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G gravitational constant 
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GRE (as superscript) Greenwich 
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H, 
i inclination of projection equator 
I (as 1st superscript) image 
Le 
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Me mass of the earth 
n 
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Psoa anomalistic period of satellite 
Pson nodal period of satellite 
Pass solar spin-period of satellite 
PM (as superscript) primary point 
PP (as superscript) principal point 

r radius vector of satellite 
R radius of the earth 

Re 
R, 

height of satellite above terrestrial ellipsoid 
height of cloud above mean sea-level 

one-degree length of earth's longitude 

one-degree length of earth's latitude 

(as IIIrd subscript) reference to node 
(as IInd subscript) orbital motion 
period in general which is identified by three subscripts 

mean radius of the earth defined by 1/2 (RE + R, ) 
equatorial radius of the earth 
polar radius of the earth 
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INTRODUCTION 

The TIROS series of meteorological satellites have added new information of 
nephsystems viewed from outer space several hundred kilometers above the sur-  
face of the earth. In order to utilize these photographs for operational purposes, 
they have to be analysed as soon as possible after each readout. To meet the 
operational requirements of quick rectification, Glaser (5) developed a well known 
method of image rectification which permits us to obtain the patterns of nephsystems 
with a possible e r ro r  up to two degrees of the great-circle arc. His  method is re- 
ported later by Hubert (7) in detail so that anyone who wishes to analyse satellite 
photographs is able to perform his own rectification using the charts and grids in- 
cluded in the report. They 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 tilt and satellite height; 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 nephanalysis which are trans- 
mitted through facsimile circuits. 

For research purposes, however, a need for better accuracy arose on many oc- 
casions. This would naturalky necessitate accurate determination of satellite atti - 
tudes and exposure; times. In an effort to determine the spin-axis orientation, 
Hubert (7) made a survey of the time change of the right ascension and the declina- 
tion of the TIROS I spin-axis point, reaching a conclusion that an extremely accurate 
position of the spin axis is essential to obtain the satellite attitude using the TIROS I 
Orientation Nomogram designed by Ruff ( 7 ). Despite the fact that the azimuth and 
the nadir angle determination is based upon the assumption that a great circle on the 
nomogram is a straight line, the e r ro r  is found to be insignificant if the nadir angles 
fall within about 30 degrees. Beyond this angle, of course, the e r ror ,  especially in 
azimuth angles, increases appreciably. The work by Hubert and Ruff led the author 
to develop a precise method for use in research purposes. 

A technique for precise rectification of satellite cloud photographs was reported 
by Fujita (4) for use at the International Meteorological Satellite Workshop, 13-22 
Nov 1961. The technique has been tested for various TIROS photographs with o r  
without landmarks, revealing that the e r ro r  normally does not exceed 0.2 degrees 
of the great-circle arc. 

Since the first photograph from TIROS I was transmitted back to the earth on 1 
April 1960 various terms were applied to express the subjects necessary to investi- 
gate meteorological phenomena ushg satellite data. A glossary of about 50 terms 
was prepared by the Meteorological Satellite Laboratory for the International 
Meteorological Satellite Workshop, Nov 1961, in Washington, D. C. These terms 
contained in the "Glossary of Terms used in Satellite Meteorology" were adopted 
in the International Workshop and have h e n  widely used . 
panding field of Satellite Meteorology, the author made a survey of terms in addi- 
tion to these 50 terms. They were then reviewed and discussed in the conference 
on glossary at the Meteorological Satellite Laboratory, 12 Sept 1962. Participants 
were Louis Allison (National Aeronautics and Space Administration), William R . 

Because of the necessity of standardizing the terms to be used in the rapidly ex- 
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Bandeen (National Aeronautics and Space Administration), Russell C . Doolittle 
(Meteorological Satellite Laboratory), Tetsuya Fujita (University of Chicago), Arnold 
H. Glaser (Allied Research), Joseph L. Goldman (University of Chicago), Lester 
Hubert (Meteorological Satellite Laboratory), David Q . Wark (Meteorological Satellite 
Laboratory), and Linwood F . Whitney, Jr . (Meteorological Satellite Laboratory) . 
About 200 terms were brought into discussion and adopted by the participants. Includ- 
ed in this glossary are approximately 160 te rms  which are  used in this text dealing 
primarily with the photogrammetric analysis of satellite cloud photographs. 

1961, it was found that the author's photogrammetric technique can also be used for 
the precise determination of scan lines and scan spots on the earth. Only one grid 
which is called the radiometer grid is required in addition to the rectification grids 
and charts appearing in this report. The radiometer grid when placed on an undis- 
torted image permits us to determine the exact area on the earth, the radiation from 
which is receiyed within the aperture of the TIROS scanning radiometers. 

An attempt was made to compare the infrared radiation with the cloud patterns by 
plotting the radiation values directly on the corresponding cloud photographs. This 
would varify the accuracy of both photograph and infrared analysis. The results were 
that the nephsystems determined by the scanning radiometers are slightly larger in 
horizontal dimensions than those seen on the photographs. Nevertheless, their loca- 
tions are found to fit extremely well. This method of radiation data analysis will ap- 
pear in Vol . U of this report . 

This report includes both theories and actual methods of precise rectification. 
First, the shape of the earth and the orbital characteristics of earth orbiting satellites 
are discussed leading into the three coordinate systems conveniently used in the analy- 
sis. A survey of the characteristics of TIROS-borne cameras is described in an at- 
tempt to show users the nature of the distortions and the methods of their correction. 
The readers will then find various map projections and their matching overlays which 
are designed to minimize the e r ror  coming from the use of improper projection. Be- 
fore the actual rectification is explained, the attitude of satellite with respect to the 
sun and the earth is described so that we are able to determine the position of a satel- 
lite and the orientation of its spin axis before rectification is performed. It is seen 
that the prior knowledge of satellite attitudes is very helpful not only to estimate the 
photographic coverage but also to perform rectification of a picture sereis which in- 
clude no landmarks. 

precise method which can be performed if we have a landmark in one of the pictures 
belonging to a series to be rectified. Next, an approximate method applicable to any 
series of satellite photographs is explained. In fact, such rectification methods 
should be practiced before they can be applied to the complicated picture series. 
There are cases that (1) an entire series include no apparent horizon, (2) total 
number of frames in tape mode series is only a few, (3) there are skips in frame 
numbers, etc, In case we face such problems, they must be solved individually tak- 
ing into consideration the various factors such as IPM tracks, attitude changes, and 

When the radiation data of TIROS-borne scanning radiometer became available in 

Finally, the rectification methods are explained step by step dealing first with the 
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others. It is expected, however, that the basic knowledge of satellite photographs 
will help readers to solve the problems in most cases so that any valuable data can be 
utilized properly. 
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1. SATELLITE AND THE EARTH 

A. DIMENSION OF THE EARTH 

For ordinary meteorological problems, the earth may be assumed to be a sphe- 
roid. When satellites are involved, however, it becomes necessary to take into 
consideration the oblateness of the earth. The dimensions of the International El- 
lipsoid adopted in 1924 by the International Union of Geodesy and Geophysics are 

Semimajor axis, RE = 6378.39 km, 

Semiminor axis, Rp = 6356.91 km. 

The derived quantities from these values are 

Oblateness, f e  = ( RE Rp)/RE = 0.00337, 

Eccentrkity , e e  = j R m / R E  = 0.0820, 

= 6367.65 km, Mean Radius, (RE + R P )  
Equatorial Bulge, R E  - RP = 21.48 km, 

These basic figures describe the shape of the earth, approximated as an ellipsoid. 
It should be noted that the reference ellipsoids, which are locally determined 
through detailed geodetic surveys, may slightly differ from the International El- 
lipsoid. Such a difference is usually so small that it can be neglected in ordinary 
satellite meteorological problems . 

The radius of a terrestrial ellipsoid is expressed by 

R2 = Rt / ( 1 - e: cos*+, ), (1) 
where #c denotes the geocentric latitude which is the angle, measured in the merid- 
ional plane, between the terrestrial equator: and the geocentric radius vector. Equa- 
tion (1) may be approximated as 

o r  

R2 = R: ( 1 - e: sin' 4, )  
R = RE ( 1 - fe sin2 #c ) 

ox R = R E ( l  - Le ++cos  2 +c ). (4) 

The earth's radius subtracted by its polar radius is termed the "Excess Radius 
of the Earth". From Eq. (4) the excess radius ca.n be written as 

A R  = R - R p =  1/2 REfe( 1 + COS 2 A  ). ( 5 )  

Table III is prepared to obtain the earth's radius and its excess radius in km as a 
function of the geocentric latitude. The formulae used are 

R = 6378.39 ( 0.998320 + 0.001683 COS 2 +c ) 

and A R  = 10.74( 1 + cos 2 +c ). 
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B. LOCAL RADIUS OF CURVATURE OF THE EARTH 

The radius of'the earth, as discussed in the previous section, varies only as a 
function of the geocentric latitude. The local radius of curvature of the earth, pe , 
is the function of not only the latitude but also the azimuth along which the curvature 
is measured. In fact the local radius of curvature takes its maximum value at the 
poles and minimum at the equator in the meridional direction. 

a general formula of curvature in rectangular coordinates, 
First, the local radius of curvature along a meridian is obtained with the use of 

and the equation of the ellipse 

The absolute value of pe is thus expressed by 

Pe 7 RE( 1 + fe - 3 f e c o s 2 # ,  ) 

Its maximum and minimum values are, respectively, 

P y =  RE ( 1 + fe )  

and P,"lN = RE ( 1  - 2 f a )  = Rp(  1 f e )  , 

It is obvious that the local radius of curvature along a meridian varies equally on 
both sides of the arithmetical mean of the polar and equatorial radii, 

- 
R = 1/2 ( R p  + RE). 

Equation (8) can, therefore, be reduced to 

In order to obtain the local radius of curvature in the direction of an arbitrary 
azimuth angle, Q , from a point P in figure 1, we consider a plane which includes 
the earth's center and the azimuth under discussion. The inclination of this plane 
with respect to the earth equator is the angle LCOD, where C and D are the points 
where a meridian perpendicular to this plane intersects the ellipse AP and the earth 
equator respectively. The geocentric latitude of P is measured along the meridian 
NB which passes through P. Now we denote the latitude of P by $c , the angle LAOP 
by 1, and the inclination LDOC by I. 

The local radius of curvature at P in the direction a can, thus, be solved as that 
of the inclined eclipse at the same point, P. The semimajor axis OA is obviously 
equal to RE, the equatorial radius. However, the semiminor axis, OC, varies 
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according to the inclination I. The value obtained by substituting +c in Eq. (3) by I 
gives 

OC = Re( 1 f e  sin' I). (10) 
Equation (8) may also be applied to the inclined ellipse after a small modification, 

thus, we have 

e = RE( 1 + fk - 3f:  COS'^), 

f i  = ( O A  - OC ) /OA = f e  sin' I. 

(11) 

(12) 

where f;! denotes the oblateness of the inclined ellipse. This oblateness is given by 

In view of the fact that the oblateness of the earth is small, we may, with high ac- 
curacy, apply spherical trigonometric formulae to solve the triangle PRA on the sur-  
face of the terrestrial ellipsoid. Thus, we write 

tan 1 = tan +c / cos a 

cos I = cos +c sin a. 

(13) 

(14) 
Putting Eqs. (12, 13 and 14) into Eq. (11) we obtain 

p = R, ( 1 + fe( 1 - sinZa  COS^+^) ( 1  - 3 cosZa 
cos'a t tan' +c 

which can be reduced, in special cases, to 

( I +  3, 2 f e )  a 
( 1  - + f e )  R 
(1+T ' fe) E 

'ii: 

when #c = 90 

when +c = 0, u = 0 

when #c = 0, Q = 90 

when$ = 4S0, a = 0 and % = 0, Q = 60 . 
The deviation of the local radius of curvature from the arithmetical mean radius 

0 

of the earth - 
pe - R = A p e ,  

is called the excess radius of curvature of the earth. The computed excess radius 
of curvature appears in figure 2. It is seen that the line of zero excess extends 
from 45 degree latitude and zero azimuth angle to the equator and 60 degree azi- 
muth angle. The area above this line is characterized by positive values which re- 
main + 32.2 km at the pole regardless of the azimuth angle. Near the equator, on 
the other hand, the variation of Ap with respect to the azimuth is appreciable. e 

C. POSITION OF SATELLITES IN SPACE 

Six orbital elements are required to determine the position of a satellite in orbit 
at a given time. They are (1) Inclination of orbit, c ; (2) Right ascension of the 
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ascending node, aAN; (3) Argument of perigee, w; (4) Semimajor axis, a ; (5) Ec- 
centricity, e; and (6) Ascending-node time t AN . If the satellite does not suffer 
perturbations due to the oblateness and the atmosphere of the earth, the elements 
(1) - (5) remain constant. The ascending-node time, therefore, increases by the 
nodal period, P, per orbit. The orbital elements of TIROS I-V appears in Table I. 

Davis, Whipple and Zirker (3) calculated the effect of the atmospheric drag upon 

altitude drops gradually. Shortly before a satellite plunges into the earth's atmos- 
phere, the orbit takes almost circular shape. The TIROS series of meteorological 
satellites were injected into orbits above 500 km; the effect of atmospheric drag is 
extremely small. Orbital elements of TIROS I by Stafford, Croft, and Marshall 
(11) were reproduced in Table 11. The elements c ,  a , and e indicate minor fluctua- 
tions resulted partially from tracking errors;  nevertheless, they remained fairly 
constant during the period of a few months. In fact, the expected life of the satellite 
is 75 years. 

Appreciable variations in the right-ascension and the argument of perigee are the 
characteristics of earth orbiting satellites influenced by the oblateness of the earth. 
Following the theoretical studies by Spitzer (10) and others, the complete solutions 
of the precession rate &'and the perigee rate 4 , were attempted. 
tions given by Kozai (8) and Danby (2) are 

satellite motion, revealing that apogee altitude decreased rapidly while perigee 

The solu- 

and 

h4N ,= - J, ( 1 

i - 3 8  
2 a, 

- -  
+ 
+ 

where J, is a constant indicating the oblateness of the earth,G, the mean angular 
velocity of the satellite in orbit . 
under the influence of a central force is expressed simply by 

The period, P, of a satellite of infinitesimal mass circling around a central body 

P = 271JGaMIe 8 

where G = 6.670 x lo-' cm' g-' sec-' is the gravitational constant; and Me= 5.97 x 
102'g, the mass of the central body o r  the earth. Putting these constants into equa- 
tion (18), we obtain 

P = i .66x 10-4 a *  (19) 
the units of which are minutes for period and km for where a denotes thesemimajor 
axis ofthe satellite oait, the units of P and a '  are, respectively, minutes and km. 
Such a period is too idealistic to be applied to the earth-orbiting satellites. Never- 
theless, the periods computed by Eq. (19) was compared with the nodal periods of 
actual satellites tracked during the years 1957-1960. The results in figure 3 indi- 
cate that they agree very well. This suggests that the perturbation in the nodal per- 
iod is rather small as theoretically expected. The mean angular velocity may, 
therefore, be written 
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Putting this period into Eq. (16) and (17) we express both precession and perigee 
rates as a function of the period, the eccentricity and the inclination, thus 

r - -  ii = - X P  3 ( I +  e2fcosL (21) 

and W = A P - ~  ( I +  e z ) 2 ( 2  - -$ s i n z '  ), (22) 

where = 33m T ~ ( G M ~ ) - ~  J2 . (23) 

7 

e 

It follows, therefore, that . 
can be calculated from satellite tracking data. Scatter diagrams in figure 4 were 
made by plotting the U. S. and Russian satellites tracked during the years 1957-1960. 
Using the perigee and precession rates in deg/day, and the nodal period in min., an 
etlpirical value of hobtained by the figure turned out to be 

r 
X = 3.11 x 10'. (deg/day m h T )  . 

It should be noted that the above difference and perigee rate is zero when the orbital 
inclination satisfies 

5 2 2 - - s in2& = 0, o r  sin" L = - 
2 0 J5 

namely L = 63 26'. 

D. TERRESTRIAL COORDINATES 

In order to express the position of a satellite or  any other point In space with re- 
spect to the earth's surface, frequently used are  the terrestrial coordinates which 
consist of 8, the longitude;$d, the geodetic latitude; and H, the height. 

This coordinate system is well described by introducing the terrestrial subpoint 
(TSP), the point of intersection of the local vertical through a satellite with the sur- 
face of the earth (figure. 5 ) .  Any reference ellipsoidal surface determined locally 
by accurate geodetic surveys may be chosen as the earth's surface. It should be 
noted that NASA uses the International Ellipsoid in computing the Definitive-AT MAP 
which includes subpoint and height data. The earth in this paper also denotes the 
International Ellipsoid unless otherwise indicated . 

The height of a satellite, H, is defined as the closest distance between a satellite 
and the earth's surface. Namely, the distance between a satellite and its terrestrial 
subpoint. Thus, the height of a satellite is slightly larger than its geocentric dis- 
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tance less the radius of the earth at the subsatellite point. 

