanwheel* IR scanner

measurements from previous missions has shown that cold

clouds on the horizon are the most significant source of

measurement noise (Reference 8). This cold cloud noise

is of low frequency compared to the data rate, with

excursions in the measurements lasting on the order of

minutes as the horizon moves in and out of cloudy

regions on the Earth. Sample plots of the excursions in

Seasat scanner measurements that are attributed to cold

clouds are shown in Figure 4-1.

Cold clouds are high altitude clouds usually associated

with frontal systems or thunderstorms. Clouds block the

infrared radiation from below and emit thermal radiation

at the temperature of txse cloud tops. The reduced

thermal radiation from the cold clouds impacts the IR

scanner horizon measurements.

Differences in the design of the Conical Scanner

compared to the Scanwheel were made to reduce the

sensitivity to cold clouds and weather conditions. The

differences include a slower scan rate, and a different

horizon locator logic (see Figure 1-4).	 Howev r, some

* Scanwheel is a registered Trademark of Ithaco Inc.
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sensitivity to cold clouds on the horizon may remain,

and it will be of interest to examine this sensitivity

and compare it with the previous IR scanners.

4.5.1	 Cold Cloud Effects Identification

The following items are required for the empirical

evaluation of the effects of cold clouds on the horizon

scanner measurements.

• Plots of several hours of data so that good examples

of flight over isolated cold clouds can be .located.

• A printout of the horizon positions viewed by the

scanners as a function of time.

• A utility program for plotting the scan paths on the

Earth.

• Infrared photographs of the Earth showing the cloud

cover for the data span and places of interest.

These items are discussed in more detail in the

following.

Plots of Long Data Spans

For any given data span, the clouds may be scattered so

that it is hard to see clearly the impact on the

s
4-20
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measurements.	 However, when long data spans are

reviewed, many good clear examples of the effects of

isolated cold clouds can be found. The flight over an

isolated cloud shows clearly the effect of the cloud

against the nominal, clear sky measurements.

When plotting the data for the examination of cold

cloud effects it is useful to represent the measurements

as Earth-in and Earth-out triggering angles, so the

effects on each horizon crossing can be seen separately.

These plots may be parameterized as Earth-in and Earth-

out triggering heights as a convenient indicator of the

horizon detection effects.

Also it is useful to stack plots of the various horizon

measurements over the same time scale, so that the cloud

crossings effects can be identified by their

simultaneous signatures in some of the measurements, as

to be discussed in Section 4.5.2.

Horizon Position Printout

The horizon positions of the Earth viewed by the scanner

can be computed given the OBC attitude or estimated from

the nominal spacecraft attitude. Since the scanner

field of view actually sweeps over a range of horizon

4-21



positions, a representative point must be selected. For

example this could be the center of the field-of-view at

the time it is one degree inside the Earth edge. It is

the cloudiness or clear conditions approximately at this

point,	 ,just inside they Earth edge, that affects the

measurements. However, on this Seasat Mtssion, it was

the cloudiness of a threshold adjust region five to

eleven degrees of scan rotation inside the Earth edge

that affected the measurements.

The exact scan position to be used as the horizon

sighting position indicator can be a variable in the

software, so that adjustments can be made based on the

observed cloud effects using the more detailed scan

description below.

Scan Path Plots

A more complete description of the scanner field-of-view

intersection with the Earth surface can be provided by a

scan path plotting utility. Such a utility was

developed for the Seasat and Magsat cold cloud effects

analysis. This utility program plots the scan path on a

projection of the Earth grid. Thus the scan path plots

generated	 could be overlaid on GOES Earth infrared

images to give clear graphical correlation of the scan

4-22



path intersections wi

plot from this overlay process is given in Figure 4-2

for the Seasat mission.

Infrared Meteorological Photographs

Infrared photographs of the Earth showing the cloud

cover for the times and places of interest are needed to

confirm that errors in the scanner measurements are due

to the cold clouds.

These photographs not only provide picturial indications

of the cloud positions, but they also provide an

indication of the cloud top temperatures from the
i

imagery gray scales. 	 These photographs (,,,an be obtained

from the Environmental Data Service of the National

Oceanograhic and Atmospheric Administration.

The photographs are available in several formats.	 Full

Earth Disk Images,	 like the sample in Figure 4-2 are

taken every 30 minutes by GOES meteorological satelites

in synchronous orbit. The GOES east satellite is

positioned over 75 0 west longitude above South America.

The GOES west satellite is positioned at 135 0 west

longitude over the Pacific Ocean.
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Figure 40 Seasat IR Scanner Ground Tracks at 8:53 and 9:02
GMT on October 1, 1978 Overlaid on GOES Western
Satellite Earth Infrared Image (Reference 6 , photo
from NOAA).
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For coverage of the polar regions and the other side of

the globe, one can obtain mapped mozaic photographs,

generated from the low altitude polor orbiting

meteorological satellite data. A sample of this type of

photo is shown in Figure 4-3 from NOAH-2 satellite data.

The polar orbiting meteorological satellites are in Sun

synchronous orbits with one side of the orbit in

daylight and one in darkness. Two mozaics are

accumulated for each day, one for the day side of the

orbit and one for the night side.	 Thus the time

resolution of the available data is not as fine as for

the synchonous orbit imaging satellites. 	 However this

coverage is adequate to show the general 	 meteorological

features, which do not have much change over one day.

