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A Technique for Precise Analysis of Satellite Photographs1 

Tetsuya Fujita 
University of Chicago 

ABSTRACT 

Both precise and approximate methods of analysing a series of satellite 

photographs by a graphical technique are presented in this paper. The approx

imate method, which might result in an error up to a few tenths of a degree of 

the geocentric angle, is applied to any picture series including one or more 

frames with the apparent horizon. The existence of a landmark is not essential 

in performing the analysis. In case landmarks and several apparent horizons 

are available in the series, the precise method characterized by a possible 

error of less than 0.2 deg is applicable. These two methods permit us to an

alyse practically all satellite pictures with an accuracy required for research 

purposes. It has been found that this technique, with minor modification, can 

be applied also to the precise analysis of radiation data obtained by the scanning 

radiometers of both TIROS and future NIMBUS meteorological satellites. 

This research was supported by the U. S. Weather Bureau (National Weather 
Satellite Center) under grant, Cwb WBG-6. 



1. Introduction 

The TIROS series of meteorological satellites have been adding new infor

mation about nephsystems viewed from outer space several hundred kilometers 

above the surface of the earth. In order to utilize these cloud pictures for 

operational pusposes, they have to be analysed as soon as possible after each 

readout. To meet the operational requirements of quick rectification, Glaser 

(1960) developed a well known method of image rectification which permits us 

to obtain the patterns of nephsystems with a possible error of two degrees of 
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the great-circle arc. Glaser's method was reported later by Hubert (196lb) in 

detail so that anyone wishing to analyse satellite photographs is able to perform 

his own rectification by using the charts and grids included in his report. These 

charts and grids are: the focus sheets, one for each TIROS-borne camera; tilt 

indicators for discrete increments of satellite height; perspective grids for dis

crete increments of both tilt and height combined; a transfer grid constructed to 

the scale of a geographic map; and an Oblique Mercator Map Projection. These 

charts and grids are used at the readout stations to produce quick nephanalyses 

which are transmitted through a facsimile circuit. 

For research purposes, however, a need for greater accuracy arose on 

many occasions. This would naturally necessitate accurate determination of 

satellite attitudes and exposure times. In an effort to determine the spin-axis 

orientation, Hubert {1961a) made a survey of the time change in the right ascen

sion and the declination of the TIROS I spin-axis point, reaching a conclusion 

that an extremely accurate determination of the spin axis is essential in order 

to obtain the satellite attitude using the Orientation Nomogram designed by 

Ruff {1961). Despite the fact that the azimuth and the nadir angle determination 

is based upon the assumption that a great circle on Ruff's nomogram is a straight 

line, the error is found to be insignificant if the nadir angles fall within 30 deg. 

Beyond this angle, of course, the error, especially in azimuth, increases very 

rapidly. The work by Hubert and Ruff led the author to develop a precise method 



for rectification. 

A technique for precise rectification of satellite cloud photographs was 

first devised by Fujita (1961) for use at the International Meteorological Satel

lite Workshop, November, 1961. The technique has been tested for various 

TIROS photographs, revealing that the error normally does not exceed O. 2 deg 

of the great-circle distance. 
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When the radiation data of TIROS-borne scanning radiometers became avail

able in 1962, it was found that the author's photogrammetric method can also be 

applied for the precise analysis of radiation data which may be in the form of 

Final Meteorological Radiation Tape Listings, Grid Print Radiation Maps, or 

Analog Brush Records. Only one grid, which is called the radiometer grid, is 

required in addition to the rectification charts and grids for precise photogram -

metry. 

To make an independent evaluation of the accuracy of the precise method 

presented in this paper, an attempt was made to plot the radiation values directly 

on the photographs showing various cloud patterns. It was found that the accuracy 

in both photogrammetric and radiation analyses were high enough to bring the two 

independent results together into an excellent match. 

This report includes the outline of the theories and the actual processes of 

precise and approximate rectification which have been reported in detail by the 

author (1963) in the report series of the Meteorological Satellite Laboratory. For 

further details, the readers are asked to refer to this original paper. 

Because of the necessity of standardizing the terms to be used in the rapidly 

expanding field of satellite meteorology, the author made a survey of the terms 

and brought them before the conference on glossary at the Meteorological Satellite 

Laboratory in September, 1962. Representatives from the National Aeronautics 

and Space Administration, Meteorological Satellite Laboratory, Allied Research 

and the University of Chicago reviewed 160 terms which now appear in the above 

mentioned author's report. 

TlROS pictures are, as have been well known, read out either in direct or 

tape modes. In case of direct readout the accurate exposure times of each picture 
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in a series are known, making it easy to obtain precisely the subsatellite points 

of a series of pictures. When pictures are taken over a remote area from .the 

readout stations, a series of 32 pictures are read out on a tape mode, in which 

case the first picture taken, or the last picture read out in tape mode, could be 

exposed at a time considerably off from the so called programmed picture start 

time. Since the TIROS satellite travels at the rate of about 3. 6 deg of geocentric 

angles or 250 miles per min, it is necessary to determine the exposure time 

within an accuracy of 2 or 3 sec in order to obtain a 10 mile accuracy. 

It is, of course, necessary to use the subsatellite point and height values 

computed by including the effects of (1) eccentricity of orbit, (2) perigee rate, 

(3) precession rate, and (4) geocentric and geodetic latitudes, each of which 

could result in an error of 0. 2 deg or more under various conditions. The 

Definitive AT Maps produced by NASA satisfy the above conditions and are avail -

able for all TIROS meteorological satellites. They are in tabular form and in

clude the satellite heights to the nearest km above the International Ellipsoid of 

the earth, subsatellite latitudes and longitudes to the nearest tenth degree, and 

other values at one minute intervals. 

Now we shall try to classify a series of either direct or tape-mode pictures 

according to the availability of the. apparent horizons and the landmarks. Slightly 

different methods should be applied to each of these series in order to obtain the 

best results. It must be mentioned that there might be skips in frame numbers 

or images within a series which is programmed to take 32 pictures in case of a 

perfect tape-mode series. If one, two, or more pictures are missing they may 

occur at the beginning, end, or somewhere in between, thus the time of the first 

picture could be off considerably from the programmed picture start time. The 

author's method reported in this paper eliminates such problems, making it pos

sible to locate the pictures correctly except for class F appearing below. For 

the purpose of selecting the proper method of rectification, picture series with 

at least 50 percent overlaps of successive images are classified into the following 

six groups. Since TIROS pictures in a series are taken no more than 30 sec apart, 

all images of medium and wide angle cameras include. much more than 50 percent 

ov~lap. 



Class A •••• apparent horizons on several frames; and landmarks on at least 
one frame (40 percent) 

Class B •••• apparent horizons on several frames; no landmarks (40 percent) 

Class C •••• apparent horizon on only one frame; landmarks on at least one 
frame (a few percent) 
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Class D •••• apparent horizon on only one frame; no landmark (a few percent) 

Class E •••• no apparent horizon; landmarks on at least one frame (a few percent) 

Class F •••• no apparent horizon; no landmark (a few percent) 

The percent in parentheses at the end of each class represents the estimated occur

rences of the particular class when a large number of series are investigated. It 

may be assumed that most of the picture series belong to either class A or class B. 

The author's method of precise rectification makes it possible to determine (1) 

the attitudes of the satellite by using the apparent horizons appearing in several 

frames, (2) the geographic locations if only one landmark is seen in one of the pic

tures in the series, and (3) the time of exposure up to 10 sec error from only one 

apparent horizon. We may, therefore, assume that the classes A-E can be recti

fied with accuracies ranging from 10 to 30 miles depending upon the class to be 

analysed. 

Class F and the picture series without image overlaps should be analysed using 

the sun angles. The analysis requires a special step reported by Fujita ( 1963) and 

this step does not appear in this paper because of the rather rare occurrence of the 

series. If one wishes to rectify the series of narrow-angle pictures, it is required 

to study the special step. 

In order to perform the author's rectification method, one requires a basic 

knowledge of the OEC chart and its overlay, fiducial and distortion-free grids, tilt 

and height grids, and the spin-axis point. These items will first be explained before 

the practical matters of rectification are discussed. 

2. OEC projection chart and OEC overlay 

The extent of the area observed by a meteorological satellite orbiting around 

the earth makes it impossible to construct a plane map with a unique scale appli

cable to every situation. If we are interested in analysing only a portion of the 
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earth within the apparent hoirzon viewed from a satellite during the fraction of its 

one orbital motion, it is feasible to construct a cylindrical projection chart. 

The first chart of this kind for use in TIROS picture rectification was constructed 

by Glaser (1960). It is a Mercator projection wrapping around the earth in an oblique 

angle in such a manner that the cylindrical surface makes contact with the terrestrial 

spheroid along the great circle intersecting the earth's equator with the orbital incli

nation of a satellite to be analysed. For use in the International Meteorological 

Satellite Workshop, Nov. 1961, Fujita (1961) introduced the Oblique Equidistant 

Cylindrical Projection, abbreviated as OEC chart, which is similar to Glaser's pro

jection, except that the great circle distance in the direction perpendicular to the 

orbital plane of the satellite is equidistant. 

The geometry of the OEC chart is presented in Fig. 1. The projection equator 

of an OEC chart is defined as a great circle along which the cylindrical surface 

makes contact with the terrestrial spheroid. The inclination of the orbital plane of 

the satellite is used as that of the projection equator. For TIROS I (inclination 48.40), 

TIROS II (48.57), TIROS III (47. 90), and TIROS IV (48.30), an OEC chart with 48.4 deg 

inclination of the projection equator is used. An OEC chart with 58. 3 deg inclination 

was constructed for TIROS V with an inclination of 58 .10 deg. 

Before we compute the positions of the earth's latitudes and longitudes, we de

fine the projection meridians as the great circles which are perpendicular to the 

projection equator. Naturally, the projection equator and the projection meridians 

intersect at right angles on the OEC chart. Along the projection meridians and the 

projection equator, actual great circle distances measured on the earth's spheroid 

are conserved. The poles of the projection equator on the OEC chart are, therefore, 

the parallel lines 90 deg from the projection equator. Now we solve the spherical 

triangles CDA and CBA in Fig. 1 to obtain the formulae 

cos l = cos cp cos 8 

and cot A = cot cp sin 8 , 

where, cp and 8 denote, respectively, the latitude and the longitude of a point C on 

the earth, and I , the great circle distance between A and C in the figure, and A , 

(1) 



the spherical angle LCDA. 

It is evident that the great circle distances, x and y in the figure are ex

pressed, respectively by 

and 

tan x = tan l cos ( ~ - i ) 

sin y = sin J sin ( ~ - i ), 
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where i represents the inclination of the projection equator. From the definition 

of the OEC chart, the distances A' B' and B' C' on the OEC chart are identical, re

spectively, to the great circle distances x and y, which are the coordinates of the 

point C on the OEC chart. 