The longitude, 8 , of a satellite should always be equal to that of the TSP; because 
the local vertical through a satellite is included in the meridional plane through thesae  
ellite. A s  in the case of geographic longitudes, the longitudes of satellites and related 
objects may be measured both eastward and westward from the Greenwich Meridian. 
It is more convenient, however, to measure longitudes only eastward so that they vary 
between 0 and 360 degrees, 

The geodetic latitude, +d , is the angle measured in a meridional plane between 
the local vertical and the equatorial plane of the earth. The geodetic latitude of both 
the satellite and its TSP should be identical since they are on the same local vertical. 

latitude is smaller, as much as 0.2 deg, than the geodetic latitude,+d, which appears 
on geographic maps. The difference, +d - +c can easily be obtained by differentiating 
the equation of ellipse given by Eq. (7) with respect to x ,  thus 

The geocentric latitude, +c, is not used as one of the terrestrial coordinates. This 

The relations 
2 
X 

tan +c = - and d x  
d 2  

- - 
permits us to reduce Eq. (25) to 

Putting, f,, the oblateness of the earth into the above, and neglecting the te rms  includ- 
ing fee and f e  ( #d -#c ), we have 

It is obvious that the difference between the geodetic and geocentric latitude reaches 
its maximum value at 45 deg latitude, Table I11 shows the difference in degrees and 
minutes computed by 

where $ may be considered as either geodetic o r  geodesic latitude. 
-+c = 11.59 sin 2+, ( in min )  (27) 

E. CELESTML COORDINATES 

The celestial coordinates permit u s  to express the motion of a satellite o r  a re- 
lated point with respect to a coordinate system which does not rotate as the earth 
does. Since the rotation rate of the earth's ascending node is reasonably small it is 
convenient to use the celestial coordinates associated with a celestial sphere with its 
center at the center of the earth. The coordinates, therefore, are r,  the geocentric 
distance; 8, the declination; and n, the right ascension. The zero right-ascension is 
always taken in the direction of the vernal equinox. 

The definition of the declination is identical to the geocentric latitude except 
either. N or S is used for the latitude, but the signs -I- o r  - are attached to the decli- 
nation in expressing the Northern o r  Southern Hemisphere. The declination of a 
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satellite, gSAT , and the geocentric latitude of its subpo in t ,~TSP ,  differs slightly from 
each other. This difference can be obtained using figure 5 appearing in the previous 
section . With satisfactory accuracy we may write 

and rearrange the equation into 

H+:~- ( H+ R )  as*' = - .+lSp . 
to both sides we obtain Dividing both sides by (H + R) after adding R# 

which can be expressed as a function of the oblateness of the earth and the latitude 
using Eq. (26). That is 

This difference, even in an extreme case which occurs at the 45 degree latitude on 
sea level, does not exceed 12 minutes. Figure 6 represents the value computed 
from Eq. (29). It is seen that the difference is largest near the 45 degree latitude. 
Nevertheless, it is insignificant when the height of a satellite is over 5,000 km 
where the difference is no more then 0.1 degree. When Eq. (29) is applied to a 
heavenly body of a considerable height, the right. side becomes negligibly small so 
that we may write 

where the superscript asterisk denotes remote objects such as the sun, moon, etc. 
For instance, the declination of the sun is equal to the geodetic latitude of the sub- 
solar point, 

equator from the vernal equinox to the great circle passing through the celestial 
poles and the object projected onto the celestial sphere. We may thus write 

The right ascension of an object is the arc measured eastward along the celestial 

r~ = e + (30) 
where a denotes the right ascension of an object;GQRC , that of the Greenwich Merid- 
ian; and 8, the longitude of the object measured eastward from Greenwich. It neces- 
sitates, therefore, to obtain the right ascension of the Greenwich Meridian as a func- 
tion of time. 

Now we express a given moment, t, by Y (year), N (day), H (hour), M (minute), 
and S (second). N, the number of days are counted each year from March 21 being 
zero. The right ascension of Greenwich at t is expressed by 

( H + M + S - 12h ) i3ess + ( N +  H + M + S ) aeon + g E E i e s s  + At aeon 9 (31) 
where A t  is the time difference, OOZ March 21 - time of Vernal Equinox , and E " ,  
the equation of t i m e  at the Vernal Equinox. (Figure 7) 

designator is used. The first letter denotes OBJECTS such as s (satellite), e (earth), 
In expressing w , the angular velocity of various objectqa three-small-letter 
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etc; the second, MOTIONS, o (orbit), s (spin), p (precession), n (nutation), etc; 
and the third, REFERENCES, s (sun), n (line of nodes), a (line of apsides), 
f (fixed space), p (primary line), etc. a e s  thus denotes the angular velocity of the 
earth's rotation with respect to the sun. Likewise, Oeon indicates the angular velo- 
city of the earth's orbital motion with respect to the line of nodes. 

To make computation easy, Eq. (31) may be divided into 

(Year) (Day) (Hour) (Minute) (Second) 
+ EVE zess + H Gess + Mi3ess + S Bass 
+ A t  Geon - 12Bess (32) + NGeon + Hweon + Milieon + S aeon 

a+QRE = a, + aN + fiH aM + as 
The terms a,, f i ~  , etc., which can be computed individually as a function of the 
year, the day, etc., are respectively called the 

Year Function, a, = EVE Gess + A t  Geon 
Day Function, ,QN = N Geon 

Minute Function, = M ( G e s  + Gem ) 
Second Function, as = S (Cess + weon ) 

The right-ascension table in Table XIII gives these functions individually, so that 

Hour Function, &I = ( H - 12 ) Gess + H &eon (33) 

the right ascension of Greenwich at a given moment during the years 1960-1970 is 
obtained simply by adding these functions. 

The ri&t ascension can also be obtained by using the American Eph,meris and 
Nautical 'Almanac, o r  equivalent publications which give the right ascension of the 
apparent sun daily. 

Another simple way is to use the Air Almanac published in three volumes a year. 
It gives the right ascension of Greenwich at 10 minute intervals thus making it easy 
to interpolate the needed values at the exact moment . 

F. FIXED-EARTH COORDINATE 

The third coordinates used in the analysis of meteorological satellite data refer 
to an imaginary earth whose rotation has been stopped at tF, the time of f ix .  It 
should be noted that the real earth keeps rotating without interruption by the act of 
fixing the rotation of the imaginary one. A terrestrial object, a point on the rotat- 
ing earth can be expressed similtaneously by 'both terrestrial and fixed-earth co- 
ordinates. 

The height (H) and the latitude (4  ) of an object as observed from both coordin- 
ates should remain unchanged as far as the earth is assumed m be an ellipsoid. 
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The terrestrial longitude (8) which is the meridional angle measured eastward 
from Greenwich on the rotating earth is different from the fixed-earth longitude (0). 
The fixed-earth longitude denotes the meridional angle of an object measured east- 
ward from the Greenwich Meridian on the fixed earth at the time of f ix  (tF). That 
is to say the fixed-earth longitude at a t ime t is 

where f i t  and sz"p,' denote, respectively, the right ascension of a terrestrial object 
at t and that of the Greenwich Meridian at t F .  

pressed by 
From Eq. (30) and (31), the right ascension of an object at any moment t is ex- 

a, = 81 + ( t  - 12h)Cje,, + a:uN (34) - BUN 
because the sum of the last three terms in Eq. (31) is equal to , the right ascen- 
sion of the mean sun at time t. The right ascension of Greenwich at tF, the time of 
fix, therefore, is 

- BUN &!,r = 0 + (tF - 12h)Gess + &!,fF 

Substituting this equation from Eq, (34), we have 

We know, on the other hand, that 
d -BUN a = Eeon 9 

which permits us  to write - SUN Gy - a,, = ( t  - tF)BcOn. 

Putting this into Eq. (35), we have 

0, = ( t  - t F )  (zeon + Gess ) + et . (36) 
The sum of the angular velocity of the earth's rotation, relative to the mean sun and 
that of the earth's orbital motion with respect to the vernal equinox, is the angular 
velocity of the earth's rotation relative to the line of nodes. Thus, Eq. (36) is re- 
duced simply to 

This equation indicates that the fixed-earth longitude is obtained by adding the angle 
of the earth's rotation between a given time and the time of f i x  to the longitude of an 
object. 

meteorological satellite data. It will, therefore, be convenient to summarize the 
coordinates for the purpose of quick references. 

These three coordinate systems are interchangeably used during the analysis of 
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The conversions between these coordinates as already discussed are made by using: 

(Height o r  Radius) 
(Longitude o r  Right -Ascension) 
(Latitude o r  Declination). 
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Figure 4 ,  The values of 27 ( 1 t e' f COR I (left) and 
6 / ( 1 .I e' f ( 2 - 512 sin i ) plotted 8 6  o function of 
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Figure 5.  To clarify the relntionshlp between the declino- 
tion of sntellite (B), geodetic ( ($* ), ond geocentrlc (4,) 
IntlNdes of the TSP. 
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2. SATELLITE PHOTOGRAPHS 

A .  POSLTION O F  TLROS CAMERAS 

The TIROS-borne cameras placed on the baseplate are designed in such a manner 
that the optical axes of the cameras are parallel to the spin axis of the vehicle. 
Alignment measurements by RCA (9), however, revealed that the direction of the 
optical axes of the TIROS cameras are up to  44' off from that of the spin axes. 
Actual deviations for each camera of five TIROS are given in Table LV. 

To evaluate further the consequence of such a deviation of optical axis figure 8 
was prepared. A vector through the front nodal -point of the camera lens and para1 - 
le1 to the vehicle's spin axis is called the nodal spin-axis. The nodal spin-axis in- 
tersects the positive image plane at the image primary-point (IPM), and the surface 
of the earth at the terrestrial primary-point (TPM). These two points could slightly 
be off from the image principal -point (IPP) and the terrestrial principal -point (TPP), 
respectively. Let the angle of deviation be X and the focal distance of the positive ' 
image plane be f, the distance of IPP and IPM is given by 

f t anX (38) 

which would reach 1.3  mm when f = 10 cm and X = 44'. The distance between TPM 
and TPP depends upon various factors such as the height of the satellite and the angle 
of the optical axis; however, it is worthwhile to note that it reaches about 10 km 
while viewing straight down from 750 km, 

The spin and orbital motions of a satellite result in helical track of TPP while 
TPM follows along a smooth path if we neglect the nutation of the satellite spin-axis. 
The loci of these points are called TPP track and TPM track. In case the angle of 
deviation, X is very small, it becomes unnecessary to distinguish the nodal spin- 
axis from the optical axis. Therefore, both IPP and TPP are used in lieu of IPM and 
TPM, respectively. 

It has been estimated that the nutation of a satellite immediately aher the launch 
is considerably large-in the order of 0.5 degrees-but after about 100 orbits o r  so it 
dumps out to only 0.1 to 0.2 degrees. Due to the quick change in both gravitational 
and magnetic field, impacts of micrometeorites, firing of spin-up rockets, a satel- 
lite may suffer additional perturbations which might result in an appreciable nuta- 
tion. 

axis is conveniently expressed by the polar angles on the baseplate, abbreviated as 
baseplate angle (figure 9). The baseplate angle, (be , increases clockwise when 
viewed from the satellite top. As tabulated in Table IV, the baseplate angles of the 
axes of cameras 1 and 2 are approximately 170 and 290 varying a few tenths of a 
degree from camera to camera. 

The angular position of the camera optical-axis with respect to the vehicle's spin 
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Another important angle associated with tbe baseplate and camera orientation is 
the polar angle around the optical axis of each camera. This angle is called the 
principal tangential-angle, y . It increases clockwise on the positive image. The 
direction of the zero tangential angle of each camera does not always point precisely 
toward the spin axis of TIROS. For some cameras, the exact directions were not 
measured prior to the launch. Nevertheless, the tangential angle could play an im- 
portant role should the sun angles be used for the determination of principal lines. 
Since an image rotates around the IPM rather than IPP the tangential angle is some- 
times measured after translating the center of the polar grid from IPP to IPM. The 
tangential angle relative to the IPM is called the primary tangential -angle ( y' ). The 
radials with identical y' and y remain parallel to each other on the image plane. 

B. TOTAL IMAGE DISTORTION 

Prior to the launch of each satellite, both direct and tape-mode photographs of a 
test-polar target were made by simulating the actual readout processes of TIROS 
photographs. Arranged in figure 10 are the direct readout photographs of polat tar- 
gets. The tape-mode photographs are obtained by looking at them upside-down. In- 
dicated at the bottom of each polar-target image are the angles labeled on the target 
(in parenthesis) and those obtained through calibration measurements. These tar - 
get images reveal that the readout images include distortions both in radial and tan- 
gential directions. 

A diagram shown in figure 11 illustrates the steps in which the lens and electronic 
distortions deform the test polar target into an actual televised image. In the figure 
PT, Pv , and PR, respectively, are the principal points on the target, the vidicon, and 
the readout image. The angle PTLCT in the figure represents the true object angle 
between CT and PT viewed from the front nodal -point of the camera lens. This angle 
is called the radial angle of target ( QT ). Let the tangential angle and the radial 
angle of the object CT be yT and eT , these angles change into YV and cv  upon projec- 
tion on vidicon surface. The changes in these angles define the optical distortions, 
which are 

Tangential distortion of vidicon image = yV - yT (39) 
Radial distortion of vidicon image = tan eV / tan+ . (40) 

Due to the large angle of TIROS w'ide angle lenses, the radial distortion for each 
camera is normally much less than 1.00 resulting in an appreciable barrel shaped 
image. Both tangential distortion and the radial distortion of narrow angle cameras 
are insignificant. 

In the process of televising the vidicon images back to the earth, a slight pin- 
cushion distortion is introduced. This is partially because of the curvature of image 
raster  lines while the original raster of the vidicon used in TIROS is a series of 
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straight parallel Lines. Such a pincushion distortion moderates to a certain extent the 
barrel lens distortions. Nevertheless, the direct comparison of the targets and the 
readout images indicates the existence of a fair amount of barrel distortion. Such a 
combined distortion is called the optical and electronic distortions, which can be ex- 
pressed as 

Tangential distortion of readout image = yR- y, 

Radial distortion of readout image ( E )  = taneR / tan E ~ .  

(4 1) 

(42) 
As shown in the'photographs of figure 10, the concentric rings on readout images 

are not the true circles as appear on the original test targets. Therefore, the mean 
distortion characteristics should be obtained from the mean radius of the rings de- 
fined by 

As shown in figure 11, the mean radial angle, gR , of a ring on a readout image may 
be defined as 

tan ZR = & + / f R  , (44) 
where fR represents the hypothetical principal distance applicable to the readout 
image. As a result of the radial distortion this principal distance varies with the 
radial angle. Without definition, therefore, a unique principal distance does not exist 
for a distorted readout image . 

Under the assumption that the distortions in the vicinity of the principal point are 
the least significant, we may assume that 

lim tan 'ER = lim tanET. (45) 
E R -  0 €7 -0 

This equation, when combined with Eq. (44) defines the principal distance of a readout 
image. Namely, we write 

c 

A graphical method of determinging the focal distance, f R  of a readout image of 
a test polar-target appears in figure 12. The coordinates consist of tan eT and RR 
for both positive and negative values so that the curves are drawn through the origin 
thus making it possible to draw an accurate tangential line through the origin. It is 
obvious that the focal distance can be obtained by drawing a vertical line of tan E ,  = 
1.00 and measuring the length of the line segment between the abscissa and the tan- 
gential line. 

After the determination of the f oca1 distance of the readout image ( fR), the image 
of a polar target is reduced o r  enlarged until the focal distance becomes identical to 
fT. Then the readout image is superimposed upon the target with its focal distance fT , 
in order to determine the vector shifts of the objects on the target due to the optical 
and electronic distortions. Figure 13 presents an example of the vector shifts obtain- 
ed by this method. It is seen that the image far from the principal point suffer both 
shrinkage and twisting deformations. 
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The mean radial distortion of a readout image is defined by - 
E = tanzR / tan& (47) 

which is identical to Eq. (42) which defines the radial distortion. From Eq. (44), 
however, the mean tangential angle of any concentric ring on a readout image can be 
obtained, making it possible to determine the mean radial distortion from 

where fRdenotes the focal distance of the readout image, &, the mean radius of a 
concentric ring on the readout image, and eT , the radial angle of the corresponding 
circle on the target. Table IV includes the calculated mean radial distortion as a 
function of the radial angle ET . 

Using the information of TIROS cameras given in Table IV the distortion curves 
for 10 TIROS-borne cameras (figure 14) were completed. The distortion of camera 
lenses is known to be barrel shaped, however, the additional electronic distortion 
turns the final distortion into pincushion especially when the field of view of a lens is 
medium o r  narrow. 

C. FIDUCIAL AND DISTORTION-FREE FIDUCIAL GRID 

Test target images, which were discussed in the previous section, reveal quan- 
titatively the displacement of object points due to optical and electronic distortions . 
The actual photographs televised from satellites do not include the image of the polar 
target. Instead, they show fiducial marks of which four at the corners are L-shaped 
and the one at the center is + shaped. These fiducial marks are the enlargement of 
miniature marks placed on the focal plane of each TIROS vidicon cameras. In fact, 
these fiducial marks are also scanned together with the clouds. Thus, they undergo 
distortion in exactly the same manner in which cloud images are distorted, 

It is extremely important to realize that the exact tangential and the radial angles 
of the fiducial marks can be reproduced on a target image by transcribing the fiducial 
marks on a readout image to the target image, with the help of the polar grid . The 
upper diagram in figure 15 represents the fiducial marks transcribed from the read- 
out image in the lower chart. Notice that the position of the fiducial marks relative 
to the distorted (lower) and the distortion-free (upper) polar grids are precisely iden- 
tical. The electronic distortion may change from frame to frame, however, the fidu- 
cial marks transcribed on the target image using the polar target will never change in 
both shape and position, As a result, we may assume that a permanent pattern of the 
fiducial marks for each camera exists on a distortion-free target image. 

plane (undistorted), it is necessary to produce a corresponding grid on both image 
In order to transfer the object points on an image plane (distorted) to the target 
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and target planes, because the cloud photographs do not include the lines of a polar 
grid which appeared in the test photographs taken before the launch of each satellite. 
Fujita (4) proposed a "Fiducial Grid" on an image plane, which is drawn on an image 
plane by using the L and + shaped fiducial marks seen on each photograph. 

tion of the main box A' B' C' D', the shortest distances, a, b, c,  and d,  between the 
central cro,ss point and the curved sides are measured. The four curved sides are 
then cut off from both ends by the lengths a, b, c,  and d in the manner shown in figure 
16. Thus, a short segment is left near the center of each of the four sides. The mid- 
points of these segments a re  designated as P', Q', R', and S'. Now, each of the 
lengths, A' S', S' B', B' P', - - - -  , and R '  A '  is divided into four equal parts. Likewise 
the.distances 0' P', 0' Q', 0' R ' ,  and 0' S' are divided into four, so that the main box 
A' B' C' D' can be divided into 16 small sections. The area outside the main box may 
also be divided by extrapolating the four curved sides of the main box. 