Correlation procedures

The correlation of measurement effects with cold cloud

crossings is a straightforward procedure given the tools

discussed above. The empirical identification of cold

cloud effects can proceed in two d r4ctions. Cloud

crossings can be identified in the photographs, and then

the data can be examined for excursions at, the

corresponding times. Alternatively, excursions in the

sensor measurements can be identified and it can be

checked whether these excursions correspond to cold
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Figure 4-3 Northern Hemisphere Mapped Mozaic Infrared Photograph
from NOAA-2 Satellite Data on Night Side of Orbit.
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cloud crossings.	 Both procedures are useful. 	 For the

latter approach, the following analysis is useful,

4.5.2	 Landsat-D Cold Cloud Signature

When examining the data plots for the effects of cold

clouds, it is helpful to look for correlated excursions

in the measurements, which are referred to as cold cloud

signatures. These correlated excursions result from the

scanner mounting geometry which causes Earth-in and

Earth - out horizon crossings to pass over the same place

on the Earth at different times.

The nominal ground track of the Landsat - D Conical

Scanner relative to the spacecraft flight path is shown

in Figure 1-6. It can be seen from this figure that

both the right scanner horizon crossings and the tail

scanner Earth -out horizon crossing will pass over nearly

the same positions on the Earth.

Based on the nominal orbit alti^;ude, the true anomaly

rate for the satellite will be 3.64 degrees per minute

(or .275 minutes per degree). Therefore after the

Scanner 2 Earth - out crossing views a cloud, about 10

minutes transpire before tae Scanner 1 Earth-out

crossing and the Scanner 2 Earth-in crossing veiw the

same cloud,
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The Landsat-D conical scanner cold cloud signature is
	 p

shown schematically in Figure 4-4. 	 This figure shows

the effects of clouds on the various TR scanner

measurements, as a function of time.	 For this

discussion, it is assumed that the presence of a cloud

on the horizon will lower the horizon triggering height.

The theoretical prediction o." the effect of a cloud on

the horizon detection is discussed in the next

subsection.

The first part of Figure 4-4 shows the effects of an

isolated cloud on the right side of the ground track

(cloud no. 1). The Scanner 2 Earth-out crossing first

encounters the cloud. Then about nine minutes later the

Scanner 1 Earth-out crossing encounters the cloud,

followed about a minute after that by the Scanner 2

Earth-iri crossing. 	 The remainder of the figure shows

the effects of some more complex patterns of clouds

(clouds no. 2 to- 6). Note that when both the Earth-in

and Earth-out horizons are cloud covered, the effect on

the E voltages (scanner 1 pitch and scanner 2 roll) is

doubled while the effect on the H voltages (scaner 1

roll and scanner 2 pitch) cancelsout.
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C	 4.5.3	 Theoretical, Estimate of Effects

The estimate of the effects of cold clouds on the sensor

measurements 'requires modeling of the sc o nsor optics and

electronics.

The 3onsor optics and electronics simulator which will

be developed to analyze seasonal systematic radiance

effects, can also be used as an analytical tool to

predict the effects of cold clouds on the sensor

measurements. To do this, the simulator can be run with

radiance profiles representing cold cloud conditions to

compare with the nominal, clear sky radiance profiles.



SECTION 5 - DATA SPAN REQUIREMENTS

This section discusses the data spans which are required

to mee #, the various evaluation goals.

An adequate data base is essential for proper evaluation

of the inflight IR scanner performance. Long data spans

are important for several reasons which will be

discussed below. Ideally it would be useful to have all

the mission data reviewed in the evaluation process, but

usually this is not practical. This section reviews the

data spans which are required for a good evaluation

effort, but more data could be included if it does not

generate data ,access problems avid a data processing

burden.

— L
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5.1	 DATA AVAILABILITY

Detailed information is not available at this time on

th y: Landsat -D data acquisition schedule. However, there

are two spacecraft tape recorders, designed to hold

about 4	 hours of data.	 This corresponds to over ^!

orbits of data per tape recorder.	 If the tape recorders

are used alternately, continuous data coverage could be

provided. The following discussion assumes that fairly

continuous coverage is available, and states the data

spans desirable for^ analysis.
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5.2	 DATA SPAN REQUIRED FOR DETERMINATION OF VARIOUS
EFFECTS

Since orbit frequency systematic effects are of special

interest in the data evaluation it will be important to

have data spans of several full orbits. In order to

examine the longitude dependence on radiance variations

a 24 hour data span would prove optimal.

Also, it will not be adequate to calibrate the data by

taking just one long data span. Since systematic

radiance effects change with the seasons, a detailed

evaluation of these effects requires 	 multi-orbit

(preferably 24 hours) data spans at various seasons. A

group of observations taken monthly would provide an

adequate indication of the seasonal variations.

It is necessary to provide information on the long term

stability of the sensor calibration results so that

gradually changed biases can be identified. Monthly

evaluation of multi-orbit (perferably 24 hours) data

spans would also serve to meet this need.

The possibility of calibrating the scanners for to

temperature dependence of the measurments depends on the

availability of data at a significant range of

temperatures.	 Information is not available at this time
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on the expected variations in 0e scanner

electronics temperatures.	 Therefore, when the d

becomes available it will be scanned to look for Lna

periods of widest temperature variation to use for 'Zhe

determination of temperature dependant effects.
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