Computation of OEC overlay. By selecting the inclination of an OEC chart at 

90 deg, we obtain a particular cylindr.ical equidistant chart which wraps around 

the earth along an earth longitude. Such a projection chart is called the Transverse 

Equidistant Cylindrical Projection Chart, or simply the TEC chart. For this pro

jection, Eq (2) can be reduced to 

tan x = tan J sin ~ 

and - sin y = sin J cos ~ • 

The TEC chart can be converted into an overlay to measure both geocentric 

angles and azimuths on an OEC chart of the same scale. Such a conversion can be 

done by changing the latitudes (90, 80, 70, •••• O, -10, •••• 90 deg) to the geocentric 

angles from the north pole (O, 10, 20, •••• 90, 100, •••• 180 deg). In fact, the geo

centric angle measured from the north pole is the opposite sign of the latitude in 

degrees plus 90 deg. An overlay to the OEC projection chart or simply an OEC 

overlay is schematically shown in: Fig. 2. The north pole on the TEC chart has 

been changed into the origin of the overlay. It is found immediately that the great 

circles passing through any point on the projection equator on an OEC chart can be 

drawn by following one of the azimuth lines radiating from the origin of the OEC 

overlay. Theoretically, the projection equators on both OEC and its overlay should 

coincide; however, the overlay may safely be used by placing its origin onto a point 

which is located a few degrees away from the projection equator, in which case a 

(2) 

(3) 
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tolerable error might arise. 

3. Fiducial and distortion-free grids 

A TIROS meteorological satellite is a spin stabilized vehicle with two cameras 

mounted on its base plate so that the camera optical axis and the satellite spin-axis 

maintain their parallelism within one degree. The alignment measurements by 

RCA (1960-62) revealed that these two axes form an angle up to O. 73 deg in the case 

of TIROS I-V. Detailed information about these cameras is given by Fujita (1963) 

in the description of the characteristics of TIROS cameras. 

As a result of the slight deviation of the camera optical a.xis from the vehicle's 

spin axis, the image plane rotates around the image primary point (!PM), which is 

the point at which the nodal spin axis penetrates the image plane. The nodal spin 

axis is the satellite spin-axis translated to the front nodal point of a camera lens. 

Thus the image principal point (!PP), which is located at the intersection of the 

camera optical axis and the image plane, spins around the !PM as the TIROS spins 

on its spin axis. Figure 3 schematically represents the geometry of the satellite and 

the image plane. By extending both optical and nodal spin axes toward the earth, 

we define the terrestrial principal point (TPP) and the terrestrial primary point (TPM), 

respectively. Without the nutation of TIROS, the TPM moves over the earth along a 

rather smooth track which is called the terrestrial primary point track (TPM track), 

or simply primary point track. On the other hand, the TPP circles around the TPM 

several times a minute forming a large number of loops as shown in the figure. The 

path of a TPP is called the TPP track. 

In an attempt to calibrate the precise position of five fiducial marks, one "+" 

near the center and four "L" marks at the corners, a test polar target was photo

graphed and televised prior to the launch. The images thus obtained by 10 TIROS

borne cameras are shown in Fig. 4. Before each polar target was photographed, 

it was placed perpendicularily to the optical axis which intersects the target pre

cisely at its center. The figure reveals that the "+" fiducial marks are a few de

grees off from the picture center or the image principal point (!PP). 
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The actual fields of view, which differ from camera to camera, can be ob

tained from the measured object angles of the circles on each polar target. They 

appear below each image as (10) 9.62, etc. The numbers in parentheses denote 

the nominal values labeled on the concentric circles, and those with a decimal, 

th~ measured radial angle in degrees, tenths, and hundredths. It is important to 

realize that the distortion-free positive image of the circles and the radials on a 

test polar target can be constructed with the use of the measured radial angles 

appearing in Fig. 4. The radius of each concentric circle is equal to the tangent 

of the measured radial angle multiplied by the focal distance of the distortion -free 

positive image. 

The five fiducial marks on a distorted image can now be transcribed onto the 

distortion-free image of the test polar target so that the fiducial marks represent 

their true object positions viewed from the front nodal point of each camera. An. 

example of a transcript is presented in Fig. 5. It will be seen that the four "L" 

marks on the distorted image underwent considerable stretching outward. The 

reason is that the readout image of a target includes appreciable barrel shaped 

lens distortion which tends to bend the refracted beam of light closer to the opti

cal axis than in the case of a distortion-free lens. On the other hand, the image 

of the fiducial marks which are placed on the vidicon surface, is not affected by 

this lens distortion; but they usually suffer a slight pincushion distortion caused 

by the electronic distortions. 

The image of the test target is not available after the TIROS goes into orbit . 

For the purpose of transferring the objects on an actual image to the distortion -

free image plane it is necessary to construct a grid on both actual (distorted) and 

distortion-free image planes. Figure 6 reveals a fiducial grid drawn on a readout 

image to fit their fiducial marks and a corresponding distortion-free fiducial grid . 

In fact, the distortion-free fiducial grid, sometimes called distortion-free grid in 

short, is unique to each TIROS-borne camera and cannot be altered by electronic 

distortions which deform each readout image into slightly different shapes. It is, 

therefore, required to construct only one distortion-free grid for each TIROS

borne camera. A distortion-free grid includes both principal and primary points 
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which are separated by no more than one degree of the object angle. 

4. Tilt grids and height grids 

Transcriptions of objects on an image plane with a fiducial grid onto a dis

tortion-free fiducial grid eliminate both optical and electronic distortions, per

mitting us to proceed with the photogrammetric analysis on a distortion-free 

image plane. Then we establish a coordinate system on this distortion-free plane 

for the purpose of transcribing any object onto a corresponding coordinate system 

on the surface of the earth. 

The variables involved in determining such coordinates are the tilt of the 

image plane and the height of the satellite if we keep constant the scale of the map 

and the focal distance of the positive image plane. The tilt used as the standard 

photogrammetric term varies with the inclination of the TIROS spin axis, possibly 

from 0 to 120 deg when the earth appears on images. The heights of the TIROS I-V 

ranged from 500 to 1000 km. Experiences revealed that the tilt should be changed 

at one degree intervals and the height at 10 km intervals in order to perform a 

precise rectification. If a library of charts including networks of lines involving 

both tilt and height were made, the total number of charts would be 121 x 50 = 6050. 

The future satellite will be injected into orbits with much higher apogee and larger 

eccentricity making it impossible to keep the number of charts small. In view of 

this, it was found necessary to express the coordinates on both image plane and the 

earth's surface by the nadir angle ( T/ ) and the horizontal angle ( '11 ) • The nadir 

angle is defined as the angle measured at the perspective center or the front nodal 

point of the lens between a specific ray and the local vertical. The horizontal 

angle denotes the azimuth measured from the direction of the principal plane. 

On an image plane, with a predetermined focal distance ( f), the isolines of 

both nadir and horizontal angles are obtained as a function of the tilt (T), the nadir 

angle of the optical axis. The charts with the isolines of both T/ and '11 drawn on 

the image planes with various tilt are called the tilt grids. A library of the tilt 

grids at one degree intervals between the tilt of zero to 120 deg has been completed. 
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The corresponding grid on the earth's surface can be determined as a func

tion of the satellite height if the scale of the map to be used is unique within the 

region photographed from a satellite. An OEC projection chart with a predeter

mined scale is used as a ground reference plane on which the isolines of both "I 

and"' are drawn. The grids including these isolines drawn on the OEC chart are 

called the OEC height grids or simply height grids. A library of the height grids 

at 10 km intervals between the satellite height of 500 to 1000 km has been com -

pleted. Beyond 1000 km, the intervals may be increased to 20 km without losing 

the accuracy required. 

Computation of tilt grid . The geometry for computing the isolines of "I and "' 

on an oblique. image plane of tilt (T) is shown in Fig. 7. The terms used in com -

putation appear in the books of photogrammetry, such as the manuals published by 

the American Society of Photogrammetry (1951, 1960). For further explanation 

refer to these manuals. 

The isoline of a specific horizontal angle on the image plane is a straight line 

defined by the intersection of the image plane and a vertical plane of the horizontal 

angle, "' • The angle between this straight line and the principal line on the image 

is called the image horizontal angle ( "'i ) which is, with the use of the symbols in 

Fig. 7, obtained as 

tan 'It, = HJ/ AH = tan "' cos T • 
I 

The isolines of "1 on an image plane are a group of the conic sections defined 

by the intersection of the image plane and a group of cones with various "I , the half 

angle of the cone. It is, of course, possible to calculate analytic geometrically the 

x and y coordinates of the isolines. However, the use of the vertical angle, t , 
which is the tilt of a plane perpendicular to the principal plane, makes the deter

mination of the ellipse extremely easy. Using the symbols in the figure, the vertical 

angle is solved as 

tan ~ = A 'N'/SA' = tan "I cos l/J • 

All points designated by the letters with(') are on a horizontal plane located at the 

(4) 

(5) 



unit distance below the perspective center. As seen in the figure, any point M 

on the isoline of "I can be plotted on an image plane by knowing both t and "1 
which are computed from equations (1) and (2). In the actual plotting, the dis

crete values of "I= 10, 20, 30, 35, 40, 45, 50, 55, 60, 62, 64, •••• 88, and 90 

deg, and the 10 deg intervals of "1 are selected. 
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An example of the 30 deg tilt grid appears in Fig. 8. The nadir angle is la

beled along the principal line at 10 deg intervals but the horizontal angles are not 

identified by the numbers since the heavy lines represent 0, 30, 60 and 90 deg 

horizontal angles. The three short lines on the principal line near the center of 

the chart indicate the principal points for the tilts T -1, , and T +1 deg. Using 

the positions of these three principal points it is feasible to place a tilt grid onto 

an image plane with any tilt with degrees and fractions. The subsatellite point 

on the image (ISP) is located at the center of a small open circle on the principal 

line where the nadir angle is zero. Jn case of the low tilt, the isolines of "1 at 

10 deg intervals radiate from the ISP which appears on the image. When the 90 

deg tilt is reached the ISP moves down to infinity and the isolines of are parallel 

to the principal line. For the tilt larger than 90 deg no subsatellite point exists 

on an image plane of an infinite surface, and the isolines of "1 converge upward 

to meet at the image zenith-point. 

Computation of OEC height grid. A height grid includes the isolines of the 

horizontal angle ('/I) measured from the OEC projection equator and those of the 

nadir angle ( "1) viewed from the satellite. Jn order to obtain a height grid cor

responding to any tilt grid, the horizontal angles are selected at 10 deg intervals . 

The isolines of "1 on an OEC height grid are identical to the azimuth on an OEC 

overlay except the lines on a height grid terminate at the apparent horizon for each 

satellite height. 

The isoline of "1 on the earth is a small circle. With the use of the terrestrial 

spheroid in Fig. 9, we define the sub satellite distance ( d ) , as the geocentric angle 

from the subsatellite point (TSP) to a point P on the e~rth. The solution of the 

triangle 0-P-SAT gives 



or 

H+R _ R 
sf n (8+.,,)- sin "1 

H = R { sin(d+'7> _1}, 
sin.,, 

where R denotes the mean radius of the earth, H, the height of the satellite . 
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When the point P is located on the apparent horizon viewed from the satellite, d 

increases to a specific value, 8H , called the dip or dip angle. The dip is expressed 

simply by 

8H = cos-1 _R 
R+H 

which is the geocentric angle between the TSP and the apparent horizon. Equation 

(7) does not give a solution of d as a function of "1 and H; however, this form is con

venient to calculate the isolines of "1 on a height (H) vs. subsatellite distance ( d) 

chart, which is called the nadir angle chart (see Fig. 10). The chart, which may 

be made to fit to the scale of any OEC chart, includes the isolines of 17 and the 

apparent horizon. If the satellite height and the nadir angle of a point on the earth 

are given, the subsatellite distance is obtained as the distance between the left end 

and the specific nadir angle line measured along the horizontal line indicating the 

satellite height. 