By superimposing the fiducial grid upon the image of the test polar target, the 
lines of the fiducial grid are transcribed onto the test polar target. As shown in the 
figure the grid thus completed on an undistorted plane takes the shape of a pincushion, 
Any object on this grid coordinates preserves i ta  exact radial and tangential angles, 
hence the grid is called the distortion-free fiducial grid. 

was made, leading the author to make designs of the grid including tangential and 
radial angles in addition to the grid lines. 

The distortion-free fiducial grids for 10 TIROS cameras appear in figures 17-26 
in which the black dot at the center represents IPM, the point at which the nodal spin- 
axis penetrates the image plane e The tangential angles indicated around the distor - 
tion-free fiducial grid are the primary tangential angles. The image principal point 
(IPP) shown in small circle appears in the vicinity of the IPM. In the case of TIROS I 
camera 1 and 2,  the amount of deviation of IPM from IPP is known, but the direction of 
the deviation is still uncertain e Therefore, the distortion-free fiducial grid was con- 
structed placing IPP at the center. The original sizes of these distortion-free fiducial 
grids are made to fit f = 94.7 mm for medium and wide angle cameras, and f = 947 
mm, for narrow angle cameras. 

Figure 16 demonstrates a method of producing a fiducial grid. After the comple- 

Extensive research on the distortion-free fiducial grid for the TIROS cameras 

D. TILT GRID 

Transcriptions of objects on an image plane onto a distortion-free fiducial grid 
with the use of fiducial grid eliminate both optical and electronic distortions, permit- 
ting us  to proceed with the photogrammetric analysis on the distortion-free image 
plane. Unlike the cases of regular aerial photogrammetry, it is always necessary to 
take the curvature of the earth into consideration. In view of this, it is found con- 
venient to express the coordinates on images by the nadir angle, 7 ,  and the horizontal 
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angle,$ . The nadir angle is defined as the angle measured at the perspective center 
between a specified ray and the local vertical. The horizontal angle denotes the azi- 
muth angle relative to the direction of the principal plane, 

is presented in figure 27. The nadir angle of the camera optical-axis is called the 
tilt, T, which is the standard term used in aerial photogrammetry. The point of in- 
tersection of the local vertical with the image plane is the image subsatellite point 
(ISP); likewise the image principal point is defined as the intersection of the image 
plane and the optical axis of the camera. These points are located on the principal 
line on the image. 

The isoline of \cI on the image plane is a straight line defined by the intersection 
of the image plane and a vertical plane of horizontal angle, $ . The angle between this 
straight line and the principal line is the image horizontal angle, 9, , which is, with 
the use of the symbols in figure 27, obtained as 

The geometry for computing the isoline of both \cI and q on an oblique image plane 

tan 9,  = HJ/AH = t a n 9  cos T . (4 9) 
0 The values of $, computed as a function of the tilt (1 increment) and the horizontal 

angle (1,O increment) are given in Table VI. 

The isolines of q on an image are a group of ellipses which are the intersection 
of the image plane and a group of cones with various q , the half angle of the cone. It 
is, of course, possible to calculate analytic geometrically the x and y coordinates 
of the ellipses. However, the use of the vertical angle, 5 , which is the tilt of a plane 
perpendicular to the principal plane, makes the determination of the ellipses extreme- 
ly simple. With the use of the symbols in the figure, the vertical angle is solved as 

tan 5 = A'N'/SA' = tan q COS$ . (50) 
All points designated by the letters with (I) are located on a horizontal plane intersect- 
ing the image plane with an axis of homology. The values of ( computed by Eq. (50) 
are given in Table VII. 

A grid on an image plane consisting of the isolines of both q and q at certain in- 
tervals are called the tilt grid. It is, of course, desirable to prepare tilt grids at 
close intervals, such as one degree o r  less. Taking into consideration the e r rors ,  
which could be introduced from various sources, the interval of 2' was chosen within 
a range of Oo and 120° of tilts. 

Figure 28 indicates a method of tilt grid construction using Table VI and VII. 
These tables give us both image horizontal angle, Jl, , and vertical angle, ( , for 
given nadir, horizontal, and tilt angles. In order to construct a tilt grid, which fits 
the distortion-free fiducial grid of focal distance, f ,  the principal line is first marked 
with f tan E , at one degree intervals of E , the radial angle. Through these marks 
are drawn a group of straight lines perpendicular to the principal line. The image 
subsatellite point is then obtained on the principal line by selecting a mark, the radial 
angle of which is equal to the tilt, r .  As shown in the figure, the vertical angle is 
zero at the ISP, while the radial angle is zero at  the IPP. 
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The intersections of the isolines of vertical angles c o ,  5, , ----and those of image 
horizontal angles qio, Jill , ----are successively obtained. Naturally, these points of 
intersection define the ellipse of given nadir angle on image. Figure 29 presents 
actual tilt grids in reduced size. The original size is, of course, made to fit the dis- 
tortion-free fiducial grids for TIROS cameras . 

E. PERSPECTIVE TILT GRID 

The tilt grid consists of a group of radials passing through the image subsatellite 
point and a set of ellipses drawn on an image plane. It is known that the rectification 
can also be performed with slightly less accuracy, but much quicker, i f  a set of grids 
called "Perspective Tilt Grid" is applied to the images to be rectified. 

A schematic diagram of this grid geometry appears in figure 30. The grid in- 
cludes the isolines of two sets of vertical angles; one is oriented in the direction of 
the principal plane, and the other to that of a perpendicular to the principal plane. In 
fact we are replacing a cone in figure 27 by a pyramid with its half-angle of vertex 
identical to 5 the vertical angle. The figure reveals that one group of the isolines of 
5 is parallel to the true horizon. These parallel lines intersect the principal line at 

the radial angles of 
7755. 

The other group of the isolines of 5 departs from H, the intersection of the principal 
plane and the true horizon on the image plane and reach the axis of homology at T'. 
Let the intersection of the principal line and the axis of homology be S'; the tangent 
of the angle +' is expressed by 

TS' 
H S' tan JI' = - = t a n 5   sin^ , 

where HS' = SA' CSCT , and T'S' = a = SA' tan{ . 
A s  shown in figure 31, perspective 0 tilt grid consists of two sets of parallel 

lines intersecting orthogonally. As the tilt increases, the image subsatellite point 
(IS?) displaces downward away from the IPP, moving out of the chart boundary before 
the tilt of 60" is reached. The vanishing point, which is located always at the inter- 
section of the prhkipal line and the true horizon, comes within the chart boundary at 
the tilt of 40". The radials from the vanishing point are exactly at the 10" intervals 
when tilt is 90°, for which the optical axis points horizontally, 

Perspective tilt grids do not inlcude the isolines of nadir angles. For the deter- 
mination of track distances, which appear later in figure 65 and 66, large and small 
dots along a circle are provided. The track distances in nadir angle are thus measur  
ed on the perspective tilt grid immediately. 

0 
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F . DISTORTED TILT -GRID 

Under certain circumstances one may prefer to analyse a large quantity of pic- 
tures rather than worrying too much about the preciseness. One solution to this 
speed-up analysis can be obtained by distorting tilt grids to fi t  the mean radial dis- 
tortions. Due to the fact that we .alwyas have to rotate a tilt grid until its principal 
line coincides with that of readout image, no tangential distortion and perturbed radial 
distortion can be taken into consideration, Such distortions are, theoretically, cor- 
rectable in a fixed orientation of the principal line. 

Table IV, can be used to distort the tilt grids to fit the distortion characteristics of 
each camera. Five cameras, TIROS I - camera 2, I1 - 2, *III - 1, I11 - 2, and IV - 1, 
indicate almost identical mean radial distortions permitting u s  to apply only one dis- 
tortion for all of them. The average values of these five cameras are: 

0 0 0 0 0 Oo...l.OO, 10 ... 0.99, 20 ... 0.97, 30 ... 0.91, 40 ... 0,82, and50 ... 0.72, 
Examples of 0' and 60' tilt and perspective tilt grids distorted to these mean radial 
distortions are presented in figure 32. These distorted tilt grids are to be placed on 
top of the images for quick but less accurate analysis. Experience shows that the er- 
ro r  due to the use of these distorted tilt grids is about 1-2 degrees of latitude in cloud 
fixes, while the precise method using distortion-free grids cut the e r ro r  down to 0.1- 
0.2 degrees of latitude. In using these distorted grids, the fiducial marks on an im- 
age must f i t  as accurately as possible to those on each distorted tilt grid. 

The mean radial distortions &f the 10 TIROS cameras, shown in figure 14 and 
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FRONT 

I MAG€-PLAN E 

Figure 8. To define the image principal point (IPP), the polnt of Intersection of the camera optlcal axis 
with the image, and the Image Prlmary point Wh9, the polnt of Intersection of the nodal spin--1s 
with the Image. If there Is no nutation, TPM forms a smooth track on the earth, whlle TPP spins 
a r o w  Tm several rlmee a mlnute. 

Plgure 9. The postlon of TIROS-borne cam- 
erae 1 awl 2 .  The baseplate la vlewed from 
the satellite top. The t ~ g e n t l a l  unglee of 
tliese camerae. therefore. MIcate tho= on 
poeltlve Images. The rndlple of zero inn- 
gential ungle arc oriental ne close an pos- 
slble toward the vehlcle's spln ~ ~ 1 8 .  
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(1) 1.00 (6) 5.98 (31 2.68 

(2) 2.09 (6) 5.67 
(3) 3.00 UO) 8.98 
(4) 3.98 (15! 13.52 
(5) 5.98 (20) 18.08 

(2) 2.00 
(4) 4.00 
(6) 6.00 

110) 9..50 (45) 42.97 

(20) 18.83 (50) 47.98 
(50) 28.33 
(35) 33. I5  
[40? 38.0'2 I 

( 1 1 1 )  CAMERA 2 (IV) CAMERA I ( iV)CAVERA 2 ( $ 4 )  CAMERA I {'V) CAMERA 2 

(20) 19.07 (50) 48.35 (20) 18.23 145) 41.97 (20) 18.05 (20) 20.73 (45) 45.97 (20) 20.23 
(30) 28.63 (25) 22.82 (50) 46.98 (25) 22.58 (25) 25.83 (50) 5097 (25) 25.22 

(40, 35.2 (35) 32.24 (35) 31.95 (35) 35.95 (35) 35.20 

(IO) 9.62 (45) 43.33 (IO) 9.18 (4) 37.05 (10) 9.08 (Dl 10.52 (40) 40.96 (IO) 10.25 

(35) 33.48 (30) 27.50 (30) 2223 (30) m.88 (30) 30.22 
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Vidicon Tar+ i 

1-LENS DISTORTION 

Readput i 
b- ELECTRONIC AND LENS DISTORTION 

I 
i 

Flgure 11. Schematic diagram of target, vldlcon, and readout planes. The lenm, L, dlstons the target objecta 
radially Upon forming the image on a vldlcon UUrface.  The flnal readout 1mqp.m Include both lens and electronic 
dlstortflons which should be ellmloated a# much as possible when a preclse rectllcatlon Ir dealred. 

Plplre 12. Ilhowioo a method to compute the prIncip.1 dls- 
tpnca ( 4)  of a redout Inups. The valuem of mean radU 
of concentric rhgr (K.) 00 a redout image IB plon~d 
agalnn tangent of the radial angle (#, ) of the target cir- 
cler viewed from the front nodal-polnt. 

\ / 

Plplre 13. Vector rhla of the object. on a polar target 
when a redout imaga lr okalned by mimulatirig the 
televlrinp proceames on the grouud prlor to (he launch. 
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01 

I O  

0 9  

0.1 

I O  

O D  

a1 

PLplre 14. MSM dinoNon of tbe 10 TIROS-borne cameru. 

TARGET IN REDUCED SIZE (Undlatortrd) 

- 
READOUT IMAGE (Dlr!ortrd) 

Plgure IS. Trrnmcrlpt of MucIaI marka OD a ten-urpst 
readout Imbgu onto the polar target whlch 18 not dlnoned. 
The example d ~ ~ w n  11 t h t  of TlROS U1. camera 2 .  

DISTORTION - FREE FIDUCIAL GRID 

F I D U C I A L  G R I D  

Plgure 16. A Muclrl grid d the correrpoldhg dlimrtlon- 
free Muclal grid. The dlamce8 of lour rldem, A'B', B'C', 
C'D', UKI D A '  from the central + mark are a, b. c. .rd 
d, rerpcctlwly. The axample &own l a  that of TlROS Ut, 
wmera 1. 
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Figure 17-26. Distortion-free fiducial grids for TIROS-borne cameras e These 
figures are the collection of the distortion-free fiducial grids constructed by 
using the method as shown in figures 15 and 16. 

In case of TIROS I, the image principal point (IPP), indicated by a small 
open circle, is placed at the grid center, because the direction of the vector 
connecting IPP with IPM is not known. The angles surrounding the grid indi- 
cate the principal tangential angle ( y ). W e  may assume that the IPP moves 
along a small circle due to the apparent image rotation. 

For  TIROS II-V, the image primary point (IPM), indicated in painted circle., 
is placed at the grid center. The IPP, thus, spins aryund the IPM. The angles 
surrounding the grid are primary tangential angle ( Y )  obtained by translating 
the center of the tangential angle coordinates from IPP to IPM. 

The act of transferring any object from an image (fiducial grid) to a proper 
distortion-free fiducial grid will eliminate both lens and electronic distortions. 

DISTORTION-FREE FIDUCIAL GRID 
TIROS I 

CAMERA I 3 d V l  

DISTORTION-FREE FIDUCIAL GRID 
TIROS I 

CAMERA 2 3 d V l  

DIRECT 

FOCAL OISTbUCi X O I  

DIRECT 

IOCbL O I I l A Y C l  

Figure 17. Dlstonlon-free fiducial grid of TIROS I, cnmern 1 .  PIgure 18. Dtstortlon-tree flduclal grid for TlROS I ,  camera 2. 
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T l R O S  I1 

CAMERA I 

DISTORTION-FREE FIDUCIAL G R I D  

3 d V l  

DlRIlCT 

I FOCAL DISTANCC X O I  I 

Flgure 19. Distortion-free flduclal grld of TIROS U, camera I .  

DISTORTION-FREE FIDUCIAL GRID 
TIROS 111 

CAMERA I 3dVl 

DISTORTION-FREE FIDUCIAL GRID 
TlROS II 

CAMERA 2 3 d V l  

Flgure 20. Dletortlon-free flduclal grld of TlROS 11, camera 2. 

DISTORTION-FREE FIDUCIAL GRID 

TIROS Ill 

CAMERA 2 i m w a  

Figure 21. Dlstonlon-tree flduclal grld of TIROS UI, camera 1. Plgure 22. Dlsrortlon-free flduclal grld of TIROS 111, camera 1. 
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DISTORTION-FREE FIDUCIAL GRID 

TIROS IV 

CAMERA I m u i a  

TAPE 

fOCIL  DI$l.NCf 

TlROS V 

CAMERA I 

DISTORTION-FREE FIDUCIAL GRID 

Plgure 25. Dlmnlon-free tlduclol grid of TIROE V. a m e r a  1, 

DISTORTION-FREE FIDUCIAL GRID 
TIROS Iv 

CAMERA 2 133UIO 

TAPE 

rOCbL DlSlbNCf 

Plgure 24. Dlsrorrlon-frec Bducinl grld of TIROS IV, m e n  2. 

TIROS V 

CAMERA 2 

DISTORTION-FREE FIDUCIAL GRID 

imuia  

TAPE 

rOCAL 8111ANCI 

Fmre 26. Msronion-free flducial grld of TIROS V. camera 2. 
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Figure 27. Geometry of coostructlng a tilt grid. The grid consists of a group of bo-horizontal angle 
llnes and that of Iso-nadir-angle lines. If the princlpal distance ( f )  of the Image remalns unchanged. 
the llnes on the grid can be determined as a function of tilt.only. 

Figure 28. A method of constructing a tllt grid using Tables VI and V11. 
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TILT GRU3 (90') 
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Flhmrc 30. Geometry of u perspective 1111-grId. Tlic grld l inrs  ure all strdglit sltice they arc 
thc interncctlnns of pyrutnlds with different vertical angles and tl1c irnugc plullc. The one 
grotrp of tllc iuo-vcnicul-angle lirieh departs from tltr Ititerscction of the prlnrlpal line und 
t l ~ r  true Itorlzon, whllt. the ntllels nrc always purullcl 10 tlle true hori.?on. 
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PERSPECTIVE TILT-ORID (0"). 