The isoline of a geocentric angle measured from the origin of an OEC overlay 

is very close to a true circle until the geocentric angle reaches 20 deg. For 25 

deg and 30 deg respectively, the error reaches only to 0 .1 deg and 0. 3 deg. In 

view of the fact that the dip angle for 1000 km satellite height is 30. 2 deg, we may 

safely assume that the isoline of 17 on OEC height grids, up to 1000 km, are true 

concentric circles. It is, therefore, feasible to make any height grid within this 

range by simply tracing the azimuths from the OEC overlay and by drawing the 

circles with the radii measured on the nadir angle chart. 

An actual height grid, such as reproduced in Fig. 11, is characterized by the 

azimuth lines bent slightly toward the projection equator as they approach the ap

parent horizon. The orientation of the projection equator is shown by a semi -disc 

on the apparent horizon. It is important to place a height grid on an OEC chart so 

that the projection equators on both height grid and the OEC chart are approximately 

(6) 

(7) 

(8) 



14 

parallel. 

5. Spin-axis point 

TIROS is a spin stabilized vehicle with its spin rate ranging between 8 and 12 

rpm. The spin axis in the fixed space, therefore, changes its orientation rather 

slowly, being influenced by the magnetic field and the non-spherical potential field 

of the earth. Such a motion of the TIROS I spin axis on a celestial coordinate is 

shown in Fig . 12. The largest displacement during a one day period was alx>ut 7 

deg or alx>ut 0. 5 deg per orbital period. In order to control the motion of the spin 

axis the periphery of each TIROS I~ III, •••• , satellite was wrapped around by a 

magnetic attitude control (MAC) coil which is designed to add variable magnetic 

dipole moments. The motion of the TIROS Ill spin axis controlled by the MAC 

switch is shown in Fig. 13 •. The position of the spin axis at OOZ each day is given 

by a short line across the track of the spin axis. The small circles along the track 

denote the time when MAC switch was changed. The largest movement per orbit 

of the spin axis, occurring on September 29, was about 7 deg. It may be assumed 

that the change in the orientation of the TIROS spin axis is no more than one deg 

during any one orbit. 

We now define a point on the earth called the spin-axis point (SA). It is one of 

the points at which the lines parallel to the spin axis of a satellite intersect the 

earth's surface at right angles. The spin-axis point and the spin axis antipode are 

located, respectively, toward the negative and the positive direction of the spin 

axis translated to the center of the earth. The positive direction of the spin axis is 

the direction of the positive image viewed from the camera lens. The spin-axis 

point, therefore, moves along an earth's latitude mainly due to the rotation of the 

earth, which is alx>ut 23 deg per orbit. The movement of the spin-axis point pro

jected onto the celestial sphere moves no greater than 1/30 of the amount caused 

by the earth's rotation. 

Fixed-earth coordinates. It is very convenient to establish a new coordinate 

system on the earth, the rotation of which has been stopped at the time, tF, the 

time of fix. This coordinate system, described in detail by Fujita (1963), is 



called the fixed-earth coordinates. However, just a short explanation is given 

in this paper. The latitude of a point on the earth remains unchanged by fixing 

the earth's rotation; however, its longitude changes into a new longitude called 

the fixed-earth longitude(®). 'This longitude is expressed by 

®t = 81 + ( t - tF ) Wesf , 
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where Wesf denotes the sidereal rotation rate of the earth. In case the time 

difference (t - tF) is only up to one orbital period, we may use the rotation rate 

of 1/4 deg per min, in the computation of 

Equation (9) permits us to compute the fixed-earth longitude by stopping the 

rotation of the earth at any time desired. It is evident that the positions of the 

subsatellite point plotted against and are located on a great circle, and the 

spin-axis point remains at the same point while a satellite orbits around the earth. 

Figure 14 reveals the .subsatellite point tracks on both the fixed earth and the ro

tating earth. It will be seen that the points on these two earths are distinguished 

by adding a letter "F" for the fixed earth and ''T" for the terrestrial coordinates. 

The TSA and FSA, thus, denote the spin-axis points. 

Primary lines and primary points. A plane including the satellite spin -axis 

and the local vertical through the satellite is called the primary plane. Included, 

therefore, in this plane are the center of the earth, the spin-axis point (SA), sub

satellite point (SP), and the satellite. The primary line, the intersection of the 

primary plane with the earth spheroid, should always be a great circle connecting 

the spin-axis point with the subsatellite point. As shown in Fig. 14, the primary 

line on the rotating earth changes its orientation due to the motions of both the 

satellite and the spin-axis point. 

In case the nadir angle of the positive direction of the satellite spin axis, 

which is called the satellite nadir angle ("Is), is smaller than the dip angle (8H ), 

the extension of the positive direction of the spin axis intersects the primary line 

on the earth. This point of intersection is termed the primary point (TPM or FPM). 

The subsatellite distance of the primary point, dPM, is completed by Eq (7) or 

measured on the nadir angle chart as a function of T/ and H. 

(9) 
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From the definition of the spin-axis point, it is always true that the satellite 

nadir-angle ( '1s) is equal to the geocentric angle between subsatellite and spin

axis points. We may assume, therefore, that the satellite nadir-angle can be 

computed on an OEC chart once the subsatellite points and the spin-axis points 

are known. 

Right ascension of the Greenwich Meridian. The celestial coordinates of the 

spin -axis point can be converted into the terrestrial coordinates using the equations 

8TsA= nTsA_ nGRE 

and "'TSA = 8TSA + fe sin 2 8 TSA , 

where [J,GRE denotes the right ascension of Greenwich; 8 TsA, the declination of TSA; 
TSA BTSA ""TSA 4'd , the geodetic latitude; and fe, the oblateness of the earth. Both and.,.,d 

are the necessary quantities to determine the spin-axis ix>int on a geographic map 

for further photogrammetric analyses. Thus the spin-axis points of TIROS 1-V by 

Fujita (1963) are plotted on the fl. vs 4'd coordinates to eliminate conversions be

tween the declination and the geodetic latitude using Eq (11). 
. 8Ts A nT s A • nTs A 

The longitude of TSA. ( ) must be computed from .i1t by subtractmg .i1t 

at a given time. A table of the Right Ascension of Greenwich (Table I) was intro

duced by Fujita (1963), making it JX>SSible to obtain nGRE as a function of year, day, 

hour, min, and sec. In constructing the table, the right ascension of the Greenwich 

Meridian was divided into five functions: 

where, n ~VE- A 
.i1tv = c;.. Wess + u tweon 

nN = Niiieon 

nH = (H - 12) Wess + H "'eon 

i°lM= M .(Wess +Weon ) 

fl.s=S (Wess+Weon>• 

(Year Function) 

(Day Function) 

(Hour Function) 

(Minute Function) 

(Second Function) 

The notations are Y, the year; N, the number of days counting from March 21 ; H, 
~VE 

hours in Greenwich time; M, minutes; S, seconds; c;.. ; equation of time at the 

vernal equinox; Wess• and Weon, the mean angular velocity of the earth's spin and 

rotational motion, respectively. 

(10) 

(11) 

(12) 
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In computing the right-ascension of Greenwich, the angles in five functions 

are simply added up. The total thus obtained is subtracted from the fJ}5
A to ob

tain BTsAfrom Eq (10). 

6. Antisolar point and sunglint point 

For better interpretation of the satellite pictures, it is necessary to determine 

on an image the antisolar point (AS) and the sunglint point (GL). The former is the 

point where the shadow of the satellite would appear if it were large enough to pro

duce a shadow. Despite the fact that no such shadow exists on the ground, the ter

restrial antisolar point (T AS) appears to be brighter than its environment if it is 

located over land or clouds of certain types. Over the ocean, on the other hand, 

the back scattering is comparatively insignificant and a bright area is usually seen 

near the terrestrial sunglint point (TGL) where the satellite would see the image of 

the sun produced by the ocean surface as a concave mirror. These two points, if 

they exist, move over the earth along two separate tracks, TAS track and TGL track, 

due to the orbital motion of·the satellite. 

Now we define a plane called the local sun plane which includes the local vertical 

through the satellite and the sun. Included in the local sun plane at any time are the 

subsolar point (TSS), the TSP, the TGL, the TAS and the center of the earth. By ex

pressing the subsatellite distances of the TSS, TGL, and TAS by d 55
, dGL and dA5

, 

respectively as shown in Fig. 15, the triangles SAT-0-TAS and SAT-0-TGL are 

solved. Similar to the case of Eq (7), it is more convenient to express the satellite 

height as H = R { sin ( C0+ dA
5

) _ 1 } (l3) 

slnC
0 

_ sinCC
0
-d6

L) 

H = R { - 1} , (14) 
sinCC

0
- 2d6

L) 

where C denotes the solar zenith angle viewed from the TSP. In fact ,. is equal 
0 l::.9 

to d55
• The first equation is identical to Eq (7) if C and dAs were changed, respec-

tively, into TJ and d. The nadir angle chart in Fig. 10 may, therefore, be used to 

obtain the geocentric angle between the TSP and the TAS from the known values of 

C and H. The nadir angle chart, the nadir angles of which are changed into ,. , is 
0 l::.9 
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called the anti solar point chart. 

The geocentric angle between the TSP and the TGL can be computed from Eq 

(14) in order to construct the sunglint point chart. This chart is designed to be 

identical, in coordinates, to the antisolar point chart making it possible to con

struct a combined sunglint and antisolar point chart. The chart presented in Fig. 

16 includes the isolines of the ~ drawn on both the sunglint point chart (left) and 
0 

the antisolar point chart (right) which are put together along the central line 

designating C = O. 
0 

In determining the TGL and the TAS from the TSP and the TSS on an OEC 

chart, the great circle connecting the TSP with the TSS is first drawn by using 

the OEC overlay. This great circle is the line of intersection between the earth 

and the local sun plane and called the local sun line. The TSP is then placed at 

the intersection of the central line and the satellite height on the sunglint and anti

solar point chart. Rotate the chart until the local sun line on the OEC chart runs 

parallel to the height line. The points on the local sun line which indicate the pre

determined angle ~ are the TGL and the TAS viewed from the satellite above the 
0 

TSP. It should be noted that the TG L is always located on the great circle con-

necting the TSP with the TSS. 

7. General remarks on rectification 

The outline of the basic theories which have been discussed will lead us to 

proceed with the rectification of the classes A through E of the series of TIROS 

cloud pictures. After the acquisition of a series of pictures to be rectified we 

have to identify: (a) TIROS number and the orbit number; (b) direct or tape mode; 

and (c) frame numbers. It should be noted that the orbit number in which the pic

tures were actually taken could be different from the readout (R/O) orbit number 

which appears in the film legend. Tape mode series are sometimes indicated as 

direct, however, such an error can be corrected by referring to the Catalogues of 
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Meteorological Satellite Data*. 

The frame numbers and the total number of frames occasionally create pro

blems in identifying the exposure time of each frame belonging to a tape-mode 

series which does not include 32 usable pictures. If the frame numbers of the 

unusable pictures are clearly identified so that we are able to locate the 32 con

secutive pictures, we may, as a first approximation, assume that the last read

out frame was taken at the programmed picture start time. Table II reveals the 

statistics of the number of usable frames in each series of the TIROS tape-mode 

pictures . It is seen that the largest frequency for TIROS I was 31 frames; TIROS 

III, 30 frames; TIROS IV, 31 frames. TIROS V was the best in this regard, in

dicating that about 35 percent of the tape-mode series had 32 frames. We must, 

therefore, try to solve the exposure time of each frame assuming that one does 

not always get a complete set of 32 pictures. 

There are three methods of determining the skips in frames. One is the ex

amination of the image primary points (IPM) transcribed onto one frame. If there 

was a skip, the position of the IPMs would show a discontinuity. The second 

method is the examination of the satellite nadir-angles measured on the succes

sive frames. It will be seen later in the section on an approximate rectification 

that the satellite nadir-angles are used to determine the approximate picture time 

to check the accuracy of the programmed picture start time. The last method is 

applicable only to the series with distinct apparent frame rotation, the rotation of 

image principal line in successive frames. 

*TIROS I: Catalogue of Meteorobgical Satellite Data, Television Cloud Photography. 
U. S. Weather Bureau, Washington, D. C • : 1961. 

*TIROS III: Catalogue of Meteorological Satellite Data, Television Cloud Photography. 
U. S. Weather Bureau, Washington D. C • : 1962 . 

*TIROS IV: Catalogue of TIROS IV Cloud Photography, for Feburary, March and 
April, 1962 . Meteorological Satellite Activities: 1962. 

*TIROS V: Catalogue of TIROS V Cloud Photography, National Weather Satellite 
Center: 1963. 
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After the completion of the preliminary examination of a series of pictures, 

one should place a fiducial grid and the primary point on each picture. The ex

tent of the elimination of both lens and electronic distortions depends upon the 

accuracy of the fiducial grid which, in ideal cases, matches the five fiducial 

marks (see Fig. 6). Since the electronic distortions vary almost from frame to 

frame, it would theoretically be necessary to apply different fiducial grids on each 

frame in a series. Experience shows however, only one or two kinds which fit the 

averaged positions of the fiducial marks are enough to eliminate most of the dis

tortion. If one is satis fied with a less accurate fiduCial grid, any picture may be 

printed through a mean fiducial grid drawn on a plastic sheet. Figure 17 shows 

two photographs, the one printed through a mean fiducial grid and the other with 

a superimposed fiducial grid made to match the specific frame. The mean fiducial 

grid is usually made to fit the averaged fiducial marks of all photographs taken by 

each camera and readout at the ground stations. 

Data required for the rectification. Before the rectification of a series of 

satellite photographs can proceed it is necessary to o"btain the following data: 

(B-1) A series of tape-mode or direct -readout pictures. 

(B-2) Programmed picture start time for tape-mode pictures. Actual ex
posure time for direct-readout pictures. 

(B-3) Times, heights, subsatellite latitudes and longitudes such as appear in 
the "Definitive AT Map" produced by NASA. 

(B-4) Right ascension and declination of the spin-axis point. This information 
is not required to perform the precise method. References: Hubert 
(1961a), Goldshlak (1962a, 1962b), Fujita (1963). 

fu addition to these data, it is necessary to have copies of the following grids, 

charts, and overlays. 

(A-1) Oblique Equidistant Cylindrical Projection Chart (OEC Chart). TEC 
Chart and EEC Chart for polar and equatorial orbits. (see Fig. 1) 

(A-2) OEC Overlay (see Fig. 2) 

(A-3) Tilt Grids (see Fig. 8) 

(A-4) Height Grids (see Fig. 11) 

(A-5) Fiducial Grids (see Fig. 6) 

(A-6) Distortion-free Fiducial Grids (see Fig. 6) 



(A-7) Nadir Angle Chart (see Fig. 10) 

(A-8) Sunglint and Antisolar Point Chart 
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The actual rectification can be performed by two different but closely related 

methods. The one called the PRECISE METHOD is designed to rectify only class 

A series of photographs very precisely. The attitudes of a satellite are deter

mined from the photographs. The other method called the APPROXIMATE METHOD 

is applicable to classes A, B, C, D, and E with less accuracy but can be performed 

much quicker. 

The flow diagrams of both methods are presented in Tables Ill and IV. It will 

be seen that the only difference between these two methods appear in the upper nine 

boxes which determine the spin axis in the case of the precise method, and the time 

of each picture in the case of the approximate method. Thereafter, both methods 

follow the same procedures in rectifying the series with the landmarks (classes A, 

C, and E). If no landmark is available within the entire series (classes Band D) 

we have to bypass the final adjustment using the approximate method. 

The final product of the rectification is the longitudes and latitudes (geographic 

grids) drawn or superimposed onto the actual satellite photographs. No pictures 

can be deformed to fit a desired map scale. The geographic grids are deformed to 

fit the photographs instead. If one wishes, however, all or part of the cloud pat

terns can be transcribed manually onto a map of any projection and scale. 

8 • Precise method of rectification 

The first half of the precise method is designed to determine the positions of 

the spin-axis points relative to the subpoint (TSP) track. The relative positions of 

the spin-axis points thus obtained include the same vector error of each TSP, thus 

necessitating the final adjustment of the TSPs as discussed in the second half of this 

method. The final adjustment, performed with the use of the landmark(s), brings 

the TSPs and the spin-axis points (TSAs) as well to their exact positions on the earth. 

As shown in Table III, the original data required to perform the precise rectifica

tion are the Definitive AT Map (B-3), Programmed Picture Time (B-2), and a Series 

of Satellite Pictures of class A (B-1). The flow diagram indicates that the satellite 
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nadir-angle ( 71 ) and the track distance (dr ) are first measured on the image plane. 
s 

STEP I Measurements on Image Planes 

Assuming that each picture, as shown in Fig. 18, already includes a fiducial 

grid we proceed with the plotting of the apparent horizon and the image primary 

point (IPM) on the distortion-free fiducial grid (A-6). Since A-6 is a distortion-free 

image plane, the object angles can be measured. directly on the plane. The horizon 

distance ( EH*), the smallest object angle between the IPM and the apparent horizon, 

is obtained as the arc tangent of the linear distance from the IPM to the apparent 

horizon divided by the focal distance of A-6. Each grid (A-6) for all TIROS cameras 

prepared by the author has its focal distance of 94. 7mm and includes the radial angle 

scale used for measuring EH* immediately. The satellite nadir-angle ( 71 *) can, 
s 

therefore, be computed by 

where 8H denotes the dip angle. 

The track of the image primary point, obtained by plotting the IPMs of other 

frames, is extremely important in determining the skips in frames, the movement 

of the terrestrial primary point (TPM), and the track distance. The track distance 

is the shortest distance between an exposure subpoint and the TPM track, and mea

sured in either the subsatellite distance (ctr> or the nadir angle ( "fJ. *)viewed from 
T 

the satellite at the time of the exposure. It is seen in Fig. 19 that "Ir* is measured 

on A-6 placed on a proper tilt grid which includes a number of isolines of the nadir 

angles viewed from the satellite. 

STEP II Analysis on OEC Chart 

(15) 

The TSPs are first plotted on an OEC chart (A-1) by selecrtng the proper longitude 

which will bring the TSP track near the projection equator. These TSPs are labeled 

with time. 

To allow the final adjustment, the exposure subpoints are plotted.on a translucent 

The quantities with * denote the values obtained from each image. They are 
identified as measured horizon distance (EH*), measured satellite nadir-angle ( "!*), 
etc. 
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paper (A-0) placed on the OEC chart with TSPs plotted as a function of time. In 

view of the fact that it is likely that a time error of one or two minutes would be 

found later, the programmed picture time can be rounded off to the nearest 30 

seconds. We may thus use the TSPs at one minute intervals as those for every other 

frame of a tape-mode series. 

Now we label the TSPs with the frame numbers and draw a circle of the track 

distance (d~) around each exposure subpoint. The nadir angle chart (A-7) is used 

to obtain d~ as a function of H and TJ *. A smooth line drawn as an envelope to these 
s 

circles, as shown in Fig. 20, represents~ TPM track. 

After the TSP and the 1PM tracks are completed, for a limited length only, it 

is feasible to draw the primary lines for selected frames. Now, a circle with its 

radius identical to d*PMis drawn around each TSP (Fig. 21). The subsatellite dis

tance d *PM of each frame is obtained as a function of H and "Is* using the nadir angle 

chart (A-7). There are two intersections between each circle and the TPM track, 

however, the photograph will help in the selection of the right one. 

The primary line , the great circle connecting TPM with the corresponding TSP 

is extended beyond the TSP until the geocentric angle from the TSP reaches the 

satellite nadir-angle of each frame. The end point of the extended great circle re

presents the terrestrial spin-axis point (TSA). The positions of the TSAs obtained 

from several frames are usually scattered over a large area, due to the determina

tion error and the rotation of. the earth. Before such a scatter is averaged it is 

suggested to convert the TSAs into the fixed-earth spin-axis point (FSA) by stopping 

the rotation of the earth at the moment when a hypothetical frame No. zero was 

exposed. From Eq (9), we approximate 

8FSA - £\TSA I 
t - C't + 1 4 ( t - t F) • 

For the short period of a picture series, the sidereal rotation rate of the earth may 

be considered one quarter of a degree per minute. 

Table V gives an example of the data tabulation for TIROS III, orbit 132, tape

mode picture series. The orbital data tabulated as a function of time were taken 

from the Definitive AT Map, while those tabulated as a function of the frame number 

were measured on the images and the OEC chart. 

(16) 
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The measured spin-axis latitudes scatter between -5.6 and -6. 9 with their 

mean value of -6. 2 degrees. The longitudes of TSAs which range between 323. 6 

and 325. 6 become less scattered after all TSAs are converted into the FSAs by 

using Eq (16). It is seen that FSAs distribute between 321. 6 and 322. 6 deg of the 

fixed-earth longitude. 

After the mean value of the fixed-earth longitudes is obtained, it should be 

converted again to the spin-axis longitude of each frame by rewriting Eq (16) thus: 

BTSA ®FSA = - 1/4 (t - tr). 

The computed spin -axis longitude for every 4th frame appears in Table V. 

At this point, the nine boxes near the top of the flow diagram in Table III have 

been completed. The final form should include the data to plot the TSPs and TSAs 

as a function of the frame number. It should be noted that the nine boxes from the 

top in the flow diagram of the approximate method (see Table IV) lead to the time 

determination, permitting us to tabulate the position of TSPs and TSAs as a function 

of the frame number. The rectification processes following the spin-axis deter

mination in the precise method and the time determination in the approximate 

method are identical, except that the approximate method, when applied to class 

Band D picture series, bypasses the final adjustment which is done by using the 

landmarks. 

With the use of the computed latitudes and longitudes of the TSAs, the series 

of TSAs and TSPs are plotted on the translucent sheet (A-0) taped on the OEC chart 

(A-1). After their plot has been completed we draw the primary lines on A-0 by 

connecting each of the TSAs with the corresponding TSPs with a great circle. An 

OEC overlay (A-2) is used to draw these great circles; however, it must be noted 

(17) 

that the projection equators of (A-1) and (A-2) should be parallel as much as possible. 

The satellite nadir-angle of each frame is also measured while (A -2) is still at the 

proper position. 

Thus, we have the primary lines and the satellite nadir-angles for all frames. 

It is now necessary to obtain the subsatellite distance (dPM ) as a function of the 

frame number in order to plot the TPMs on each primary line. The nadir-angle 

chart (A-7), which was used several times before, will permit us to obtain 
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immediately the d in the scale of the OEC chart. The TPMs thus plotted are 

connected into a TPM track (see Fig. 22). It is not unusual to find this track 

slightly off from the initial TPM track which was drawn using the track distances 

measured from each frame. The new track which now covers the entire picture 

series is more reliable since the TSAs used are obtained by averaging a number 

of measured ones. 