PERSPECTIVE TILTORID (WO), PER8PECTlVE TILT-ORID (ma). 

PERSPECTIVE TILT-ORID (30'). 
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\,L../--' 
DISTORTRD PBRSPBCTIVl3 TILT-ORID CO"). 
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3.  MAP PROJECTION AND HEIGHT GRID 

-4. HEIGHT GRIDS ON ZENITHAL EQUIDISTANT PROJECTION 

One of the simplest yet most accurate map projections of a small portion of the 
earth beneath a satellite at one moment is the "Zenithal Projection" in which the ob- 
jects are projected onto a plane tangent to the earth 's  surface at Q, the TSP (figure 
33). Naturally, the least projection e r r o r  occurs in the vicinity of the TSP 

Due to the orbital motion of the Satellite, TSP moves around the earth once in 
every nodal period. It becomes, therefore, necessary to construct zenithal pro- 
jection charts for all TSPs whenever photographs are taken by satellite -borne cam - 
eras. The easiest way of synthesizing these zenithal projection charts is to com- 
bine them into a cylindrical projection with the satellite orbit as the projection 
equator, along which a cylinder makes contact with the earth's surface, This pro- 
blem will be discussed later, in detail, however, it should be noticed that a cylin- 
drical projection results in an equidistant projection along the projection equator, 

It will be found later, in the rectification processes, that we adjust the azimuth 
of the primary line by rotating the line around TSP, An equidistant projection on a 
plane tangent to the earth at a TSP will, therefore, have definite advantages, since 
the distance of arc between TSP and an object P to be projected remains practically 
constant in all azimuths viewed from the TSP. 

Height grid in zenithal equidistant projection In order to transfer object posi- 
tions on an image plane, distorted o r  undistorted, onto a plane of a map projection 
with the use of a tilt grid, it is required to have a perspectively corresponding grid 
on the map plane Because of the fact that the tilt grids consist of lines represent - 
ing nothing but the angles viewed from a satellite, the corresponding grids on the 
map plane should be determined solely by the height of the satellite. We call these 
grids the height grid. 

angles, which are azimuth lines passing through the TSP. The angle between the 
azimuths is identical to the difference of the horizontal angles designating these 
azimuths. Another group of lines included in a height grid is the isolines of nadir 
angles, which are concentric circles with their radii, d,  expressed implicitly by 

Height grids on a zenithal equidistant projection include isolines of the horizontal 

d d 
R R 

H + w = w ( c o s =  + sin-zrcot 7 ) 

which is rearranged .as 
- d d 

R R 
H = R ( sin = cot q + cos = - 

where 7 denotes the nadir angle; R, the mean radius of the earth; d ,  the great 
circle distance of an object from TSP. This implicit equation is used in obtaining 
the great circle distances to be used in making height grids for various heights. 
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The numerical values of H from Eq. (52) tabulated in Table XI1 are used in construct- 
ing the height vs  great circle distance diagram in figure 34. In order to obtain the arc 
distance for a given nadir angle, r )  , we simply draw a horizonta1 Iine passing through 
the satellite height until it meets the isoline of r ) .  The length of the line segment 
measured from the ordinate represents the distance of arc between TSP and the object, 
Three scales under the abscissa are used for unit conversions. Also presented in 
figure 35 is an enlarged portion of the previous diagram to show more accurately the 
arc distances for the height of TIROS I-V. All isolines of 7 terminate at the true 
horizon to the right where dip angles, BH, are indicated. 

Figure 36 shows an example of,height grids drawn to fi t  a zenithal equidistant 
projection. For different heights the diameter of concentric circles change accord- 
ingly; however, the radials drawn for every 10 degrees of horizontal angle remain the 
same for any height grid. 

Perspective height grid in zenithal equidistant projection A perspective height 
grid includes the lines of equal vertical angles oriented in four horizontal directions 
perpendicu1,ar to each other. Figure 37 shows both horizontal and vertical projection 
of a plane of vertical angle, 5 e This plane intersects the terrestrial spheroid with a 
small circle. The arc distance, d: between the TSP and a point P on the small circle 
is designated by 

The length O'Q' 

x when it is projected onto the horizontal plane. We know that * 
d 
? ? *  

- 
x = R  ~ i n -  (53) 

= c is written as 

c = ( R  + H) s i n 5  cos 5 = + ( R  + H) s i n 2 5 .  (54) 
On the other hand, the distance P'Q' = p is a radius vector of an ellipse whose semi- 
major and semiminor axes respectively are a ,  and a,sin{ . Therefore, we have 

a: sm25 

I -sin2+ cogc 
- -  

I 
- b,e 

I - etsine+ 
pp = 

where $ denotes the angle O'Q'P' and a ,  , is expressed by 

a ? =  ( H   COS'^ - H ( H + 2 E ) .  

(55) 

Solving the A 0 'Q'P' , we write 

4- pe - 2cp. cos+ (57) K' sine 7 = c2 d" 

where cos#  can be obtained from 

sin t+ = X P s i n 9  e (58) 
The solution of d*as a function of 5 and J/ is rather complicated. Nevertheless, the 
numerical values are obtained by solving Eq. (57) after putting the computed values 
of c, p, and + into the equation. Figure 38 represents an example of such a grid. 
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Effects of cloud height and curvature of the earth: In the actual use of height grid, 

it is important to take into consideration the cloud height which may vary between 0 
and probably 15 km o r  occasionally much larger. If we know the cloud height, Hc , 
the projection e r ror  can mostly be eliminated with the use of a height grid, H - H, . 

Another error  which could be introduced by the radius of curvature of the earth 
expressed in Eq. (19), varies according to the latitude and the azimuth. Now we 
shall evaluate the effect of the earth's curvature. Figure 39 represents y, and y2 , 
the heights of the earth's surface below the true horizon viewed from the TSP. The 
equation of circles with the radius of curvature e and in the figure are 

Since p is usually much 

Thus the difference, yz 

o r  

X2 + ( p, - Y, j2 = e2 
x 2 + ( K - y 2 ) L = K 2 .  

larger than x, Eq. (59)zan be reduced to 

- y, , is exfressed by 

(59) 

where h e  denotes the excess radius of cirvature of the earth. Table XI computed 
from this formula indicates,that the above difference, y2 - y, , does not exceed 4 km 
within the limit of x = 3,000 km. Such a distance is far beyond the arc distance of 
the apparent horizon visible from the height of TIROS I-V. It is, therefore, reason- 
able to assume that the earth's radius is represented by its mean value, E = 6,367 
km. 

B. CYLINDRICAL PROJECTION 

It has been stated that a cylindrical projection will be favoralbe in synthesizing 
the zenithal pgojection charts tangent to the earth's surface at a series of TSPs, 
suggesting that a cylindrical projection could be made by selecting a satellite orbit 
as a projection equator. Strictly speaking, however, the earth is an ellipsoid, the 
shape of which would prohibit us, theoretically, from wrapping it by a cylindrical 
surface unless the earth's equator is taken as the projection equator. 

Spheroid Approximation A question will arise then if it is plausible to approxi- 
mate the terrestrial ellipsoid by a spheroid with its radius equal to 1/2 (RE + R, ). 
The tracking data of a satellite gives the longitude (8 ) and the geodesic latitude ($+d) 
of TSP as indicated in figure 40. Upon geocentric projection of TSP onto the sphe- 
roid in such a manner that the geodesic latitude of B is identical to the geocentric 
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latitude of B', the terrestrial subpoint and the satellite shift from B to B' and A to A', 
respectively. The angle OBO' = (pd - #jc , the difference between the geocentric and 
geodetic latitude at B o r  TSP, is given by Eq. (26) . The height of the TSP at B 
above the surface of the spheroid with the mean radius is expressed by 

fe 
2 (62) BB" = R - K = RE-- COS 2Cp. 

As far as the TSPs are conc.erned, there will be no e r ro r  in their positions rela- 
tive to the terrestrial topography such as coastal lines and mountains which are also 
shifted by Eq. (62). The satellite A, as well, undergoes the same amount of the 
shift. The only e r ro r  in the relative position could be introduced by the variation of 
the one-degree length of the longitude, Le, and that of the latitude, L+. These 
lengths are different from 
spheroid with mean radius . and E;, the mean values computed for the terrestrial 

Le = 111 .418~0~Cp - 0.094 COS 3$ 
- 1  Le = 111.136 COS# 

L+ = 111.136 - 0.562 COS 2#j 
- I  L+ = 111.136. (unit in km) 

The differences in & one-degree arc are, therefore, 
-I  

Le - Le = 0.282 COS# + 0.094 COS 3+ 
- 1  (64) L+ - L+ = 0.562 COS 2 # .  (unit in km) 

indicating that the difference in the length of the longitudinal arc at the equator is 
about 0.3 km/deg. The latitudinal difference, however, may reach up to 0.6  km/deg 
o r  12 km per 20 degree-latitude, the maximum distance of objects from TSP, within 
which the usual satellite photogrammetric analyses are carried out . 

It may be summarized that the spheroid approximation, using the mean radius, of 
the earth, creates no e r ro r  in the positions of TSPs relative to the terrestrial topo- 
graphy. The e r ro r  of cloud positions, however, may reach 12 km at a distance of 
20 degrees of arc in the meridional direction from TSP near the equator of the pole 
of the earth. 

Projection of partial track: In rectifying TIROS photographs it is not necessary 
to make a projection of the one complete orbit on a cylindrical projection chart; in- 
stead, a partial orbit covered by the length of about a 20 min track of subsatellite 
points will suffice. Such a portion of an orbit would include all subpoints for the 32 
tape-mode photographs, which are usually in a series 

A s  shown in figure 41 we consider the FSP and TSP tracks which intersect at the 
point E on the terrestrial spheroid. Then the time of the satellite passages over A, 
E, and C are expressed by tAN, tc, and t, respectively. If the orbit is assumed to 
be circular the angular velocity of the satellite in orbit with respect to the fixed 
space (w,,f ) is constant. Expressing 'the geocentric angles AOE and EOC by U, and 
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u', we write 

uo =usof ( tE - t") andu'  =usof ( t  - tE) .  

In view of the fact that ( t  - tE )  is only up to 10 minutes, the solutions of do and h, 
can be obtained by assuming that the triangle ABCL is a plane triangle with straight 
sides, Now the distance, h, , is written as 

h, = do c o s a  (65) 

where CY denotes the azimuth of the celestrial orbit at C when the argument of satel- 
lite is u, + u'. We express, 4 
the azimuth angle by 

the Latitude of TSP, the angle L E D  = 68 and a , 
d '  

sin cpd = sin L sin ( u ,  3- U' ) 

%of d 
6 e =  w,,f and do = 88 c o s +  

and / cot Q! = tanL cos (u ,  + u' ) 

in order to calculate h, from Eq. (65). 

These equations are reduced, in case of a polar orbit, to 

h, = do 

and for an equatorial orbit to 

ho = 0 .  

Figure 42 represents the variation of h, as a function of time past E, the intersec- 
tion of the FSP and TSP tracks. The upper and lower charts, showing respectively 
the cases of L = 48.40 and L = 90.0°, are similar in patterns, but the values of h, 
is considerably large in the case of a polar orbit. In fact, h, is extremely small 
when u, is selected as either 60°0r 240O. There is, of course, no choice in select- 
ing uo since it is determined by the time of sateIlite photographs. When u, is ap- 
proximately zero the TSP deviates appreciably in proportion to the time passage. 
Nevertheless, the maximum deviation does not exceed 2.5' even in case of a polar 
orbit, When the inclination of orbit decreases, the deviation becomes less signi- 
ficant, finally reaching zero for equatorial orbits. The deviation, h,, we have ob- 
tained is fairly small for the partial orbit under consideration. It is, therefore, 
quite satisfactory to use a cylindrical projection with the inclination of the projec- 
tion equator identical to that of the satellite orbit. 
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C . EQUIDISTANT CYLINDRICAL PROJECTION AND ITS OVERLAY 

The first cylindrical projection used in rectifying successive TIROS photographs 
was constructed by Glaser ( S ) ,  who adopted an oblique mercator projection with its 
projection equator identical to the FSP track. This projection has contributed sig- 
nificantly to the operational analysis of TIROS photographs at the readout stations. 
When it is used in solving precise rectification problems, the difference of arc 
lengths along the projection equator and the projection meridians introduces some 
er ror ,  especially when the primary line is rotated about the TSP. It is, therefore, 
desirable to design a cylindrical projection chart on which the isolines of nadir 
angles form the concentric circles around a subsatellite point . On such a chart the 
primary line may be rotated while maintaining the same object nadir angle. 

OEC projection The oblique equidistant cylindrical projection (OEC projection) 
chart was designed'by Fujita (4) for use at the International Meteorological Satellite 
Workshop in Washington, 1961. The inclination of the projection equator in this pro- 
jection is 'identical to L , the inclination of the satellite orbit ( figure 43). A s  the 
name of this projection represents, the coordinates, x and y, of a projected point 
C' on the chart represent the lengths in great circle arc of AB and CB, respectively. 
Expressing the arc AC by 1 and the angleLDAC by a we solve the spherical tri- 
angles CDA and CBA, thus 

cos I = cos+ cos e 
cot x = cot + sine 

(70) 
and tan x = t a n 1  cos ( x - 1  ) 

sin ( X - i ), sin y = sin I 
where# is the latitude, and 8 denotes the longitude measured from A. The OEC 
projection charts were made to f i t  the orbital inclination of 48.4O (TIROS I-IV) and 
58.3O (TIROS V) . They appear in reduced scale in figures 44 and 45 (Table VI11 and 

By changing the inclination of the projection equator from i to 90°, the projection 
equator passes through both north and south poles. Such a projection is called the 
transverse equidistant projection (TEC Projection). This projection chart, shown in 
figure 47 can be used conveniently for various purposes (Table X). 

w 

OEC overlay On an equidistant cylindrical projection chart the distance measur- 
ed in the great cirle arc is preserved in the direction of the projection equator and 
the projection meridians. The distance in other directions is larger than that of 
true arc length on the spheroid. By viewing a TEC projection chart, it will be seen 
that the isolines of latitudes represent those of various arc distances from the pole. 
At the same time, the terrestrial meridians on the TEC chart give precisely the 
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horizontal angles viewed from the point directly above the pole. A TEC chart whose 
latitudes and longitudes are labeled as the great circle distance (in deg) and hori- 
zontal angles, respectively, is called the OEC overlay, The FSP and TSP on the 
overlay is placed on top of the FSP or  TSP on the equidistant cylindrical projection 
chart in order to determine the arc distances, horizontal angles, and principal or  
primary lines with respect to these subpoints. The subpoints should be located as 
close as possible to the projection equator. 

The e r ror  in position determination using an overlay is significant if the TSP is 
far off from the OEC projection equator, Let the distance between the TSP and the 
OEC projection equator be b; the position of C, determined by the overlay with its 
origin at the TSP and its projection equator parallel to that of OEC, differs from the 
true relative position, which could be measured by rotating the terrestrial spheroid 
around the pole, P, until TSP rests on the OEC projection equator. Through this 
rotation the point, C, moves to C' while maintaining the polar distance, k. With the 
use of the symbols in figure 48 the component e r rors  (true - measured), A X and AY 
will be obtained. 

From the spherical triangle, PC'D and PCD, we have 

sin Y = sin k s i n a  

and sin Y'= sin k sin ( Q - b ), 

where Y' = Y + ( AY - b) in which the value ( b Y - b ) is only up to a few degrees. 
This permits us  to use an approximation 

COS (AY - b )  = 0, andsin (AY - b )  = A Y  - b 

obtaining finally, the y component of the e r ror  

AY = b ( 1  - COS X ) .  

A similar calculation starting from the equations, 

COS k = sin X cos Y 

c o s k = s i n ( X + A X )  cos ( Y + A Y  - b )  

leads us  to obtain 

AX = - b sin X tan Y. (72) 
The absolute value of the vector shift is calculated as 

t 
d m = b  ( ( 1  - c o s X ) p  + sin' Xtane  Y} (73) 

which can be reduced, for small values of X and Y to 

o r  = 0.00015 b e X 1 / X '  f 4Y'. (in degrees) (75) 
0 This might result in an er ror  of O.O3b, when X = Y = 10 ; 0.13b, when X = Y = 20'; 
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a d  0,52b, when X = Y = 30'. 

Proper use  of OEC overlay In the rectification processes of satellite photographs, 
an OEC overlay is used frequently in  drawing a great circle line connecting a TSP 
With other points, and in measuring the great circle distance from the TSP. It has been 
shown that the origin of an overlay may be placed on the TSP if the great circle dis- 
tance to be measured is only a few degrees. When a measurement of relatively large 
great circle distance is required it is necessary to use the overlay properly, other- 
wise the e r r o r  might be too large to tolerate. 

Figure 49 indicates the proper uses. First an overlay is so placed on the OEC 
chart that their projection equators coincide. Then let the projection equator of the 
overlay slide on top of the other until both TSP and the object, C, lie on an azimuth 
line. The great circle distance, j , of the object from TSP is calculated by 

j =  l , - j T .  
At the same time, the horizontal angle, 31 , is measured on the overlay. 

It should be noted that this method does not involve approximation and exact values 
are obtained. In case the deviation of the TSP from the OEC projection equator is less 
than one o r  two degrees o r  the object to be measured lies within a few degrees of the 
great circle distance from the TSP, we may place the origin of an overlay right on the 
TSP so that the measurement can be accomplished through only one step. 

D. HEIGHT GRID ON OEC PROJECTION 

The height grids which f i t  an OEC projection are very similar to those on a ZE 
projection. Figures 50 and 51 give the examples of OEC height grids. The outer- 
most boundary of the grid denotes the apparent horizon viewed from the satellite alti- 
tude. 

those on an OEC overlay which fits the OEC projection chart. Therefore, the slightly 
curved radials on the height grid6 can be traced off from the OEC overlay. It is evi- 
dent that an OEC height grid does not f i t  the OEC projection chart if we rotate the grid 
around its origin. A semidisc on the apparent horizon on a height grid, thus, indicates 
the direction which should be kept parallel as much as possible to the projection equa- 
tor of the OEC projection. 

The great circle distance (d) between TSP and the isoline of specific nadir angle is 
a function of both H a n d 7 .  It iwobtained from Eq. (52) which can be reduced to 

In fact, the isolines of horizontal angles on any OEC height grid are identical to 
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- d d 
R R 

H = - R + cscq sin (-+?). 

- 
M = R cscq (sin-= COST f cos- s inq  ) - R 

d - 
R o r  

Thus, we have 

The left side of this equation denotes the geocentric angle of the great circle distance, 
d o  

A n  OEC overlay includes the isolines of this geocentric angle at one degree inter- 
vals. These isolines are almost perfect circles with their centers at the origin of the 
OEC overlay. Even for the angles of 25 and 30 degrees, the deviations from the great 
circle are only 0.1 and 0.3 degrees, respectively. 

34 and 35. Then the isolines of specific nadir angles may be approximated as concen- 
tric circles, since the great circle distances of the apparent horizons viewed from the 
heights, 650 and 1000 km, respectively, are 25 and 30 degrees. 

In case the satellite height exceeds about 1000 km, it becomes necessary to use 
the isolines of a specific great circle distance on an OEC overlay. They deviate from 
the true circles considerably when the great circle distance becomes larger than 30 
degrees. It should be noted, however, that the isolines of horizontal angles, $ , re- 
main the same on all height grids, as far as the scale of the matching OEC chart 
remains unchanged e 

The geocentric angle of the great circle arc, d,  may also be obtained €rom figures 
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Flgurc 33. Geometry of coniputltg n helght grld 
to flt n tcrrestrlnl splicrold. Symbols In the 
flgurc nrc 81, the dlp mgk; 7, nndlr angle; d ,  
great clrcle dlstniice of nn ohJect from the TSP; 
K, rndlus of t crre~tr lu l  nphcrold. 

NADIR ANGLE, 
I00 ZOO 300 40° , 80' 

171pirc 34. Helght of a sntellltc vb great-circle dlstnnce from TSP of ob- 
Jects  wltli dlffcrent nndlr angles. Thc grcot-circle dlsttuicc for n given 
sntclllte helght and n liadlr angle Is obtnlncd by drnwlng n horlzontnl 
stmlght line through tlic sntcllltc height. The ubsclsss of the poliits of 
Intcrsectlon of the lhic and the curves of each iindlr tuigle represent the 
grcnt-clrclc dlstance from TSP. 

PI&wrc 35. An enlnrgctl sectloii of the prcvlouu dlngrnni. Thls dlsgrom covers the hclghts old 
iindlr angle8 needed for TIROS I-V. 
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1 
HEIGHT GRID. H=’IOOKM. bn26.5. I 

. Figure 36. An example of a helghr grld draw to flt a zed. 
-1 equldlstnnt projection. 

I PERSPECTIVE HEIQHTQRID, H-700 KM, l b 2 6 . 5  

PIgure 3R. An example of prrspectlve helght grlda. 

Figure 37. Geometry for calculating 
grld polnts of prspective helght grld 
In zenlthal cquldlstnnt prolectbn. 

Flprre 39. Wowlog the effect8 of cloud 
helght .nd curvature of the ea& upon 
rectltlutlon geometry. The differ- 
ence, y, - y, appears ln Table XI. 
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I 

TERRESTRIAL SPHEROID 

- 
Figure 40. Change In satellite poultion resulted by the use of the 

terrestrial spherold. The change does not affect the relative 
posltlons of a subsatelllte polnt and clouds o r  landmarks. 

I I 

I ENLARCEMENT OF TfflPlNQLE LCB I 

I 1 
Flgure 41, To evaluate the devlatton of TSPs 

from the OEC projection-equator when a 
partlnl orbit Is ploned 00 an OEC chart. E 
denotes the polnt where TSP track cmeses 
the proJection equator. 

PRWCCTIOI( EPU4ToR 

--. 

Flgure 43. Oeometry to constmct an OEC projectlon chart. 

Flgure 42. Calculated amount of deviation of TSPs from the 
OEC proJcctlon equator. E denotes the point where TSP 
track cronnes the pmjectlon equator. The argument of 
E was chmged nf 30 degree intervals between 0 and 360 
degrees. 
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F 

Flgure 44. hn example of O X  pro)ectfon chart wlth 48.4' inclination of the projectlon equatbr. 

Flgure 45. An example of OEC projection chart with 58.3' lncllnatlon of the projectlon equator. 

FlgUre 46. An overlay to OEC chart made to flt the OEC chart In flgures 44 end 45. 
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Flgure 47. An example of TEC projcctlon chan and Its ovcrlny. Above: TBC prolcrtlon chan covcrlnu six qusdrmts. 
The centers of the concentric clrclen nre polca. Both latitudes and longltudcli arc at one dcgrce Intervals. Oelow: 
Overlay to thc TEC charts. (Drafted by T.  Ushlllrnn) 



Y 

X 

A Y l b  = I - COS X 
Y 

Flgure 40. To evaluate the error Inrro- 
ducal If the orlgln of an OEC overlay 
Is plaeed at a TSP whlch Is not located 
on the OEC prolectlon equator. 
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HEIGHT GRID, HnGOOkm, 8.84.0. 

Figure 49. Proper use of an OEC over- 
lay. For the precise measurements, 
the projectLon equator of an OEC and 
that of an overlay should always coin- 
cide. Only a parallel shift of the over - 
lay is allowed in order to bring both T 
(TSP) and C (object) on one azimuth line 
on the 0%. If the TSP is within about 
2 degrees &om the projection equator, 
an approximate measurement can be 
made by placing the origin of the over- 
lay to the poeition of the TSP. The 
error can be evaluated by figure 48. 

Figure 50. An OEC helght grld for 600 krn satellite helght. 
The heavy line around the height @Id la the apparent horl- 
zon viewed from the satelllte. 

Flgure 51. An OEC helght grld for 900 km satelllte hclght. 
The sernl-disc on the apparent horlzon lndlcate the orlen- 
tation of the proJectlon equator when the helght grld Is 
placed on u1 O W  chart. 
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4. ATTITUDE OF SATELLITE 

In order to perform a high quality of rectification of satellite photographs, it is 
of vital importance to determine precisely the tilt of the image and the orientation of 
the principal plane. Because of the lack of landmarks in a majority of the TIROS pho- 
tographs, we are not able to determine camera orientations using the individual image 
only. It necessitates, therefore, an advanced method by which a bit of photogramme- 
tric information acquired from each photograph is pieced together into an accurate 
determination of a series of satellite photographs. 

One of the most important parameters introduced by Glaser (5 )  and investigated 
further by Hubert (6) is the nadir angle of the satellite spin-axis. The term satellite 
nadir-angle (7, ) is used to designate this angle. Due to the fact that the optical axes 
of TIROS cameras are not exactly parallel to the spin axis, the tilts (T) are slightly 
different from the satellite nadir-angle. The term tilt is applied to the nadir angle of 
the camera optical axis. 

A.  ATTITUDE RELATIVE TO THE EARTH 

Although the precise motion of a TIROS spin-axis due to the nutation is not known 
to us, it is reasonable to assume that the orientation of the spin axis remains un- 
changed during the nodal period o r  its fraction. Figure 52 represents the positive 
direction of the spin axis, being from the top to the floor of TIROS. Since the cam- 
eras are mounted on the floor, the positive direction coincides with the direction in 
which pictures are taken. 

axes intersect the earth's surface at right angles. To distinguish the intersections 
one from the other, the one in the positive direction viewed from the center of the 
earth is called the spin-axis antipode (TSA'). 

satellite is called the primary plane. This plane does not always include the spin- 
axis point unless the earth is assumed to be a spheroid. Such an assumption may 
create an e r r o r  of up to 0.2 deg of latitude; however, the relative position between 
TSP and TSA should not include any e r r o r  i f  they are consistently expressed by either 
geodetic o r  geocentric latitudes. In view of the fact that the subpoint data are usually 
given by geodetic latitudes, the TSA will be expressed by geodetic latitude. 

The following discussions are thus based upon the spheroidal approximation of 
the earth. The geocentric latitudes on the spheroid are labeled by the geodetic lati- 
tudes so that the landmarks with geographic grids on the maps and atlases correspond 
exactly to those which would appear on the surface of the spheroidal earth. 

The terrestrial spin-axis points (TSA) are the points at which the translated spin- 

The plane which includes the satellite spin-axis and the local vertical through the 
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Under this assumption the primary plane includes the earth's center, TSA, TSA', 

TSP and the spin axis of the satellite, The point of intersection of the spin axis with 
the terrestrial spheroid, which is termed the terrestrial primary, point (TPM) and the 
satellite are also in the same plane. 

A three-dimensional view of a satellite, the earth, and an image plane appears in 
figure 53. The points, TSA, TSP, and TPM always lie on a great circle which is the 
intersection of the primary plane with the earth's surface. This great circle is called 
the primary line on the earth. As the satellite orbits around the earth, the TSP dis- 
places on the earth's surface while the TSA remains practically at the same spot on 
the fixed earth during one orbit e Thus, the TPM, located on the extension of the 
great-circle arc connecting TSA with TSP, moves much faster than TSP forming a 
TPM track on the earth, 

It is important to recognize that the great circle distance in degrees of TSA and 
TSP at any moment denotes the satellite nadir-angle. Once we know the satellite 
nadir-angle, the great circle distance between TSP and TPM is obtained either from 
Eq. (52) o r  figures 34 and 35 as a function of H and r lS ,  

On the fixed-earth coordinates projected onto a OEC chart, the primary lines con- 
necting FSA with FSPs can be drawn with the help of an OEC overlay by superimposing 
it upon an OEC map so that their projection equators coincide. Figure 54 shows a 
schematical drawing of the primary lines. When the FSP is located closest to the FSA, 
the satellite nadir-angle reaches its minimum value called the minimum nadir -angle 
(?"IN ) *  If the height of the satellite remains the same, the distance between the FSP 
and FPM tracks also reaches a minimum value at the time of the minimum nadir- 
angle ( tMIN ). 

tating earth projected onto an OEC chart connects two moving points, TSA and TSP. 
In fact the change of the longitude of a TSA is obtained by Eq.(37), as 

9 

As shown in the lower diagram of figure 54, each of the primary lines on the ro-  

where @:sAdenotes the fixed-earth longitude of FSA at the time t, which may be as- 
sumed constant during any one orbit. That is to say, the longitude of a TSA decreas- 
es about 0.25 deg per minute. Exact values of the sidereal rotation rate of the earth, 
which are used in computing Eqo(77) appears in Table V. 

B, ATTITUDE RELATIVE TO THE SUN 

111 order  to determine the attitude of a satellite relative to the sun, it is neces- 

The primary sun-plane is a plane which includes the sun and the spin axis of a 

sary to define both local and primary sun-planes. (Figure 55) 
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satellite. The intersection of this plane with an image plane, which is perpendicular 
to the spin axis, is a straight line termed image primary sun-line. This line passes 
through the image sun-point (ISN). Thus, the points SAT, IPM, TPM, SUN and ISN 
are included in the primary sun-plane. When this sun plane intersects the earth the 
line of intersection is a small circle unless the satellite nadir-angle is zero. 

The local sun-plane is defined.as a plane which includes the sun and a local ver- 
tical through any point on the earth o r  in space., This sun plane can be identified by 
adding the name of a local point included in the plane. A local TSP sun-plane is an 
example., It should be noted that a local sun-plane always intersects the earth with a 
great circle. 

The point of projection of the sun onto the earth's surface using the local vertical 
through the sun is called the terrestrial subsolar-point (TSS). By changing the super- 
scripts for a satellite in Eq. (29) to those for the sun, we have 

R f, sin 2+lss r - = - H + R  
Since the distance of the sun is extremely large compared with the radius of the earth, 
we may neglect the right side, thus 

$Tss = (7 9) 
Now we consider a local TSA sun-plane. This sun plane naturally intersects the 

earth with a great circle connecting TSA and TSS. Because of the large distance be- 
tween the earth and the sun, the lines SUN-TPM and SUN-TSS may be considered 
parallel. On the other hand, the lines TPM-SAT and TSA-Earth's Center are also 
parallel by definition. As a result, the local TSA sun-plane and the primary sun- 
plane are parallel planes. It follows, therefore, that the plane of the great circle con- 
necting TSA with TSS is always parallel to that of the small circle through the TPM. 
This small circle is the line of intersection between the primary sun-plane and the 
earth. Thus, the distance between these great and small circles on the terrestrial 
spheroid is equal to the distance between TPM and the great circle connecting the spin- 
axis with the subsolar point, 

The TIROS-borne sun-angle indicator gives on each frame a sun-angle digital d i s  
ylay as binary numbers 1/8, 1/4, 1/2, 1, 2, 4, 8, 16, 32, 64, 128, and 256, They 
are to be added to obtain the sun angle (ysN) which is the tangential angle of the image 
sun-point measured from the radial of the zero sun angle. Thus, the sun angle per- 
mits us  to determine the primary sun-line on each image independently from the hori- 
zon o r  landmarks. 

In case a well defined apparent horizon appears on an image, the orientation of a 
photograph can easily be determined with the help of the primary line. When the sat- 
ellite nadir-angle is less than 20 deg, however, we cannot always use the primary 
line as an orientation reference. In such a case, the distance between the FSA sun 
line (great circle) and the primary sun line (small circle) on the earth is not too far 
apart. A s  a result, the primary sun lines passing through each FPM on an OEC chart 
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(figure 56) may be assumed parallel to the FSA sun line, the great circle connecting 
FSA with the FSS. In a similar manner, the primary sun lines on the rotating earth 
coordinates can be obtained by drawing several TSA sun lines on the earth at five or 
ten minute intervals. 

It should be emphasized that the determinationof primary anlineson the earth be- 
comes more accurate as the minimum nadir angle approaches zero. Thus, the atti- 
tude of a satellite relative to the sun is occasionally of vital importance. 

C .  SPIN-AXIS POINT IN CELESTIAL COORDINATES 

The spin-axis points in terrestrial coordinates are expressed by 

These coordinates are not very convenient in representing the gradual drift of the 
spin-axis point in the fixed space, because the longitude of TSA changes approximate- 
ly 15 deg per hour . 

The Eq. (30), when applied to a TSA, gives 

where Go": the right ascension of the Greenwich Meridian at the time of the longitude 
determination. ' With the use of Table XIU it is extremely easy to obtain aQRE by ad - 
ding five numbers given as Year, Day, Hour, Minute, and Second Functions, Thus, 
a measured 
relation 

can be converted into aTSA almost immediately. At the same time the 

permits u s  to obtain the longitude of a spin-axis point using the same table. 

either by 
In view of the fact that the declination of a terrestrial point can be expressed 

o r  sTSA = $** - f, sin 2QbT8*, 

it is preferrable not to convert the geodetic latitude of a TSA into the declination. If 
we do so by subtracting the second te rm In the right side, we have to add the same 
amount when the geodetic Zatitude is needed in order to locate a spin-axis point on a 
terrestrial coordinate. 

sion (a) of the TSA of TIROS I-V. The short lines on the curves represent the time 
when a magnetic attitude control switch was changed. As reported by Stroud (la), TIROS 

Figures 57-60 give the smoothed value of the geodetic latitude ($) vs right asen- 
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satellites were equipped with an attitude control coil wrapped around the periphery of 
the satellite which, when activated, alters the magnetic moment of the satellite to a 
large extent , With the use of these figures and Table a I I ,  we may assume that the 
TSA can be obtained for any moment we wish. 

D. CWNGE OF W I R  ANGLE WITH TIME 

If we assume that a satellite in a circular orbit is characterized by its minimum 
nadir angle ,:IN , the satellite nadir-angle at timeb t past the minimum nadir angle 
time is obtained by solving a right spherical triangle. The solution is 

cos?& = cos qy cos - 2n A t  
0 PSOfl 

which can be reduced, when T"IN = 0 , to 
8 

(83) 

The Pa,, denotes the period of a satellite in orbit through successive nodes, and is 
the difference between the argument of a satellite at any moment and that at the mini- 
mum nadir angle time ( u - uMIN ). 

The change in time of the satellite nadir-angle computed by 

C O S T  8 = cos 7 y N  8 cos ( u  - UWIN) (84) 

is shown at 30 deg intervals in figure 62. The figure gives a rough idea how the sate1 - 
lite nadir-angle would change with time as a satellite circles around the earth, It will 
be seen that the satellite nadir-angle decreases linearly when its minimum nadir angle 
is zero. On the other hand, will stay 90 deg and never change if the minimum na- 
d i r  angle is 90 deg. Between these extremes, the satellite nadir-angle varies along a 
sinusoidal looking curve which passes a maximum and a minimum nadir-angle point 
once in each orbit. 