STEP III Final Rectification 

At the end of the previous step, we plotted on A-0 the primary points (TPMs) 

as a function of the frame number. From the photogrammetric point of view, 

these TPMs are equivalent to the control points, the exact positions which are 

known to the accuracy of 0. 1 or 0. 2 deg of the geocentric angle. On the other 

hand the corresponding primary points on the image (IPMs) can be plotted on the 

distortion-free fiducial grid (A-6) from any picture with completed IPM track. 

These primary points on an image (IPMs) and the OEC chart (TPMs) are now 

related precisely with the use of the proper height grid (A-4) and the tilt grid 

(A-3) which are placed on the OEC chart (A-1) and the distortion-free fiducial 

grid (A-6), respectively. The height grid when placed on A-0 must maintain 

as much as possible the parallelism of the projection equators of both A-1 and 

A-4. When the center of the height grid is brought at the TSP of a frame to be 

used, it is usually seen that the primary line does not coincide with any of the 

azimuth lines on A-4. The height grid c~ be rotated a few degrees u.ntil the pri

mary l:i,ne co:i,ncides with the nearest azi,muth line. Now we fix_A-4 and _A-0 to

gether. 

A proper tilt grid (A-3) for the same frame is selected by assuming that the 

tilt and the satellite nadir-angle are equal. The primary points on A-0 are im

mediately transferred onto A-3 to complete the IPM track. No apparent horizon 

is needed to determine the IPM track on the tilt grid. The distortion-free fiducial 

grid (A-6) which already includes IPMs is then placed on A-3 in such a manner 

that the IPM tracks coincide. It will be seen that this can be accomplished by ro

tating A-6 while placing its primary point precisely on that of A-3. After the end 

of this rotation, the primary line is drawn on the grid A-6. Experience shows 



that the determination of the primary line can be performed by this method with 

the same accuracy which would be attained by the use of a well defined apparent 

horizon. 
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So far the analysis was performed under the assumption that the programmed 

picture time is accurate within two minutes. This assumption will not alter the 

satellite height appreciably. The precise adjustment of the TSP can be done if 

one or more landmarks are available on one of the pictures in the series. Figure 

23 demonstrates schematically how the landmark on the distortion-free fiducial 

grid is transferred onto a translucent paper (A-0) placed on the OEC chart. 

When the transfer of one or more landmarks has been completed they are 

usually shifted from the corresponding landmarks transcribed from an atlas to 

the OEC chart. Thus it necessitates the adjustment of the landmarks by shifting 

A-0 on the OEC chart along the TSP track. In most cases, the landmarks fit as 

a result of this parallel shift along the TSP track. If the landmarks on A-0 and 

A-1 do not come together despite this parallel shift, it is recommended to re

check the landmarks before the TSPs on A-0 are moved off the TSP track on A-1. 

Since the satellite tracking is known to be accurate, the first choice in the adjust

ment is not to alter the TSP track. 

If the final adjustment requires up to two minutes of time change, both TSPs 

and TSAs are moved to their exact positions without affecting the accuracy. A 

large amount of shift might, however, change the height and possibly the position 

of the TSAs since their track on an OEC is not a straight line. It is, therefore, a 

usual practice to estimate the picture time using a portion of the approximate 

method which permits the time determination employing the predetermined attitude 

data. 

When the final adjustment is completed, the translucent paper (A-0) with the 

TSPs, TPMs and primary lines are taped on the OEC chart A-1. No error beyond 

0.2 deg should be expected. Now a proper height grid, A-4, and the tilt grid, A-3, 

are placed under A-0 and the distortion-free fiducial grid A-6, respectively. In 

fact, the height grid is inserted in between A-0 and A-1, which are taped together 

after the final adjustment. Figure 24 represents how the intersections of the longi -

tudes and the latitudes are transferred from A-1 to A-6 and, finally, to the distorted 



image with the fiducial grid. 

An example of the geographic grid drawn on a satellite picture showing Hur

ricane Anna of July 21, 1961 is shown in Fig. 25. After the completion of the 

geographic grids, the patterns of clouds can be transferred to a map of any pro

jection and scale. In view of the fact that a series of satellite pictures covers a 

much larger area than aerial pictures, it is not feasible to rectify the image into 

undistorted map coordinates, since all maps covering such large areas contain 

inherent distortions. 
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For a better interpretation of a picture, it is useful to plot on an image both 

the sunglint point (TGL) and the antisolar point (TAS) if they exist on the picture. 

The sunglint points as studied by Ushijima (1962) can now be plotted on any image 

with little effort by using the computed subsolar point track (TSS track) and the 

sunglint and anti-solar point chart (A-8). It is known that the diffused character

istics of TGL are closely related to the roughness of the sea surface. A TAS is 

not very distinct because the land surface and the cloud tops, where the TAS ap

pears to be bright, are originally variable in reflectivity. Nevertheless, the 

clouds near the TAS are usually much brighter than they would be if they were 

located far from the TAS. 

9. Approximate method of rectification 

The approximate method, which is designed to bypass the attitude determina

tion, can be performed much quicker than the precise method. The predetermined 

spin-axis data are, therefore, needed in addition to the Definitive AT Map and a 

picture series . In view of this, the accuracy of the available attitude reflects that 

of the final result, especially when this method is applied to classes Band D which 

do not include landmarks. The classes A, C, and D are rectified with almost the 

same accuracy that could be attained when the precise method is used. The spin-



axis data are reported by Hubert*, tabulated by Goldshlak*, and reproduced 

in a graphical form by Fujita*. We may thus assume that the spin-axis point, 

in terms of the declination (or geodetic latitude) and the right ascension, is 

known within an accuracy of a few tenths of a degree. 

It will be seen that the rectification work following the first nine boxes in 

Table IV are identical to those which follow the spin-axis determination in the 

precise method. One basic difference, however, is the extent of the final ad

justment which can be applied to a series with landmarks. The adjustment in 

the precise method can be made as long as it does not alter the satellite height. 

Namely, the TSPs may be shifted along their track as much as several degrees 

or 2 or 3 minutes of time; it is because the spin-axis points are determined in 

the coordinates relative to the TSPs. In the approximate method, on the other 

hand, the spin-axis points are placed originally on the geographic coordinates. 
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_Any adjustments of the TSPs at later times cause the TSAs to be moved from 

their original positiom. It should be kept in mind that the undesirable shift of the 

TSPs amounts to one degree of the great circle distance if the final adjustment in 

time is about 16 seconds. _A time error of two minutes would alter the TSPs as 

much as 7 deg, changing the primary lines and the satellite nadir-angle to an in

tolerable extent. 

In view of the limited amount of final adjustment, which preferably will be 

less than 10 seconds in time or in the order of a few tenths of a degree of the geo

centric angle, this approximate method requires an accurate determination of the 

exposure time of each frame. This is done by comparing the satellite nadir-angle 

measured from the apparent horizon with the computed satellite nadir-angle from 

the position of the TSPs and TSAs. 

* TIROS SPIN-AXIS DATA are available in the following literatures: For TIROS I:-- -
P31-36 (a) and P59 (b); TIROS II:---P60 (b); TIROS III:---P60 (b) and P46-113 (c); 
TIROS IV:---P61 (b) and Pl8 -89 (d); TIROS V:---P61 (b). 

(a) ••• MSL Report No. 5 by Hubert; (b) ••• MSL Report No. 14 by Fujita: (c) ••• 
Allied Research, TIROS III attitude summary by Goldshlak and (d) ••• Allied 
Research, TIROS IV attitude summary by Goldshlak. 
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STEP I Measurement of Satellite Nadir-Angle on Image Planes 

This step is the same as that introduced in step I of the precise rectification 

method. Namely, the horizon distance ( EH*) measured on the distortion-free 

grid (A-6) is subtracted from the angle 90- 8H in order to determine the satellite 

nadir-angle as a function of the frame number. 

STEP II Measurement of Satellite Nadir-Angle on OEC Chart 

The satellite nadir-angle ( "Is)' which is equal to the geocentric angle between 

TSP and TSA at any moment, can be measured on an OEC chart. The position of 

the TSPs are obtained in the Definitive AT Map at one minute intervals. It is con

venient to plot the TSAs at the same intervals so that their distances are measured 

as a function of time (Fig. 26). 

The longitude of a TSA at any time is expressed by 

oTSA= nTSA_ nGRE 
C1t .u. t ""• t 

oTSA nTSA 
where o1 and ""• denote, respectively, the longitude and the right ascension of 

the spin-axis point at time, t; and .O.GtE, the right ascension of the Greenwich Meri

dian at the same time. It has been stated that the right ascension and the declination 

(or geodetic latitude) of the TIROS spin-axis is known to the accuracy of a few tenths 

of a degree, and that the right ascension of Greenwich at any time can be obtained 

from Table I simply by adding the five functions. 

Table VI represents the latitude and longitude of the TSA, thus computed. Tab

ulated also is the satellite nadir-angle measured on the OEC chart using an OEC 

overlay. It should be noted that the satellite nadir-angle as a function of time can be 

computed independently from the photographs. In fact the Definitive AT Map, in

cludes the computed "Is to the nearest degree. It is recommended, however to check 

the values since the attitude data used in computing "Is in the Definitive AT Map may 

differ from the latest values available. 

The satellite nadir-angles thus measured on the OEC chart are plotted in Fig. 27 

as a function of time. The "Is appearing in the Definitive AT Map are also plotted as 

the painted circles . With the use of the method indicated in the figure, the measured 

satellite nadir-angle ("Is*) permits us to determine the measured exposure time ( t*) 

(18) 
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for the frames for which the satellite nadir-angles are known through their photo

grammetric analysis. It is seen that the satellite nadir-angles, from the Defini

tive AT Map, change the exposure time one minute or more depending upon the 

rate of change in the satellite nadir angle. 

After the determination of the measured exposure times ( t*) for the frames 

with apparent horizon, these times are tabulated in Table VI to determine the time 

difference, (t* - t' ), which is the measured exposure time subtracted from the pro

grammed exposure time ( t') rounded off to the nearest 0 .1 minute. The table 

shows that the time differences vary from frame to frame with their average value 

being +0.3 minutes. This value is added to the programmed picture time (t') to 

obtain the smoothed exposure time, 

t = t' + (t* - t'), (19) 

which can be computed for all the frames in a series. 

As soon as the smoothed exposure time (t) is determined, the longitudes of 

the TSAs are computed from Eq (18) to proceed with the plotting of TSPs and TSAs 

on the OEC chart. After their plot each point is labeled with the frame number. 

Thus the box below the Time Determinationin Table IV has been completed. Here

after the rectification steps leading to the construction of the geographic grids on 

each image are identical to those practiced in the precise method. 

It should be emphasized again that the final adjustm~nt in the approximate method 

certainly increases its accuracy; however, the amount of the parallel shift along the 

TSP track is restricted to one degree of the geocentric angle. The parallel shift in 

the final adjustment always alters the initial position of the spin-axis point. Wh~n 

the approximate method is properly followed, the smoothed exposure time usually 

turns out to be very accurate. 

10. Conclusions 

A technique for precise analysis of satellite photographs introduced in this 

paper permits the drawing of both latitudes and longitudes directly on any satellite 

photograph. Depending upon the desired accuracy and the classes of a picture 

series the analyses can be performed either by the precise method or by the ap-



proximate method which yield an error of no more than O. 2 and 0. 5 degrees, 

respectively. 
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Despite the fact the analysis is more or less time consuming, the technique 

can be applied to practically any series of satellite photographs, resulting finally 

in a rewarding high accuracy required for research purposes. The whole analyses 

are performed by using a system of rectification grids and charts which have been 

completed and are avaiJable in convenient sizes. 