In case of an eccentric orbit, the time change of the satellite nadir-angle is not 
symmetric about the minimum nadir-angle time. The TIROS I-V were injected into 
eccentric orbits, thus, an assumption of circular orbit does not always apply. Re- 
gardless of the orbital eccentricity, the satellite nadir-angles as a function of time 
can easily be obZained by plotting both the TSPs and TSAs at one minute intervals v d  
measuring the great-circle distance of the corresponding points. An OEC chart with 
proper inclination of the projection equator, and its overlay are normally used. 

Thus, the time change of the satellite nadir-angle for any orbit can be obtained 
from the existing attitude data, before a particular series of pictures to be rectified 
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has ever been examined, Finally a graph, satellite nadir-angle vs time for a neces- 
sary period is completed for future references 

E. SATELLITE NADIR-ANGLE AND TILT 

The optical Ekes of TIROS-borne cameras are designed to be parallel to the ve- 
hicle's spin axis. Nevertheless, the final alignment measurements revealed a few 
tenths of a degree deviation from the perfect parallelism. Yet the deviation is so 
small that we may assume that the image plane is perpendicular to the vehicle's spin 
axis and that the nodal spin-axis intersects the image with an oblique angle which is 
no less than 89.0 deg. 

The distortion-free fiducial -grids of TIROS-borne 10 cameras presented in fig- 
ures 17-27 are constructed in the image planes which are perpendicular to the ve- 
hicle's spin axis. The image primary-point (IPM) is located at the center of the im- 
age so that the primary tangential angle relative to the spin axis can be measured by 
the angular scale around the grid, The principal point (IPP) is indicated by a small 
open circle near the primary point which is painted black. 

connecting a TSA with the corresponding TSP. On the fixed-earth spheroid as shown 
in figure 63, the FPP, FSP, and FOA at any instance are on a great circle, which is 
the intersection between the principal plane and the fixed earth, We should realize 
that the fjxed-earth optical-axis point revolves around the FSA several times a min- 
making its determination extremely difficult and awkward. Unless the IPP coincides 
with the IPM, it is better to consider IPM being a point at the image center and let 
IPP move around the former. 

It will be seen that a TPP is not always located on the primary line, a great circle 

Fipre 64 represents both IPM and IPP with exaggerated X, the angle between the 

inter- 
optical and spin avces. Since the actual value of X is only up to a few tenths of a de- 
gree, it is reasonable to assume that the principal line and the primary line 
sect the apparent horizon at right angles. Thus, the satellite nadir-angle is measured 
as 

where 8, denotes the dip angle, eH , the horizon distance. The tilt (T) is the object 
angle between ISP and IPM, and can be measured by placing a proper tilt grid on the 
distortion-free image , 
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F . TRACK DISTANCES 

As a satellite orbits around the earth, its terrestrial subpoint (TSP) and the ter- \ 

restrial primary point (TPM) produces their track on the earth. They are called TSP 
track and TPM track. 

A graphical representation of TSP, TPM, and TPP tracks appear in figure 65. 
The distance between these tracks a re  termed the track distance which can be ex- 
pressed either by the great circle distance (dT)  o r  the corresponding nadir angle ('qT ) 
viewed from the satellite. These are implicitly expressed by Eq. (52), thus 

Therefore, figure 35 may conveniently be used to connect 'qT to dT o r  vice versa. 

grid superimposed upon a distortion-free image including the successive positions of 
IMPS. Figure 66 reveals the geometry of the track-distance measurement on an im- 
age plane. 

In case the satellite nadir-angle is rather small, the TPM track is more o r  less 
parallel to the TSP track. The radius in the great-circle arc of a radius centered at 
a TSP and tangent to the TPM track thus denotes the track distance (d,) On the dis- 
tortion-free image, the circle on the earth appears as an ellipse of the nadir angle, 
'qT . The IPM track should always be tangent to this ellipse. Using this characteristic, 
the track distance in nadir angle is obtained as the nadir angle of an ellipse which is 
tangent to the IPM track. 

There is a simple way of determining the track distance by using a proper tilt 
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Figure 52. The terrestrlal spln-axle p lo t  (TU)  and the 
terrestrial spln-axis antlpcde on a terrestrial ellipsoid. 

Flgure 53. To define the primary plane whlch Includes the 
satelllle spln-axls end the local vertlcal through the satel- 
Ilte. The primary llne on Image and on the eanh are the 
Intersection of the prlmary plane wlth the Image and the 
earth's surface, respectkvely. 

T OEC 

FIXEO-EARTH COORDINATES 

OEC 

Plgure 54. Suhpolnt and primary polnt tracks on the rotating 
and the fixed-earth coordinates. The sntelllte nadlr angle 
on these coordlnrtes are measured as the arc length con- 
necting the spin-axle point wlth the subpolnt. 

SUN 

@TRANSLATED SPIN-AXIS 

Flgure 55. Showing prlmrry and local sun-planes. The pri- 
mary sun-plane Includes the sun, primary point, and sale\- 
lite. Its intersectron wlth the earth forms a small circle 
through TPM. The local lun-plane Is denned pj the local 
venlcal and the sun. Thls plane always Intersects the 
spherical earth along a greal clrcle through the local p&r 
or  Its subpalnt. 
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Figure 58. Movement of the terrestrial ~pln-axls point of TIROS I1 plotted on a right ascensloa vs geodetlc lati- 
tude diagram. (Courtesy of W .  R .  Lndcen. NASA). 

Figure 59. Movement of the tcrrefitrial spin-axis point of TIROS 111 plotted on a right ascenalon VB geodetic IatlNde 
diagram. (From L .  Goldshlak, TIROS I11 Attitude Data, Allied Research Associates, Inc.). 
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Figure 62. Change of the satellite nadir-angle a8 the function of the argument of 
satellite. The value was computed for a circular orbit. 

Figure 63. Motion of the principal point around the primary point caused by the satellite‘s 
spin nnd the small angle between optical and spin axes. 

Figure 64. To define princlpal line and primary line on an image. The distance bemccn 
IPM and IPP is usually less than one degree. Both principal and primary lines are ,  
therefore, considered to be perpendicular to the apparent horizon on the Image. 
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Figure 65. TSP arid TPM trucks on the carth arc npprxolmetely pJrdllel. The dlstuncc h?Ween tlieue tracks. 
whl'h Ih called ttic track dlslance, Vurles very  grudunlly. It renchcs u mlnlmum value (It the minlmum nadlr- 
angle time. 

Flgurc 66. Ceomctry to olxaln track dlstancc U S ~ I I ~  d proper t i l t  grid. TIw IrJL'k dlS-  
tuncc IR mensurd,  flrst, u b  lhc nadir JnRIc (7,) oil ttir lin.qw, thrn t r ~ i d i ~ r m e d  inlo 
tlic Rrcat clrclc dlstunco ( d, ) with thc usc of d proper Iieijilil p ' l d .  
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A Series of Photographs and 
Programmed Picture Start Time 

3 

' 

5. RECTIFICATION OF SATELLITE PHOTOGRAPHS 

'Image Primary-Line 
,and Primary Sun-Line 

Satellite Nadir Angle 

The basic theories which have been discussed will lead us to proceed with the rei= 
tification of any series of satellite photographs. In addition to the photographs to be 
rectified, it is necessary to obtain additional data such as times, heights, subsatellite 
latitudes and longitudes, programmed picture start time and some spin-axis data. 
The spin-axis data are very useful but optional since they can be obtained from a 
series of photographs. 

Two different but closely related methods will be introduced in this report. The 
one called APPROXIMATE METHOD is developed to rectify a series of photographs, 
none of which includes recognizable landmarks. AS a result, the time determination 
using the attitude data obtained from other series of photographs becomes necessary. 
While a PRECISE METHOD does not require the attitude information at least one 
known landmark is needed in one of the photographs in a series to be rectified. The 
following table compares the processes involved in these methods e 

r - Latitude, Longitude, 
Height and Time of TSP - 

FLOW DIAGRAM O F  APPROXIMATE METHOD 

TPM track 
Terrestrial Primary-Line 
and Spin-Axis Point 

A Series of Photographs and 
Programmed Picture Start Time 

t 

FLOW DIAGRAM OF PRECISE METHOD 

Image Primary- Line 
IPM track 
Satellite Nadir -Angle 
Track Distance 
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The data required to perform these rectification methods are numbered so that 
they can be identified when necessary. They are 

A series of tape-mode o r  direct-readout pictures 

Programmed picture start time for tape-mode pictures 
sure time for direct-readout pictures. 

Times, heights, subsatellite latitudes, and longitude such as appear in 
"Definitive AT Map" produced by NASA. 

Right ascension and declination of the spin-axis point, or minimum 
nadir angle and its time. 

Actual expo- 

b addition to these data, it  is necessary to have the copies of the following recti- 
fication grids: 

"Oblique Equidistant Cylindrical (OEC) Projection Charts, in scale 
1 deg = 5 mm, with the inclination of the projection equator, 48.4' and 
58.3', .are available. They are made to cover 26'0n both sides of the 
projection equator (figures 45 and 46). 

"OEC Overlay" drawn in the scale of the OEC chart covers over 90 de- 
grees of the projection equator (figure 47). 

"Tilt (Nadir Angle) Grids, with the principal distance of 94.7 mm, are 
prepared at 2 degree intervals between 0' and 130' inclusive (figure 29). 

"Height Grids" at 10 km intervals between 600 and 1,000 km of satellite 
altitudes. The scale of all height grids is identical to that of OEC charts 
and the OEC overlay. 

"Fiducial Grids" which have to be made to fit each distorted image. Ex- 
periences show that one o r  two kinds of fiducial grids usually match the 
fiducial marks on images belonging to a series of tape-mode or direct- 
readout pictures. The grids have to be made by those who desire to per- 
form rectification practice, 

"Distortion-free Fiducial Grids, including both IPP and IPM are avail- 
able for the 10 TIROS I-V-borne cameras (figures 17-26). 

A. PRECISE METHOD OF RECTIFICATION 

This rectification method permits us to rectify a series of photographs without the 
previous knowledge of the attitude data. The data required to perform this method are 
(BL1), (B-2), and (B-3) An outline of rectification procedure follows: 



- 66 - 

STEP Ia: Measurements on Image Planes 
on Plastic Sheet placed on Photographs 

(la) make: fiducial grid (A-5) for all frames. 
(2a) trace: apparent horizons 
(3a) transfer: image primary-points (IPM) from other frames 

(4a) transfer apparent horizons 
(sa) obtain: primary lines, horizon distances ( E "  ), image subpoints 

(ISP), and satellite nadir-angle ( T~ ) *  
(6a) transfer: a series of IPMs for other frames. 
(7a) obtain: IPM track and track distance ( 9, ). 

on Distortion-free grid. 

STEP IIa: Analysis on OEC Charts 
on OEC Chart 

(sa) plot: TSPs, label each with time, and draw maps including land- 
marks to be used, 

on Translucent Sheet Placed on OEC Chart 

(9a) label: each with frame number using the programmed picture 
start time. 

(loa) draw: circles of track distance from (7a). 
(lla) obtain: TPM track over the intervals for which track distances 

are available. 
(12a) determine: TPMs for selected frames using satellite nadir-angle 

( 
(13a) obtain: TSAs for the frames used in (12a), then mean fixed-earth 

spin-axis point (FSA) for Frame No. Zero. 
(14a) determine: TSAs for all frames. 
(15a) draw: terrestrial primary lines for all frames. 
(16a) measure: satellite nadir-angle (77s ) for all frames. 

) from (sa) and figure 35. 

STEP IIIa: Final Rectification 
on the Same Translucent Sheet 

(17a) transfer: landmarks on (B-1) using (A-5), (A-3), and (A-6). 
(18a) slide: translucent sheet keeping exposure points on TSP track, 
(l9a) stop: the sheet when landmarks fit the topography on OEC Chart, 
(2oa) measure: the amount of shift. If the shift is over three minutes 

change the programmed picture start time and repeat from (ga), 
(21a) transfer: latitudes and longitudes from dEC to the image using 

(A-4), (A-3), (A-5), (A-6) and (B-1). 

STEP Ia: Measurements on Image Planes 

Readout images are distorted appreciably due to both electronic and optical dis- 
tortions. The measurements of the angles between objects on these images must, 
therefore, be made after the distortion is elimated by transferring the objects from 
the image to the distortion-free plane, To avoid unnecessary efforts, it is preferable 
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to transfer only the objects needed for the attitude determination.. 

As an example, the six photographs (figure 67) of Hurricane Anna of 21 July 1961, 
readout on orbit 133, TIROS 111 are presented. Since all photographs already include 
the fiducial grids the Items (la) - (3a) are already completed. If not, the fiducial 
grids have to be constructed using the method as shown in figure 16. It should be 
pointed out, however, that a series of IPMs was obtained by transcribing the IPM for 
each frame onto one image with the help of the cloud patterns in the vicinity of the IPM 
to be transcribed. Thus, the movement of the primary points is visualized on each 
readout image. We will find later that this IPM track plays an important role in the 
determination of the primary line on an image in which the apparent horizon is ex- 
tremely poor o r  completely lacking. 

Presented in figure 68 is the distortion-free image of the Frame 21T, which in- 
cludes an apparent horizon, which was transferred from the distorted image in figure 
67. Similar transfer should be done also for the other frames including apparent 
horizons e 

When the transfer has been completed the principal line connecting the IPM with 
the point on the apparent horizon closest to the IPM shall be drawn. Experience re- 
vealed that an accurate determination of the primary line can be achieved by drawing 
several concentric circles C1, C2, C3.. e .with their center at the IPM and then ob- 
taining the mid-points of the line segments connecting the points of intersection of 
each circle and the apparent horizon. A straight line passing through the IPM and 
running through the mean of these mid-points represents the most probable primary 
line on the distortion-free image,, In case the radial angle between IPM and IPP ex- 
ceed one degree, this method is not too accurate. We must then use IPP to determine 
the principal line first, and the primary line should be drawn by connecting the TSP 
with the TPM. On the image plane of TIROS I-V cameras, this approximate method 
can be applied with great accuracy, since X is no more than one degree. 

IPM and the apparent horizon on the image primary line. The satellite nadir angle 
( rl, ), by definition, is then computed by Eq. (85), i f  we know the satellite height 
which determines the dip angle ( 8" ). Finally, the ISP is placed on the image primary 
line. The radial angle of the ISP is equal to the satellite nadir angle. 

for other frames are transcribed as shown in figure 68. Thus, the IPM track is com- 
pleted. Next we place the distortion-free image (A-5), as an overlay, on the tilt grid 
labeled with an angle closest to TS , in such a position that the primary line on the im- 
age coincides with the principal line on the tilt grid. Move IPM along the principal 
line until it reaches the point where the nadir angle on the grid becomes identical to 
the satellite nadir-anglerl, . Finally, the track distance is obtained as the smallest 
nadir-angle of the PM track. 

There are three short lines near the center of each tilt grid. The middle line 
intersects the principal line at the principal point of rhe labeled tilt. Two other short 
lines on the principal line give the principal points for the tilts one degree larger o r  

The horizon distance ( ) can be measured by transferring the distance between 

At this point the Items (4a) and (5a) have been completed. Now a series of IPMs 
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smaller than the labeled angle, so that the same also can be used for any tilt within 
that range. 

the satellite nadir-angles ( Ts ) and the track distance (7& ) for several frames. They 
may be tabulated for use in the next step,, 

Upon the completion of the measurements on the image planes, we usually obtain 

STEP JIa: Analysis on OEC Chart 

First of all, the proper longitude has to'be labeled on an OEC chart so that a 
series of TSPs to be plotted stay close to the projection equator ,, If the plotted TSPs 
deviate more than a few degrees from the projection equator, some e r r o r  in satellite 
nadir-angle may arise, Next we plot the TSPs and their times on the OEC chart 
usually at one minute intervals. At the same time the map positions of the landmarks 
seen on the photographs are entered in the OEC chart using reliable maps covering 
the analysis area. 

A translucent sheet of paper is placed on the OEC chart and the exposure sub- 
points are plotted on the overlay sheet. The exposure times of direct-readout images 
are usually known within one second e r ro r ,  thus permitting u s  to locate the exposure 
subpoint immediately. The picture start time of a series of tape-mode photographs 
could be off up to a few minutes, whereby the best we can do, to begin with, is to as- 
sume that the f i rs t  picture (actually the last one on the film series, the one with the 
largest frame number) was exposed at the programmed picture start time. The valid- 
ity of this assumption will be determined later ,, 

track distance from several TSPs. Since the track distance, d7, measured on the dis- 
tortion-free image plane, is the nadir angle of the TPM track viewed from the satellite, 
the great circle distance ( d,) on the OEC chart can be obtained by using a height grid 
labeled with the height of t5e satellite at the exposure time. Figure 35 also serves for 
this purpose because it is a nomogram to obtain the great circle distance from the sat- 
ellite height and the object nadir angle, 

Before we draw the IPM track, a smooth line tangent to these track-distance cir- 
cles as shown in figure 69, we must know on which side of the TPM track the TSP is 
located. The easiest way of determining this is to refer to the image plane with TPM 
track on it (figure 68). It will be found in the figure that the ISP is located to the left 
of the IPM track facing toward the direction of the IPM movement ,, The TSPs in figure 
69 should, therefore, be located on the same side. Theoretically, a TPM track never 
crosses  the corresponding TPM track. With this precaution a smooth line of TPM 
track is finally drawn on the OEC chart, 

angle (7, ) and the satellite nadir-angle (7, ) are identical. In other positions of a 
satellite, 7, is always larger thanTT. Therefore, the exact position of the TPM can be 
obtained by placing the center of a proper height grid at a TSP and selecting a point on 
the TPM track whose nadir angle coincides with rl, , the satellite nadir-angle. We may 

Now we come to Item (loa), which requires the drawing of circles indicating the 

It is only at the time of the minimum nadir angle that the track distance in nadir 
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again use figure 35 to determine the distance between TPM and TSP on the OEC chart. 

Figure 70 demonstrates how the TSA is determined by extending the great circle 
connecting the TPM with the TSP with the help of an OEC'overlay. In drawing the 
great circle, especially when a TSP is off from the OEC projection equator, the me- 
thod described in figure 49 should be observed carefully. By doing so, theoretically, 
no e r r o r  in the position of TSA will be introduced. The great circle distance between 
a TSP and the corresponding TSA is always equal to qs , the satellite nadir -angle 

When a number of TSAs are determined from the frames including an apparent 
horizon and a subpoint, they are converted into the FSAs. The exposure time of an 
imaginary Frame No. Zero is taken as t r ,  the time of fix. Equation (37) reveals that 
the fixed-earth longitude of a FSA is expressed by 

where o,,, denotes the rotation rate of the earth with respect to the nodes. This rate 
is almost identical to the sidereal rotation rate ( wesf) which appears in Table V. The 
table shows that a rate, 0.25 deg per min, can be used with great accuracy, as long 
as the total period analysis is limited to that of one orbit o r  a fraction thereof . Thus 
we use 

T S A  I e+ + ~t 

where A t is the difference, ( t - tF ) and is expressed in minutes. 

As shown in figure 70, FSAs for Frame No. Zero is plotted on the same OEC on 
which the determination of TSAs has been made. It is usual to see a scatter of FSAs 
caused by the experimental e r ro r .  The most probably position of the FSA should, 
therefore, be obtained by guess to a certain extent. 

TSAs at the exposure times are determined by computing their longitudes usine Eq. 
(88) which is solved as 

After the determination of the most probable position of the FSA, the positions of 

The latitudes of the TSAs are, of course, considered to be constant during such a 
short period. Thus, we finally line up TSAs as shown in figure 71. 

The last item of this step is to draw primary lines by connecting each TSA with 
the corresponding TSP by using OEC overlays. The proper use of the OEC overlay 
figure 49 should always be observed to obtain the best result. It is the usual practice 
to measure the satellite nadir-angle for each frame before the OEC overlay is remov- 
ed. 

determine the exact position of TPM eithqr by using a proper height grid o r  figure 35. 
The TPMs thus plotted are connected into a TPM track. 

The satellite nadir-angle and the height of satellite for each frame permit us  to 
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STEP IIIa: Final Rectification 

We have, so far, accomplished our analysis under the assumption that the first 
tape-mode picture is taken at the programmed picture start time. This assumption 
can now be evaluated through the preliminary rectification. First we place, as shown 
in figure 72, the center of the proper height grid exactly at the TSP of the frame to be 
rectified. Then rotate the grid a few degrees until the primary line coincides with 
one of the azimuth lines on the height grid. The center line of the height grid, indicae 
ed by a semi-disc, must be kept, as much as possible, parallel to the OEC projection 
equator . 
the objects of a frame to be rectified. Keep the IPM on both grids together; rotate one 
of the grids until the positions of all IPMs relative to the tilt grid fit best with those of 
the IPM with respect to the height grid placed properly on the OEC chart. When the 
best fit is reached, we stop the rotation of the grid in order to draw the primary line 
on the distortion-free grid. It should be emphasized that this method enables us  to 
determine primary lines for pictures which do not include horizons. In case a dis- 
tinct horizon is available, the primary line on the distortion-free grid can be used in 
orienting the principal line on a proper grid. 

The landmark(s), which had been transcribed from the readout image to the dis- 
tortion-free fiducial grid with the use of a fiducial grid can now be transferred to the 
translucent sheet on the OEC . If there exim more than one recognizable landmark in 
several photographs, we may as well proceed to transfer as many as possibleQigure 
72) . 

Untape the translucent paper to see how much translational shift is required until 
all landmarks reach the best fit positions. The shift is usually made in such a manner 
that the exposure subpoints remain, as much as possible, on the TSP track. Because 
the satellite tracking is so accurate, we may reasonably assume that exposures were 
made somewhere above the subpoint track. The distance of the shift, divided by that 
of the one-minute movement of TSP, is the difference between our assumed t ime of 
exposure and actual exposure times. In most cases, the amount of the shift is deter- 
mined as accurate as 0. lo of arc, while a satellite travels about 3.5Oper minute. 
Thio method, therefore, permits us to determine the exposure time with an accuracy 
of about 2 sec. 

In case the time difference computed from the amount of shift is more than two 
minutes, we might have to repeat step 11 after the completion of the time correction. 
Because of the height change, which resulted from the subpoint shift, analysis would 
require the use of different height grids. 

It will be seen in the section of "Approximate Method" that the estimated position 
of the spin-axis point permits us to estimate the satellite nadir-angle as a function of 
time. Using the programmed picture start time, the satellite nadir-angles for select- 
ed f rames  can be computed to find out i f  they are not too far off from those measured 
from the photographs with the same frame numbers. Since the TIROS meteorological 
satellite travels at the rate of 3.5Oper min, we may assume that the one minute e r ro r  

Next, the proper tilt grid is placed on the distortion-free fiducial grid including 
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in picture start time could cause up to 3. So of satellite nadir -angle. We usually cor- 
rect the programmed picture start in 3'. This precaution will assume that the shifting 
process in the preliminary rectification can be performed with great accuracy. 

After the completion of the final TSP shift, we should have exact TSPs and the COP 

responding primary line and the satellite nadir-angles ( T3 ) for all frames. Place the 
center of a proper height grid at the TSP of the frame to be rectified and rotate the 
grid in the manner described before. Then place the distortion-free fiducial grid over 
a proper tilt grid, using the above mentioned method. 

Now we are ready to transcribe the So latitude and longitude intersections (figure 
73). This transcription is made first onto the distortion-free fiducial grid with the 
aid of a tilt grid underneath, then finally to the fiducial grid. The geographic grid may 
be drawn on a plastic o r  translucent paper overlay placed over the cloud picture. 

If required a supplementary grid with either one degree o r  even one-half degree 
intervals may be added to the basic So grid. An example of the geographic grid placed 
on a photograph appears in figure 74. After the completion of the geographic grid on 
several frames it is usual to see that the positions of clouds relative to the grid lines 
are fairly close to each other. When the same cloud on two o r  more pictures with 
geographic grids is seen within SO0 of nadir angle, it is expected that its images ap- 
pear on practically the same location relative to the grid lines. 

After this brief check, the cloud patterns may be transcribed onto a map of any 
projection. Or, if desired, the geographical features, and meteorological information 
such as winds, isobars, etc., are transcribed onto the photographs with the geographic 
grids. 

B. APPROXIMATE METHOD OF RECTIFICATION 

To summarize this method of rectification, an outline of rectification procedure 
follows: 

STEP Ib: Measurements on Image Planes 
on Plastic Sheet Placed on Photographs 

(lb) make: fiducial grid (A-5) for all frames. 
(2b) trace: apparent horizons . 

on Distortion-free (Fiducial) Grid 

(3b) transfer: apparent horizons. 
(4b) obtain: primary lines, horizon distances ( eH ), image sub- 

points (ISP), and satellite nadir-angles ( rl, ). 

on Graph Paper 

(5b) plot: the satellite nadir-angles ( T~ ) as a function of time. 



- 72 - 

STEP 1%: Anslysis on an OEC Chart 
on an OEC Chart 

(6b) plot: terrestrial subpoints (TSP), label each with time. 
(7b) obtain: longitude and latitude of the spin-axis point (TSA). 
(8b) plot: the TSAs for the necessary period. 
(9b) draw: primary lines at one minute intervals. 

(lob) obtain: the satellite nadir-angles (rl ,  ) at one minute intervals. 

on'Graph Paper 

( l lb)  plot: the satellite nadir-angles ( qs ) as a function of time. 

STEP IIIb: Final Rectification 

(12b) compare: the graphs of satellite nadir-angles using (5b) and 

(13b) obtain: the exposure t imes  of photographs. 
(14b) place: a translucent sheet on the OEC chart. 
(15b) draw: primary lines for each photograph. 
(16b) place: a proper height grid on a primary line. 
(17b) transfer: latitudes and longitudes from OEC to the image using 

(A-4), (A-3), (A-6), and (A-5). 

(llb). 

SPECIAL STEP: Rectification of Photographs using Sun Angles 

calculate: sun angle by adding the binary numbers. 
draw: primary sun-line on the distortion-free grid. 
plot: terrestrial subsun point (TSS) on the OEC chart. 
draw: a great circle passing through the TSS and TSA, 
draw: a primary sun-line through each primary point. 
place: a proper nadir -angle grid (tilt grid) on the distortion 
free grid from (19b) 
place: a proper height grid to fit the orientation of image pri-  
mary sun-line. 
transfer: latitudes and longitudes from OEC to the image using 
(A-4), (A-3), (A-6), and (A-5). 

Explanation of each step 

STEP Ib: Measurements on Image Planes 

The measurements on image planes required to perform this approximate method 
of rectification is almost the same as the precise method. The same items used are 
(lb) = (la), (2b) = (2a), (3b) = (4a), and (4b) = (Sa). After the completion of a fiducial 
grid for the frames to be rectified, the primary lines are drawn on the distortion-fee 
images to obtain the image subpoints (TSPs) and the satellite nadir-angles ( 7s ) . 

This approximate method does not require the IPM track if  the sun angle for each 
frame is known. In case the sun angle is not available, the Items (3a) and (6a) have to 
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be added in order to orient the photographs which do not include apparent horizons . 
pare a graph showing the satellite nadir-angle as a function of time . The graph is 
made from the result of Item (46). 

Additional work needed to determine the exposure time in this method is to pre- 

STEP IIb: Analysis on OEC Chart 

First  the terrestrial subpoints (TSPs) are plotted. Then they are labeled with 

The right ascension and the geodetic latitude of TIROS satellite are obtained from 
figures 57-61 which includes their values at OOZ. Equation (81) is then used to ob- 
tain the longitude of TSA by subtracting the right ascension of Greenwich from that of 
TSA, thus 

time at one minute intervals. 

o T S h =  a T 8 h  - a Q R E  

The right ascension of Greenwich is a function of time which can be obtained from 
Table XIII. 

250.5 deg at time 15h23m13s Greenwich time on 25 July 1963. 

time functions 

EXAMPLE: To obtain the longitude of a spin-axis point with right ascension 

ANSWER: First the right ascension of Greenwich is obtained by adding the 

Year Function-- - - - - - - 1963 
Day Function- - - - - - - - July 25 
Hour Function - - 9 - - - - - 15h 
Minute Function- - - - - - 23m 

R .A . of Greenwich- -Total 

-2.21 
+124 . 19 

4 5  . 62 
+5.77 

+173.42 
Second Function- - - - - - 13s 4-0.05 

The longitude of the spin-axis point (TSA) is, therefore, 

250.5 - 173.4 = 77.1. 

The latitude of TSA in Item (7b) is read off directly from figures 57-61. In view of the 
movement of TSA along a latitude circle at the rate of 0.25 deg per min and the avail- 
ability of the subpoint data at one minute intervals, it is easier first to obtain the TSA 
on the minute. Then it is moved 0.25 deg of longitude per minute. 

After the end of Item (9b) when all primary lines at one minute intervals are com- 
pleted, the satellite nadir-angles at one minute intervals are measured by superim- 
posing an OEC overlay upon the chart which would appear much as in figure 75. The 
measured satellite nadir-angles are then plotted on the same kind of graph paper as 
used in Item (5b). 
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STEP 111: Final Rectification 

Finally, the graphs completed in Items (5b) and (l lb) are superimposed to per- 
mit the determination of the t ime of a series of photographs. This method can be 
applied to any series of photographs if  some of them include a well-defined apparent 
horizon. 

After the determination of the exposure times of photographs, their TSPs and 
TSAs are plotted on a translucent sheet placed on the OEC chart used for the deter- 
mination of the satellite nadir-angle. In fact, it is not necessary to draw the primary 
lines at one minute intervals in order to measure the satellite nadir-angles at the sane 
intervals. They can be measured on the OEC overlay without drawing primary lines 
which connect the corresponding TSPs with TSAs. We may, therefore, draw the pri- 
mary lines for each photograph after their time of exposure has been determined in 
Item (13b). 

In the same manner as shown in figure 73, the center of a proper height grid is 
placed on the TSP for an exposure so that the latitudes and longitudes on the OEC chart 
are transcribed onto the image coordinate using the same method as used in the pre- 
cise method. 

SPECIAL STEP: Rectification of Photographs using Sun Angles 

The approximate method is not capable of orienting the image primary line unless 
a well-defined horizon is visible on the photographs. 

One solution to such a case is obtained by plotting the primary-point tracks (IPM 
tracks and TPM tracks) as used in Items (6a) and ( l la )  of precise method. These two 
tracks are then used in transcribing the terrestrial primary line onto the image plane 
without using the apparent horizon as a reference. 

Another solution is the use of sun angle which is obtained by adding the binary 
numbers on digital monitor display. The binary numbers appear as 1/8, 1/4, 1/2, 1, 
2, 4, 8, 16, 32, 64, 128, 256. So far these binary numbers have not been represent- 
ed properly, and appreciable e r rors  were reported. It is recommended that the sun 
angles be checked carefully before they are used in the determination of primary lines. 

The baseplate angle of the direction with sun angle zero for TIROS I-V is designed 
consistently as 340 degrees. On the other hand, the baseplate angle of the radial angle 
zero for cameras 1 and 2 are, respectively, 110 deg and 350 deg (figure 9) Therefore, 
the tangential angles of the sun angle zero are 

and 
230 degrees for camera 1 
350 degrees for camera 2 

Thus, the tangential angle of the primary sun-line on an image is obtained by adding 
the above tangential angle to the sun angle on the monitor display. Next, the primary 
sun-line is drawn on the image. 

In order to draw the primary sun-line on the OEC chart, it is necessary to use the 
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sun-line geometry shown in figures 55 and 56. They reveal that the primary sun- 
lines on the earth are small circles parallel to the great circle connecting the TSA 
with the terrestrial subsun point (TSS). 'Now the TSS is obtained from Table XIV and 
XV which, respectively, gives the longitude and the latitude of the subsun point as a 
function of time in day, hour, and minute. The annual change in TSS is so small that 
no year function is used. 

mary point in such a manner that the primary sun-line is parallel to the great circle, 
TSS--TSA, at the time of each primary point. Figure 76 schematically represents 
such primary sun-lines on the OEC chart. 

height grid is placed at the TSP of a photograph to be rectified. Rotate the grid until 
the primary line coincides with one of the azimuth lines on the grid. The center line 
of the height grid, indicated by a semi-disc, must be kept, as much as possible, paral- 
lel to the OEC projection equator . 
the primary sun-line. While putting the principal point of the tilt grid on the primary 
point on the distortion-free grid, rotate the tilt grid until the primary sun-lines on 
both image and the OEC chart cut across the azimuth and nadir-angle lines in the same 
manner relative to each other . 
of geographic grid as described in (21a) and (17b). 

After the completion of Item (2lb), a primary sun-line is drawn through each pri- 

To perform the final transcript of the geographic grid, the center of a proper 

Next, the proper tilt grid is placed on the distortion-free fiducial grid including 

Upon completion of the orientation adjustment, we may proceed with the transfer 
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2 4  T 21 T 

23 T 

22 T 19 T 
Figure 67. Fiducial grids atd the primary point8 placed on six frames of tape-mode photographs taken during the or- 

bit 132, TIROS 111, 21 July 1961. 
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DISTORTION-FREE FIDUCIAL GRID (A-5) 

p' 

Figure 68. A method of determining the prlmnry llnc 01 
an image wlth M apparent horizon. M d  the track dla- 
tance In nudlr angle measured on u distortion l rec i m q c .  

T4PE-MODE 
FRAME NUMBER 

22 <Z 21 TSP 2:Troek 19 
1 7 7 

OEC CHART (A- I )  

Figure 69. Process oldrawlng the primnry point truck on the 
eurth after knowlng a number 01 track dlstnnces. 

Flkwrc 70. Dctcrrnlnutlon 01 the TSA for cdch frdme.  Alicr H c w c w l  TSAb ure nhrulnrd, tliry urc m w n l  along 
r . ~ c l ~  lutitudc t o  olnnln the FSA lor frnmc zcro. 



- 78 - 

Flgure 71. To determlne the primary llnes for each exposure polnt. 

Plgure 72. T h e  and posltlon determlnatlon throuBh a prellmlnnry rectlflcntlon. The rlght figure 
shows how the prlmary llne Is determlned on an Image wlthout horlzon. It can hc dune by rotat- 
h g  the dlstortlon-free flduclal grld nround the primary polnt untll IPM and TPM track8 mntch. 
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I J 

Flgure 73, Processes of obtalnlng the letltude Md longltudc grld on n dlwtoned Image. 

Figure 74. An example of the latitude and longltude grld drawn on a photographs. 
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Track 

Figure 75. The primary lines at one minute intervals obtained from subpolnt and attitude dnta. 
No satellite photographs are needed to obtain the primary lines a s  a function of time. 