This technique has been developed primarily for the analysis of TIROS photo

graphs. With little modification, the method and the grid system is applicable to 

any picture series which will be obtained by NIMBUS satellite. Besides, the addition 

of a grid called the radiometer grid permits the precise analysis of the data ob

tained by the TIROS-borne scanning radiometers. It is now expected that this 

technique is applicable to the precise analyses of a large variety of data obtained 

by various satellites. In view of this, the coverage of the grids and charts are 

being expanded so as to allow their uses for the measurements from much higher 

altitudes than those of current meteorological satellites. 
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Table I. Right ascension of Greenwich. The right ascension ill degrees at a given moment Is obtained by adding the numbers ill Year• 
Day, Hour, Minute, and Second Functions, Equation (33) gives the breakdown of the right ascension Into five functions. The year 
In the Year Function table begins at OOOOZ, March 21 and ends 2400Z March 20 of the following year. 

YEAR FUNCTION 

1960 1961 1962 1963 1964 1965 1966 1967 1968 1969 1970 

·2,48 ·l. 73 ·l. 97 ·2.21 · 2.45 ·l. 70 ·1.94 ·2.18 ·2.42 · 1.68 · l. 91 

DAY FUNCTION ( • Is for leap year) 

DAY MAR Af'R MAY JUN JUL AUG SEPT OCT NOV DEC JAN FEB MAR MAR• 

1 10.84 40.41 70.96 100.53 131.08 161.64 191 .21 221. 76 251.33 281.88 312.44 340.03 341.02 
2 11.83 41.39 71.95 101.52 132.07 162.62 192. 19 222. 75 252.31 282.87 313.42 341.02 342.00 
3 12.81 42.38 72 . 93 102.50 133.06 163 . 60 193. 18 223 . 73 253.30 283. 85 314.41 342. 00 342 . 99 
4 13.80 43. 37 73. 92 103.49 134.04 164.60 194.16 224. 72 254.28 284.84 315.39 342.99 343. 97 

5 14. 78 44.35 74. 91 104.47 135 .03 165.58 195.15 225. 70 255.27 285.82 316.38 343.97 344.96 
6 15.77 45.34 75.89 105.46 136.01 166.57 196.13 226.69 256. 26 286.81 317 .36 344. 96 345. 95 
7 16.76 46.32 76.88 106.44 137.00 167. 55 197 .12 227 .67 257 .24 287 .so 318 .35 345. 95 346.93 
8 17.74 47.30 77.86 107 . 43 137. 98 168.54 198.11 228 .66 258. 23 288. 78 319.33 346.93 347. 92 
9 18. 73 48.29 78.85 108 .42 138. 97 169.52 199.09 229.64 259,21 289, 77 320.32 347. 92 348.90 

10 19. 71 49.28 79.83 109.40 139. 96 170. 51 200.08 230.63 260.20 290. 75 321.31 348. 90 349.89 
11 20. 70 50.26 80. 82 110.39 140.94 171.49 201.06 231.62 261.18 291. 74 322.29 349,89 350.87 
12 21,68 51.25 81.80 111.37 141. 93 172.48 202.05 232 .60 262.17 292. 72 323.28 350.87 351.86 
13 22.67 52 .24 82.79 112.36 142. 91 173.46 203.03 233.59 263.16 293. 71 324.26 351.86 352 .84 
14 23.65 53.22 83 .78 113.34 143 . 90 174 .45 204 .02 234 . 57 264.14 294.69 325 .25 352.84 353.83 

15 I 24.64 54.21 84. 76 114.33 144.88 175.44 205.00 235.56 265.13 295.68 326 .23 353 .83 354.82 
16 25.63 55. 19 85,75 115.32 145.87 176.42 205. 99 236.54 266.11 296. 67 327 .22 354.82 355.80 
17 26,61 56.18 86. 73 116.30 146.85 177 . 41 206. 98 237 .53 267.10 297 .65 328.20 355.80 356. 79 
18 27. 60 57.16 87. 72 117 .29 147.84 178.39 207. 96 238 . 52 268.08 298.64 329.19 356. 79 357. 77 
19 28.58 58. 15 88. 70 118.27 148,83 179.38 208. 95 239.50 269.07 299.62 330 . 18 357. 77 358. 76 

20 29.57 59. 14 89.69 119.26 149.81 180.36 209. 93 240.49 270.05 300. 61 331.16 358. 76 359. 74 
21 o.oo 30.55 60. 12 90. 68 120.24 150.80 181.35 210.92 241.47 271.04 301.59 332.15 
22 0. 99 31.53 61.11 91.66 121.23 151. 78 182. 34 211. 90 242.46 272.03 302.58 333.13 
23 1.97 32.52 62,09 92,65 122.21 152.77 183.32 212.89 243.44 273.01 303.56 334.12 
24 2 . 96 33.51 63.08 93.63 123.20 153. 75 184.31 213.88 244.43 274.00 304.55 335.10 

25 3. 94 34. 50 64.06 94.62 124.19 154 , 74 185. 29 214.86 245.41 274. 98 305.54 336.09 
26 4.93 35.48 65.05 95.60 125. 17 155 . 72 186.28 215,85 246.40 275. 97 306.52 337.08 
27 5,91 36.47 66.04 96.59 126.16 156.71 187 .26 216.83 247 .39 276. 95 307 .51 338.06 
28 6 .90 37.45 67.02 97 .57 127 . 14 157. 70 188.25 217 .82 248.37 277. 94 308.49 339.05 
29 7.88 38.44 68.01 98.56 128.13 158.68 189.24 218.80 249.36 278.92 309.48 340.03 

30 8.87 39.42 68.99 99.55 129.11 159.67 190.22 219. 79 250 . 34 279. 91 310. 46 
31 9.85 69.97 130.10 160.65 220.77 280. 90 311.45 

HOUR FUNCTION (hours In Greenwich time) 

0 1 2 3 4 5 6 7 8 9 10 11 
·180.00 ·164 . 96 ·149.92 ·134.88 ·119.84 ·104. 79 · 89.75 ·74. 71 ·59,67 ·44.63 ·29.59 ·14.55 

12 13 14 15 16 17 18 19 20 21 22 23 
00.49 15.53 30.58 45.62 60.66 75.70 90.74 105. 78 120.82 135.86 150.90 165 . 94 

MINUTE FUNCTION 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 
0.00 0.25 0.50 0.75 1.00 l.25 1.50 l.75 2.01 2.26 2.51 2.76 3.01 3.26 3.51 3.76 4.01 4.26 4. 51 

20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 
5.01 5.26 5.51 5. 77 6.02 6.27 6 . 52 6.77 7.02 7 .27 7.52 7.77 8. 02 8.27 8.52 8. 77 9.02 9.28 9.53 

40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 
10.03 10.28 10.53 10. 78 11.03 11.28 11.53 11. 78 12.03 12.28 12.53 12. 78 13.04 13.29 13.54 13 . 79 14.04 14.29 14. 54 

SECOND FUNCTION 

33 

19 
4.76 

39 
9.78 

59 
14.79 

0.00 0.01 0.02 0.03 0.04 0 .04 0 .05 0.06 0.07 0.08 0.08 0.09 0.10 0.11 0.12 0.13 0.13 0.14 0.15 0.16 0.17 0.18 0.18 0.19 0 .20 0.21 0.22 0.23 0.23 0.24 0.25 
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Table n. Statistics of the number of usable frames in each series of TIROS tape mode photographs. The Table shows the per-
centage of the occurrences. The pictures are programmed to include 32 usable fram!lS under. ideal circumstances; however, 
the statistics reveal that the maximum frequencies occurred for the frame numbers of 30, 31 or 32. This indicates that some 
frames are either missing or photographed outer space. 

Number of usable frames in tape mode series 

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 

TI ROS I 1 0 0 0 0 0 1 1 0 2 I 1 1 2 2 3 1 2 3 5 12 39 14 

TIROS Ill 0 1 I 1 0 1 2 2 2 3 1 I 2 2 2 3 2 4 2 6 3 5 7 13 15 11 3 

TIROS IV 3 2 2 I 1 1 1 1 1 I 0 I 1 1 1 3 2 2 5 IO 40 10 

TIROS V 0 0 0 0 0 0 0 1 0 0 0 2 2 0 2 2 3 2 3 4 3 5 8 22 34 

AVERAGE 1 1 I 0 0 I 1 1 0 2 1 2 2 1 2 2 2 3 2 3 4 7 11 28 15 
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Table IIl . FLOW DIAGRAM OF PRECISE METHOD 
The abbreviations of the charts and grids are: A-1. • •• 0EC chart, A-3 .••• tilt grid, 

A-4 •••• height grid, A-5 ••• • fiducial grid, A-6 •••• di stortion-free fiducial grid, "1. •••• 
smoothed satellite nadir-angle, and "Is • •••• measured satellite nadir-angle. ' 

Definitive AT Mop Programmed Picture Time Satellite Pictures 
,-

(8-3) (B-2) (B- 1) 

l 
plot on A-1: measure on A- 6= plot on A- 6: 

TSPs Track Dis tance i-- App. Horizon 6 IPMs 
function of time function of frame frames with horizon 

I l 
draw on A- 1: SPIN AXIS measure on A-6: 
TPM Track 14--- i-- "l" of selected frame 

portlol track only DETERMINATION 5
functlon of frame 

plot on A-1: 

TSPs a TSAs 
function of time 

' 
draw on A-1: measure on A-1: 

Primary Lines i7
5 

of all frames 
function of frame function of frame 

mark on A-4 placed on A- I plol on A-3= plot on A-6: 

Primary Lines TPMs " / IPMs (a Landmarks) 
frames to be used function of frame frames lo be used 

, 
FINAL draw on A-6= 

...... ADJUSTMENT - Primary Line 
use landmarks frome to be used 

l 
draw on A-6= 

Longitude 6 Latitude 
frame lo He. used 

l 
transfer onto A- 5: 

Geographic Grid 
frame to be used 

--.. 

,,,_) 

Table IV. FLOW DIAGRAM OF APPROXIMATE METHOD 
The abbreviations of the charts and grids are: A-0 .•• . translucent paper placed on OEC 

chart, A-1. •• . OEC chart, A-3 • .• • tilt grid, A-4 • ... height grid, A-5 ..•• fiducial grid , 
A-6 •••• distortion-free_ fiducial grid, "Is •••• computed satellite nadir - angle, and 11: .. .. 
measured satelhte nadir- angle. 

Definitive AT Mop SPIN-AXIS DATA Satellite Pictures 
(B-3) (B-4) (B-1) 

l 
plot on A- I= plot on A-I= draw on A-6= 

TSPs TSAs Apparent Hor izon 
function of time function of lime frames to be used 

J I i 
measure on A-1: TIME measure on A-6: 

"Is -- - "Is 
function of time DETERMINATION function of frame 

plot on A-I or A-0= 

TSPs a TSAs 
fu nction of frame 

draw on A-I or A-0: measure on A-I or A-0: 
Primary Lines "Is of all frames 
function of frame function of frame 

mark on A- 4 placed on A-1: plot on A- I or A-0 plot on A-6: 
Primary Lines TPMs / IPMs (6 Landmarks ) 
frame to be used func tion of frame frame to be used 

' 

FINAL draw on A-6: 
'-to ADJUSTMENT i.-- Primary Line 

use landmarks frame to be used 

l 
draw on A-6: 

Longitude 6 Latitude . 
frame to be used 

l 
transfer onto A- 5: 

Geographic Grid 
frame to be used 

CJ.) 
(/1. 



Table V. AZJ example of the tabulation chart for the Precise Method of recti.tlcation. The four rows at the top are copied from the Oefinltive AT Map as a function of time. The values below the frame 
numbers are, on the other hand, tabulated as a function of the frame number of the actual pictures in a series. The programmed picture time (t") denotes the exposure time past lSOOZ estimated from 
the programmed picture start time, the number of the frames, a.od the programmed picture interval. The values in the table are rounded off to the nearest minute or 30 seconds. The computed dip 
angle (8") is computed fr~~ the s~~~llite time !'s~ t". The values € .. •, "1,•, and T); are the horizon distances, satellite nadir angles, and the track. distances measured from each ~icture. The next 
rows with asterisks. cpd• 1 8 • , and 8 • represent the values measured on the OEC chart by us ing the data from each frame. These values are averaged in order to obt:am the smoothed lat
itudes ( ;p_T") and tb,e longitudes ( IJ'") of the spin axis points. The smoothed satellite nadir-angles (ii, ) are finally measured as the geocentric angles between the TSPs and TSAs plotted oo the OEC 
as the ftmct:ion of the frame number. 

Time past lSOOZ (t ) min 

Height of s atellite ( H) km 

Subsatelllte latitude ( ot>;" ) 
Subsatellite longitude ( 8"') 

44 

768 

23.0 

278.4 

4S 

770 

20.S 

280.9 

46 

772 

17.9 

283.4 

47 

774 

15.3 

28S.7 

48 

776 

12.7 

288.0 

49 

778 

10-1 

290.3 

50 

781 

7.4 

292.S 

Sl 

783 

4.8 

294.7 

S2 

786 

2.1 

296.8 

S3 

788 

-0.6 

299.0 

54 

791 

-3.2 

301.1 

SS 

794 

-S.9 

303.3 

S6 

796 

-8.S 

305.S 

S7 

799 

-11.2 

307.7 

S8 

801 

- 13.8 

309.9 

S9 

804 

-16.3 

312.2 

60 

807 

-18.9 

314.6 

Frame number 32 31 30 29 28 27 26 2S 24 23 22 21 20 19 18 17 16 IS 14 13 12 11 10 9 8 7 6 S 4 3 2 1 O 

ProgTammed picture time ( t .. ) 

Computed dip angle (a. ) 
Measured horizon distance ( Ett•) 

Measured .s at. nadir angle ( T'J,°) 

Measured track distance (T),• ) 

Measured spin-axis lat. (op••"') 
Measured spin-axis long. (8•"') 

Measured fixed-earth loag. ( @•"') 

Smoothed splo-axls lat. <4'.""> 
Smoothed spin-axis long. ( 8 ,,.) 

~44.S~~~~~~~w~~~~w~~~~~~~~~~~mm~~~w~ 

ww~wwwwwwwmm~mmmwwwwwwmmmmmmmmmmm 

9.3 10.S 11.7 14.6 15.2 17.0 18.8 20.2 22.4 23.9 24.8 27.3 27.9 30.0 31.7 33.3 35.1 36.4 

w~~~~~~~~w~mwmw~~~ 

Smoothed sat. nadir angle <ii,> 

22.8 22.o 21.0 19.S 20.0 18.0 18.7 17,3 17.0 17.S 17.0 16.0 16.0 

-S.6 -S.9 -S.6 -6.1 -6.9 -S.9 -6.8 -6.3 -S.6 - 6.S -6.6 -6.3 (Mean Value , -6.2) (Declination, -6.1) 

325.6 325.4 325.0 324.9 324.9 324.4 325.1 324.4 324.4 324.1 323.6 323.7 

322.4 322.3 322.0 322.0 322.1 321.6 322,6 322.0 322.1 322.o 321.6 321.8 (Mean Value , 322.0) (Rlght Ascension, 141.2) 

.. 6.2 deg, same for all frames 

326.0 325.S 325.0 324.S 324.0 323.S 323.0 322.S 

S3.9 53.1 Sl.S 49.8 48.0 46.3 44.6 42.9 41.l 39.4 37.8 36.0 34.S 32.9 31.3 29.7 28.3 26.7 25.3 23.9 22.S 21.1 19.9 18.7 17.S 16.S IS.6 15.0 14.6 14.3 14.1 14.3 

322.0 

Table VI. An example of the tabulation chart for the Approximate Method of rectiflcatioo. The first three rows are copied trom the Definitive AT Map as a function of time at ooe minute Intervals. The 
geodetic latitude ( </>."' ) and the right a sceosloo ( n',.) are copied from the TIROS SPIN-AXIS CHARTS; the right aaceoolon was converted Into the longitudes at ooe mloute Intervals using Table 1. 
The computed aatellfte nadir-angles("! ) were obtained as the geocentric angles between the TSP• and the TSAs plotted oo ao Ol!C chart. The rows followlog the frame ouinbers are tabulated as a func
tion of the frame number. The values 'eM•• .,,,., are measured on the distortion-free fiducial grids with the transferred apparent horizon. 1be measured picture time (t•) obtained through the process 
In Fig. 27 Is dlfferem from t', the programmed picture time. The dltfereoce t• - t' usually amounts between a few tenths to a few minutes. The mean value of this dltfereoce Is added tot• to obtain the 
smoothed picture time t. The computed spin-axis latitudes and loogitudes are used to obtain the satellite nadir-angles oo the OEC chart locludlog the TSPs and TSAs plotted as a function of the frame 
number. 

Time past lSOOZ (t) min 

Height ~f satellite ( H) km 

Subeatelllte latitude ( if>."•) 
Subsatellite longitude ( 8 TIP) 

Computed spin-axis fat. (op;••) 
Computed spin-ax.ls long. ( s; .. ) 
Computed sat. nadir angle ( T'J, ) 

Frame number 

Computed dip angle (8.) 

Measured horizon distance ( ,.• ) 

Measured sat. nadir angle ( T'J,°) 

Programmed picture time ( t') 

Measured picture time ( t • ) 

Time dllference ( t • - t') 

Smoothed picture time (t) 

Computed spin-axis lat. ( .p;u) 
Computed spin-axis long. ( BT") 

Computed sat. nadir angle ( T/, ) 

44 

768 

23.0 

278.4 

-s.s 
326.3 

54.6 

4S 

770 

20.S 

280.9 

-s.s 
326.0 

Sl.2 

46 

772 

17.9 

283.4 

-s.s 
32S.8 

47.8 

47 

774 

15.3 

285.7 

-s.s 
325.S 

44.5 

' 

48 

776 

12.7 

288.0 

-s.s 
325.3 

41.1 

49 

778 

10-1 

290.3 

-s.s 
32S.O 

37.9 

so 
781 

7.4 

292.S 

-s.s 
324.8 

34.6 

~ U 30 U U D U B U U 22 D W 
26.8 26.8 26.8 26.8 26.9 26.9 26.9 26.9 26.9 26.9 27.0 27.0 27.0 

9.3 10.S 11.7 14.6 15.2 17.0 18.8 20.2 22.4 23.9 24.8 27.3 27.9 

51 

783 

4.8 

294.7 

-s.s 
324.S 

31.S 

S2 

786 

2J. 

296.8 

-s.s 
324.3 

28.4 

53 

788 

-0.6 

299.0 

-s.s 
324.0 

25.S 

54 

791 

-3.2 

301.1 

-s.s 
323.8 

22.8 

SS 

794 

-S.9 

303.3 

-s.s 
323,S 

2o.I 

S6 

796 

-8.S 

305.5 

-s.s 
323.3 

17.9 

S7 

799 

-11.2 

307.7 

-s.s 
323.D 

16,I. 

S8 

801 

-13.8 

309.9 

-s.s 
322.8 

lS.0 

59 

804 

-16.3 

312.2 

-s.s 
322.S 

14.9 

60 

807 

- 18.9 

314.6 

-s.s 
322.3 

15.3 

19 18 17 16 l S 14 13 12 11 10 9 8 7 6 s 4 3 2 1 0 

mmm~~~~mwmmm~mmmmmmm 

30.o 31.7 33.3 35.1 36.4 

53.9 S2.7 Sl.S 48.6 47.9 46.1 44~ 42.9 40.7 39.2 38.2 35.7 35.1 33.o 31.3 29.7 27.9 26.6 

43.8 44,3 44.8 45,3 45.8 46.3 46.8 47.3 47.8 48.3 48.8 49.3 49.8 S0.3 S0.8 51.3 Sl.8 S2,3 S2.8 S3.3 S3.8 54.3 54.8 S5.3 55.8 56.3 S6.8 57,3 S7.8 SB.3 SB.8 S9.3 S9.8 

~~~~~~~ruw~ru~~mw~~~ 

-t-0.4 ~ i-0-1 -t-0.4 +Q.2 +Q.2 ~ -t-0.1 ~ -t-0.3 -t-0.1 -t-0.4 -t-0.1 +Q.2 +Q.2 ~ -t-0,4 ~ (Mean Value, -t-0.3) 

w~~~w~~~w~~~ ~~~~~~w~~~~w~~~~~~mm m 

- 5. 5 deg, same for au frames 

32S.S 32S.O 324.S 324.o 323.S 323.0 322.S 322.o 
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PROJECTION 
MERIDIAN 

Fig. 1 Geometry to construct an OEC chart with the inclination identical to that of a satellite orbit. Upon projection, 
the great circle distances along the projection equator and the projection meridians are conserved. FSP track de 
notes the track of the subsatellite point on the earth which is assumed to be nonrotating, 

Fig, 2 Geometry of OEC overlay. The OEC overlay is constructed simply by changing the latitudes and the longitudes 
of the TEC chart into the geocentric angles and the azimuths, respectively, The overlay is used for the purpose of 
drawing an azimuth connecting a point, on or near the projection equator of OEC chart, with any other point and/or to 
measure the geocentric angle between them . 
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FRONT NODAL-POI NT-

IMAGE-PL ANE 

APPARENT H RIZON 
·· ·::·:.· ........ .-: .;.:::::· ..... .. 
······· .. ::: .::: ;, 

::; ,:: :::: . . 

Fig. 3 To define the image principal point (IPP), the point of intersection of the camera optical axis with the image, 
and the image primary point (IPM), the point of intersection of the nodal spin axis with the i mage . U there were no 
nutation, TPM forms a smooth track on the earth, while TPP spins around TPM several times a minute. 

(II) CAMERA (II) CAMERA 2 

(I) 1.00 {6) 598 (3) 2 68 (2) 2 .00 {10) . 9 .83 (IOl 9 50 (45) 4.2.97 

(2) 2.00 (6) 5.67 Ml 4.00 (20) 19.31 (20! 18. 83 (50) 47.98 

{3) 3.00 UOl 8.98 {6) 6 .00 (30) 28.90 {30) 28 33 

(4) 3.98 (151 13.52 (40) 38.63 (35) 33. 15 

{51 5.98 <201 1aoe {501 48 58 {401 38 .02 

( Ill) CAMERA 2 (IV) CAMERA I (IV) CAMERA 2 (V) CAMERA I (V) CAMERA 2 

(10) 9.62 (45) 43 33 (10) 9.18 {4) 3705 (IOl 9 08 (IOI 10.52 {401 4096 (101 10 25 

(20) 19 .07 (SOI 48.35 (20I 18.23 145! 41 .97 (20) 18.05 (2()1 2073 {451 4597 120I 20 23 

(30) 28.63 (251 22 .82 (50) 46 98 (25) 22.58 (25) 25.63 (50) 5097 (251 25.22 

(35) 33.46 (301 27.50 (301 7.7.23 {301 30.88 (301 30.22 

(40) 38.38 (35) 32.24 (35) 3 195 (35) 35.95 (351 35.20 

Fig. 4 The test target images from IO TIROS-borne cameras. The images were obtained prior to the launch by simu
lating the actual function of the TIROS and the readout systems. The numbers below each target image denote the 
nominal radial angles labeled on each concentric circle and the true radial angles in degrees, t enths and hundredths 
measured by RCA. 



TARGET IN REDUCED SIZE (Undistorted) 

I 
L 

READOUT IMAGE (Dislorted) 

Pig. S Five fiducial marks on readout image transcribed onto the true object
angle coordinates of the test polar target. The size of the polar target image 
varies according to the focal ell stance of the image. 

Fig. 7 Geometry of const ructing a tilt grid. A tilt grid consists of a system 
of the !so-lines of both horizontal and nadir angles. IJ a unique principal 
distance ( f) of the image is used, the lines on the grid are determined as a 
function of the tilt (T)·only. 

0 

DISTORTION - FREE FIDUCIAL GRID 

FI DUC I AL GRID 

Fig. 6 A fiducial grid (lower) and the corresponding disto r tion-free fiducial 
grid (upper). The open circle 111d the painted circle near the grid center. 
respectively, represent the image principal point (lPP) and the image pri
mary point (lPM). For TIROS cameras, the distance between these points 

39 

is less than one degree of object angle. The fiducial grid is constructed 
from the five fiducial marks. First, the shortest distances from the cen
ter of the"+" mark to the four side s are measured as a, b, c, and d, then 
these lengths are cut out of each side as shown in the figure. After the mid -
points of the segments near the middle of each side, P', Q', R', S' are con
nected, respectively, with the extension of the central "+"mark, all sides 
of four semi-rectangles are divided into four equal pans. Finally the en
tire area of a distoned image is divided into the small toxes. 



TILT GRID 11 =30° 

Fig. 8 Tilt grid with tilt 30 deg. A library of Ult grids (local distance• 
94. 7mm) at one deg Intervals between 0 and 120 deg ls available. 

0 10 

o• 5• 10° 15° 

R 

! R 

I 
~d 

8.--j 

I 
i 

0 

Fig. 9 To compute the subaate!Ute distance (d) of a point on the earth 
as a tuncUon of the nadir angle ( 17) and the height of the sate!Ute (H). 
The maximum subsatellite distance (8,.) occurs at the apparent horl· 
zon viewed from the satellite. This angle is ldeuUcal to the dip, the 
depression angle of the apparent horizon. 

I I I I I I I I I I I I I 
25-d, SUBSATELLITE DISTANCE 20° 
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Fig. 10 The Nadir Angle Chart, This chart is a nomogram to obtain the subsatellite distance (d) within the apparent 
horizon as a function of the satellite height and the nadir angle of the point viewed from the satellite . The slant lines 
in the chart are the lines of equal nadir angle • 
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HEIGHT GRID, H = 720 km, a. 261• 

Fig , 11 An example of the OEC Helgbt Grid. The height grid In
cludes the azimuths at 10 deg intervals measured from the OEC 
projection equator and the isollnes of the nadir angle viewed 
from the specific height of the satellite. A library of the OEC 
height grids at 10 km intervals between 500 and 1000 km and 20 
km intervals above 1000 km Is available. 

TIROS I, APRIL-JUNE, 1960 
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Fig. 12 M>vement of the terrestrial spin-axis point of TIROS I plotted on a right ascension vs geodetic latitude dia
gram. The lines designating the days indicate the positions of the spin-axis point at OOZ each day. This TIROS 
had no attitude control system. (From Hubert 196la) 
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Fig. 13 Movement of the TSA of TIROS III plotted on a right ascension vs geodetic latitude diagram . The lines desig
nating the days indicate the pos itions of the spin-axis point a t OOZ each day. TIROS Ill had MAC switches which 
we r e changed from time to t ime to control the satellite attitude. (From Goldshlak 1962) 

FIX ED - EARTH COORDINATES TERRESTRIAL COORDINATES 

Fig . 14 Movement of the subsatellite point (SP) and the spin-axis point (SA) on the fixed -earth (F) and the r otating 
earth (T) coordinates . Fixed-earth coordinates are obtained by s topping the r otation of the earth hypothetically at 
the time of fix (t, ) . On the fixed earth , the s ubsatellite point moves along a great circle and the spin-axis point 
becomes s tationary. On both the fixed and r otating earth, the geocentric angle between SP and SA denote the s atel
lite nadir-angle ( 77s>· 
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Fig. 15 A cross section of the earth-satellite system through 
the local sun plane . The terrestrial anti solar point (TAS) is 
the point on the earth where the shadow of the satellite would 
appear if the satellite were large enough . The image of the 
sun, formed by the earth as a convective mirror , is seen at 
the sunglint point (TGL). 

SUNGLINT AND ANTISOLAR POINT CHART 
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Fig. 16 A chart to determine the subsatellite distance of the sunglint point (TGL) and the antisolar point (TAS). re
spective! y . Satellite photographs show a brighter area around the TG L over the ocean and the T AS over the conti
nent. Using this chart these points can be plotted on a satellite photograph. 



PRECISE FIDUCIAL GRID 

MEAN FIDUCIAL GRID 

Fig. 17 Compari son of an accurate and mean fiducial grid placed on a satellite picture. The accurate 
fiduci al grids should be made to fit each frame or series of pictures after they are printed, however, 
a mean fiducial grid can be u sed for all pictures taken by the s ame camera. The pictur e with the mean 
fiducial grid was obtained by exposing through the mean fiducia l grid on a plastic sheet placed on a 
photographic paper. 
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Fig. 18 Fiducial grids and the primary points placed on six frames of tape-mode pictures taken during the orbit 132 , 
TIROS III, 21 July 1961. Each picture includes its own primary point (IPM) and also those of other pictures . The 
successive IPMs thus plotted form an image on a track called the primary point track. 
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DISTORYION-FREE FIDUCIAL GRID (A-5) 

TAPE-MODE 
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OEC CHART (A-I ·) 
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Fig. 19 A method of determining the primary line of an image 
with an apparent horizon, and the track distance in nadir angle . 
The apparent horizon, IPM, am ISP are plotted for frame No. 
21 . The primary points transcribed from other frames such 
as 19, 20, 22, 23 , and 24 forms an IPM track making it pos
sible to measure the track distance . A proper tilt grid is 
placed underneath the chart to determine the isolines of nadir 
angles. 

TSP 20Track 
~----~\. 

dTZo 

.. 

Fig. 20 Processes of drawing the primary point track (T PM track) on the earth after knowing a number of the track dis
tances (dT) . As a function of H and71T. the dii:."tance d T can be measured on the nadir angle chart (A-7) immediately. 



Mean Posi t ion of FSA for Frame No. 

TPM TRAC 

J 
Fig, 21 Method of deter mining the mean position of the FSA for frame No . 0. First the TPM i s obtained on the 

TPM track by selecting a point on the track, the subsatellite distance of which is equal to d,., meas ured on the 
nadir angle chart, as a function of the satellite height and the satellite nadir-angle . The points TPM, TSP, and 
TSA are located on a great circle and the subsatellite distance of the TSA denotes the satellite nadir -angle. 
Usine Eq (16), all TSAs are converted into FSAs by stopping the earth's rotation at the exposure time of frame 
zero. 
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Fig. 22 To determine the primary lines and the primary points (TPMs) for all frames belonging to a picture series. 
The TPMs plotted on an OEC chart as a function of frame act as the control points equivalent to the well surveyed 
island. 
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Fig. 23 Time and position determination through a final adjustment. The right figure represents a landmark which 
is to be transferred onto the OEC chart with the use of the tilt and the height g rid . 
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Fig. 24 Processes of obtaining the latitudes and the longitudes on a distorted image. The transcripts are done in two 
steps, first from the OEC chart to the dis tortion-free fiducial grid, then to the fiducial grid. 
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70°W 

Fig, 25 An example of the geographic grid drawn on frame 20, orbit 132, R/O 133, TIROS IV, July 21, 1961 . The 
picture also includes the sunglint point (TGL) and the .antisolar point (TAS). The TGL and TAS appear relatively 
brighter than the surrounding areas if they occur over water and land, respectively . 

TSA Track 

TSP Track 

TPM Track 

Fig. 26 The primary lines at one minute intervals obtained from the subpoint and the spin-axis point data. No satellite 
pictures are required to obtain the primary lines and the satellite nadir angles as a function of time, 



o o COMPUTED ON OEC CHART 
• • FROM DEFINITIVE AT MAP 

t* 

40 50 60min 
TIME PAST 1500Z----

Fig. 27 To determine the measured picture time ( t* ) from the measured sate! -
lite nadir angle ( "7s*). The open circles connected by a smooth curve repre
sent the satellite nadir-angles of a specific case orbit 132, TIROS III, July 21, 
1961. The values are measured on an OEC chart after plotting the TSAs and 
TSPs. A minimum nadir angle of 14 . 9 deg was reached at 1559Z. The paint 
ed circles which are not connected were plotted from the values tabulated on 
the Definitive AT Map. 
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MESOMETEOROLOGY PROJECT ---- RESEARCH PAPERS 

1. Report on the Chicago Tornado of March 4, 1961 - Rodger A. Brown and Tetsuya 
Fujita 

2. Index to the NSSP Surface Network - Tetsuya Fujita 

3. Outline of a Technique for Precise Rectification of Satellite Cloud Photographs -
Tetsuya Fujita 

4. Horizontal Structure of Mountain Winds - Henry A. Brown 

5. An Investigation of Developmental Processes of the Wake Depression Through 
Excess Pressure Analysis of Nocturnal Showers - Joseph L. Goldman 

6. Precipitation in the 1960 Flagstaff Mesometeorological Network - Kenneth A. 
Styber 

7. On a Method of Single- and Dual - Image Photogrammetry of Panoramic Aerial 
Photographs - Tetsuya Fujita 

8. A Review of Researches on Analytical Mesometeorology - Tetsuya Fujita 

9. Meteorological Interpretations of Convective Nephsystems Appearing in TIROS 
Cloud Photographs - Tetsuya Fujita, Toshimitsu Ushijima, William A. Hass, 
George T. Dellert, Jr. 

10. Study of the Development of Prefrontal Squall -Systems Using NSSP Network 
Data - Joseph L. Goldman 

11. Analysis of Selected Aircraft Data from NSSP Operation, 1962 - Tetsuya Fujita 

12. Study of a Long Condensation Trail Photographed by TIROS I - Toshimitsu 
Ushijima 

13. A Technique for Precise Analysis of Satellite Data; Volume I - Photogrammetry -
(Published as MSL Report No. 14) - Tetsuya Fujita 

14. Investigation of a Summer Jet Stream Using TIROS and Aerological Data - Kozo 
Ninomiya 

15. Outline of a Theory and Examples for Precise Analysis of Satellite Radiation Data -
Tetsuya Fujita 

16. Preliminary Result of Analysis of the Cumulonimbus Cloud of April 21, 1961 -
Tetsuya Fujita and James Arnold 
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