Figure 76. The primnry sun-lines on the rotating earth. 
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61.80 59.03 55.18 48.31 37.53 11.30 
64.98 61.10 57.85 51.07 40.W 13.36 
67.10 64.58 60.48 53.95 43.11 11.50 
69.43 67.01 63.18 56.98 46.47 18.11 
71.68 69.48 65.97 60.17 10.01 31.M 
73.93 71.97 68.80 63,SO 53.P1 34.85 
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48.4O OEC P R O J E C T I O N  DATA 
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29.77 32.10 34.53 37.03 39.60 
28.48 25.27 22.13 19.10 16.17 

25.07 27.63 30.28 32.97 35.75 
25.73 22.38 19.12 15.92 12.85 

20.58 23.35 26.18 29.05 32.00 
22.87 19.38 16.00 12.68 9.47 

16.28 19.22 22.20 25.22 28.32 
19.85 16.30 12.80 9.38 6.03 

12.15 15.23 18.33 21.47 24.68 
16.77 13.13 9.55 6.03 2.58 

8.15 11.33 14.53 17.78 21.07 
13.58 9.90 6.25 2.67 -0.87 

I I 
55.07 56.63 
30.6; 28.57 

48.50 50.22 52.07 
30.42 27.98 25.65 

41.70 43.62 45.63 47.75 
30.57 27.82 25.17 22.60 

34.70 36.78 38.97 41.23 43.58 
31.03 28.00 25.05 22.18 19.42 

-9.32 -5.78 -2.37 0.97 4.25 7.52 10.78 14.08 17.40 
25.25 21.53 17.82 14.07 10.33 6.62 2.93 -0.72 -4.32 
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-6.68 -3.32 0.00 3.32 6.68 10.08 
7.47 3.73 0.00 -3.73 -7.47 -11.17 
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31.60 27.85 24.13 20.43 
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28.50 24.77 21.02 17.30 
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-20 

-25 

60.10 
24.63 

56.10 
21.27 

52.28 
17.80 

48.62 
14.23 

45.07 
10.63 

41.58 
7.00 

38.17 
3.35 

34.78 
-0.33 

31.37 
-4.02 

27.95 
-7.67 

24.47 
-11.30 

20.90 
-14.88 

17.20 
-18.42 

13.35 
-21.88 

9.32 
-25.25 

-8.15 -4.93 -1.70 1.62 5.05 8.65 
-13.58 -17.30 -21.02 -24.77 -28.50 -32.22 

-9.05 -5.93 -2.75 0.53 
-20.43 -24.13 -27.85 -31.60 
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61.97 
22.83 

58.27 
19.23 

54.70 
15.55 

51.27 
11.83 

47.92 
8.07 

44.65 
4.27 

41.42 
0.47 

38.17 
-3.35 

34.90 
-7.13 

31.58 
-10.92 

28.17 
-14.65 

27.33 
-18.33 

20.97 
-21.95 

17.10 
-25.50 

13.00 
-28.92 

63.95 66.02 
21.13 19.55 

60.50 62.87 
17.33 15.55 

57.22 59.83 
13.47 11.52 

54.02 56.88 
9.57 7.45 

50.92 54.00 
5.63 3.37 

47.83 51.13 
1.70 -0.73 

44.77 48.25 
-2.27 -4.83 

41.68 45.35 
-6.20 -8.92 

38.57 42.38 
-10.13 -12.98 

35.35 39.30 
-14.03 -17.00 

32.03 36.10 
-17.88 -20.98 

28.58 32.73 
-21.68 -24.90 

24.93 29.12 
-25.40 -28.73 

21.07 25.27 
-29.03 -32.47 

16.90 r 
-32.52 

74.35 75.92 77.55 79.23 80.95 82.72 
26.30 25.33 24.48 23.72 23.08 22.55 

71.17 73.07 75.03 77.07 79.15 81.27 
22.23 21.08 20.05 19.15 18.37 17.73 

68.17 70.38 72.68 75.03 77.43 79.88 
18.10 16.77 15.58 14.55 13.67 12.92 

65.30 67.82 70.40 73.07 75.78 78.57 
13.92 12.43 11.10 9.93 8.92 8.08 

62.53 65.33 68.22 71.17 74.18 77.28 
9.72 8.07 6.60 5.30 4.18 3.27 

59.55 62.90 66.05 69.30 72.62 76.00 
5.48 3.70 2.08 0.65 -0.55 -1.57 

57.20 60.50 63.90 67.43 71.03 74.72 
1.25 -0.70 -2.43 -3.97 -5.30 -6.40 

54.55 58.10 61.73 65.52 69.42 73.40 
-3.00 -5.07 -6.95 -8.62 -10.05 -11.23 

51.87 55.63 59.55 63.58 67.77 72.05 
-7.23 -9.45 -11.45 -13.23 -14.77 -16.05 

53.13 57.28 61.57 66.03 
-13.80 -15.93 -17.83 -19.48 

50.53 54.90 59.47 64.18 
-18.13 -20.40 -22.42 -24.18 

47.80 52.37 57.18 62.20 
-22.42 -24.82 -26.97 -28.87 

44.90 49.67 54.73 
-26.67 -29.m -31.50 

41.77 

49.17 
-11.47 

46.37 
-15.65 

43.45 
-19.82 

40.38 
-23.92 

37.10 
-27.97 -30.85 

70.63 
-20.87 

69.03 
-25.68 

67.47 
-30.47 - 

70 

85.70 87.10 88.55 90.00 
27.02 26.78 26.65 26.60 

84.52 86.33 88.17 90.00 
22.13 21.85 21.65 21.60 

83.42 85.62 87.78 90.00 
17.25 16.88 16.67 16.60 

82.38 84.90 87.45 90.00 
12.35 11.93 11.68 11.60 

81.40 84.23 87.12 90.00 
7.45 6.98 6.68 6.60 

80.40 83.60 86.78 90.00 
2.55 2.02 1.70 1.60 

79.43 82.93 86.47 90.00 
-2.37 -2.95 -3.28 -3.40 

78.47 82.28 86.13 90.00 
-7.27 -7.90 -8.28 -8.40 

77.48 81.60 85.78 90.00 
-12.18 -12.85 -13.27 -13.40 

76.45 80.92 85.43 90.00 
-17.07 -17.80 -18.25 -18.40 

75.35 80.18 85.07 80.00 
-21.97 -22.77 -23.23 -23.40 

73.95 79.38 84.67 ' 90.00 

Table VIlI OEC pmjffrhn data for the inclination. 48.4 degrees of tbe projecrion equator. The table gives hoth x (upper number) and y (lower number) in degrees of the great-circle arc as a 
frmction of 6 , the eanh IatiP.de, a d  9 , rbe earth longitude measured eastward from the intersection between the earth a d  projection equators. The table indudes one quarter of 
rhe zone within abut  30 degrees frpm ihe projection equator. 7he vahes are computed from Equations (69) and (70). 



58.3O OEC P R O J E C T I O N  D A T A  

67.93 68.68 69.52 70.52 71.58 72.77 74.05 75.37 76.80 78.28 79.85 81.45 83.12 84.80 86.52 88.27 90.00 
26.32 24.73 23.23 21.78 20.38 19.07 17.87 16.73 15.72 14.80 14.00 13.28 12.73 12.28 11.95 11.77 11.70 

27.07 24.70 22.42 20.18 18.03 15.97 14.03 12.17 10.47 8.87 7.42 6.12 4.98 3.97 3.17 2.53 2.07 1.78 1.70 

50.55 51.68 52.98 54.43 56.03 57.77 59.63 61.62 63.73 65.97 68.33 70.77 73.33 75.97 78.68 81.47 84.28 87.13 90.00 

37.65 38.93 40.38 41.98 13.73 45.60 47.65 49.82 52.12 54.58 57.20 59.95 62.85 65.88 69.05 72.33 75.72 79.20 82.77 86.37 90.00 
28.43 25.08 21.82 18.62 15.50 12.47 9.55 6.75 4.07 1.52 -0.87 -3.08 -5.12 -6.m -8.60 -10.00 -11.17 -12.08 -12.77 -13.17 -13.30 

32.32 33.85 35.52 37.33 39.27 41.35 43.57 45.93 48.45 51.10 53.93 56.92 60.07 63.38 66.85 70.45 74.20 78.03 81.97 85.97 90.00 
30.43 26.80 23.25 19.73 16.32 12.98 9.75 6.58 3.57 0.68 -2.08 -4.65 -7.W -9.30 -11.27 -13.10 -14.67 -15.93 -16.97 -17.70 -18.13 -18.30 

25.45 27.12 28.88 30.78 32.77 34.90 37.15 39.53 42.07 44.75 47.60 50.63 53.83 57.23 60.78 64.55 68.48 72.58 76.80 81.13 85.53 90.00 
28.80 24.98 21.23 17.53 13.92 10.38 6.95 3.62 0.38 -2.70 -5.63 -8.43 -11.03 -13.45 -15.63 -17.60 -19.28 -20.70 -21.83 -22.63 -23.13 -23.30 

30.98 26.97 23.00 19.08 15.23 11.45 7.75 4.13 0.62 -2.78 -6.07 -9.20 -12.17 -14.97 -17.57 -19.92 -22.03 -23.92 -25.45 -26.68 

13.00 15.10 17.23 19.42 21.63 23.95 26.37 28.87 31.52 34.33 37.30 40.45 43.80 47.38 51.18 55.27 59.58 64.17 69.00 74.03 
29.05 24.97 20.87 16.82 12.83 8.92 5.05 1.28 -2.38 -5.95 -9.42 -12.72 -15.87 -18.87 -21.63 -24.18 -26.47 

-4.55 -1.82 0.83 3.42 5.97 8.53 11.12 13.78 16.50 19.33 22.33 25.50 28.85 32.48 

-3.65 -0.98 1.65 4.25 6.88 9.55 12.30 15.15 18.12 21.28 24.63 

I I I I I I 

48.93 15 
-32.48 

TaHe iX 0% projeaion data for the incllaarion. 58.3 degrees ofthe projection quator. l%e table gives botb x (upper number) and y (lower number) in degrees of the great-circle arc as 
a fmction of + , the earth latinxie, and 6 , the eartfi loogiarde measured esstwanl h o r n  the i n r e r e &  tetween the eanh and projection equarors. The M e  lncludes one war 
of tbe zone within about 30 degrees from me projection equator. Tbe values are computed horn Egusrioas ( 6 4  and (70). 



- 86 - 

0 
10 
20 
30 
32.2hm 

T E C  P R O J E C T I O N  D A T A  

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.1 0.1 0.2 0.2 0.3 0.4 0.5 0.6 0.7 0.8 1.0 1.1 
0.0 0.0 0.0 0.1 0.2 0.2 0.4 0.5 0.6 0.8 1.0 1.2 1.4 1.7 1.9 2.2 
0.0 0.0 0.0 0.1 0.2 0.4 0.5 0.7 0.9 1.2 1.5 1.8 2.1 2.5 2.9 3.3 
0.0 0.0 0.0 0.1 0.2 0.4 0.6 0.8 1.0 1.3 1.6 1.9 2.3 2.7 3.1 3.5 

- 
- 
0 

5 

10 

15 

20 

25 

30 

35 

40 

45 

50 

55 

MI 

65 

70 

75 

80 

BS 

90 
- 
4 - 

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 W 

0.00 
0.00 

5.00 
0.00 

10.00 
0.00 

15.00 
0.00 

20.00 
0.00 

25.00 
0.00 

30.00 
0.00 

35.00 
0.00 

40.00 
0.00 

45.00 
0.00 

50.00 
0.00 

55.00 
0.00 

60.00 
0.00 

65.00 
0.00 

70.00 
0.00 

75.00 
0.00 

80.00 
0.00 

85.00 
0.00 

90.00 
0.00 

0.00 0.00 0.00 
5.00 10.00 15.00 

5.02 5.07 5.18 
4.98 9.97 14.95 

10.03 10.15 10.35 
4.92 9.85 14.77 

15.07 15.22 15.50 
4.83 9.65 14.47 

20.08 20.28 20.65 
4.70 9.38 l4.08 

25.08 25.33 25.77 
4.53 9.05 13.57 

30.10 30.37 30.87 
4.33 8.65 12.95 

35.12 35.40 35.93 
4.10 8.18 12.23 

40.12 40.43 40.91 
3.83 7.65 11.43 

45.10 45.45 45.98 
3.53 7.05 10.55 

50.10 50.43 50.97 
3.22 6.40 9.57 

55.10 55.40 55.92 
2.87 5.72 8.53 

60.10 60.38 60.85 
2.50 4.97 7.43 

65.08 65.33 65.77 
2.12 4.22 6.28 

70.07 70.28 70.63 
1.70 3.40 5.08 

75.07 75.22 75.48 
1.28 2.58 3.83 

80.03 80.15 80.33 
0.87 1.73 2.58 

85.02 85.08 85.17 
0.43 0.87 1.30 

90.00 90.00 90.00 
0.00 0.00 0.00 

0.00 0.00 
20.00 25.00 

5.32 5.52 
19.93 24.90 

10.62 11.00 
19.68 24.58 

15.92 16.47 
19.28 24.08 

21.17 21.87 
18.75 23.40 

26.38 27.23 
18.05 22.52 

31.57 32.50 
17.23 21.47 

36.68 37.70 
16.27 20.25 

41.77 42.80 
15.20 18.88 

46.78 47.82 
14.00 17.40 

51.73 52.75 
12.70 15.75 

56.65 57.60 
11.32 14.03 

61.53 62.37 
9.85 12.20 

66.33 67.10 
8.32 10.28 

71.12 71.75 
6.72 8.32 

75.87 76.35 
5.08 6.28 

80.60 80.93 
3.40 4.22 

85.30 85.47 
1.72 2.12 

90.00 90.00 
0.00 0.00 

0.00 
30.00 

5.78 
29.88 

11.52 
29.48 

17.20 
28.88 

22.80 
28.03 

28.30 
26.95 

33.70 
25.67 

38.97 
24.18 

44.08 
22.52 

49.10 
20.70 

53.98 
18.75 

58.77 
16.67 

63.43 
14.47 

68.02 
12.20 

72.50 
9.85 

76.93 
7.43 

81.32 
4.98 

85.67 
2.50 

90. 00 
0.00 

0.00 0.00 
35.00 40.00 

6.10 6.52 
34.85 39.83 

12.13 12.97 
34.38 39.28 

18.12 19.28 
33.65 38.37 

23.95 25.42 
32.62 37.17 

29.65 31.33 
31.32 35.63 

35.18 37.00 
29.78 33.82 

40.52 42.43 
28.02 31.77 

45.70 47.60 
26.07 29.50 

50.67 52.55 
23.92 27.03 

55.50 57.27 
21.63 24.40 

60.15 61.78 
19.20 21.63 

64.68 66.15 
16.67 18.75 

69.10 70.35 
14.02 15.71 

73.40 74.43 
11.32 12.70 

77.63 78.40 
8.53 9.57 

81.78 82.30 
5.72 6.42 

85.90 86.17 
2.87 3.22 

90.00 90.00 
0.00 0.00 

0.00 0.00 0.00 
45.00 50.00 55.00 

7.05 7.75 8.68 
44.78 49.75 54.68 

14.00 15.35 17.08 
44.13 48.98 53.77 

20.75 22.63 25.03 
43.08 47.72 52.30 

27.23 29.52 32.38 
41.65 46.03 50.33 

33.40 35.97 39.12 
39.87 43.97 47.93 

39.23 41.92 45.20 
37.75 41.57 45.18 

44.72 47.45 50.67 
35.40 38.87 42.15 

49.88 52.55 55.63 
32.80 35.93 38.87 

54.73 57.27 60.15 
30.00 32.80 35.38 

59.32 61.67 64.30 
27.03 29.50 31.77 

63.65 65.77 68.12 
23.93 26.07 28.02 

67.80 69.63 71.68 
20.70 22.53 24.18 

71.75 73.32 75.02 
17.38 18.88 20.25 

75.57 76.83 78.20 
14.00 15.20 16.27 

79.27 80.22 8i.27 
10.55 11.43 12.25 

82.90 83.55 84.22 
7.05 7.65 8.18 

86.47 86.78 87.13 
3.53 3.83 4.10 

90.M) 90.00 90.00 
0.00 0.00 0.00 

0.00 0.00 
60.W 65.00 

9.93 11.70 
59.63 64.53 

19.43 22.65 
58.52 63.18 

28.20 32.37 
56.77 61.10 

36.07 40.73 
54.47 58.38 

43.00 47.83 
51.70 55.22 

49.10 53.80 
48.58 51.72 

54.47 58.88 
45.18 47.95 

59.22 63.18 
41.57 43.97 

63.43 67.10 
37.77 39.85 

67.23 70.47 
33.82 35.63 

70.70 73.52 
29.78 31.32 

73.88 76.28 
25.67 26.95 

76.88 78.85 
21.47 22.53 

79.68 81.25 
17.23 18.05 

82.37 83.53 
12.95 13.57 

84.97 85.75 
8.65 9.07 

87.50 87.88 
4.33 4.53 

90.00 90.00 
0.00 0.00 

0.00 0.00 0.00 
70.0'3 75.00 80.00 

14.35 18.72 26.80 
69.42 74.22 78.83 

27.28 34.28 45.43 
67.73 72.03 75.90 

38.08 45.53 57.07 
65.18 68.92 72.05 

46.77 54.60 64.52 
62.02 65.18 67.73 

53.77 60.97 69.58 
58.38 61.10 63.20 

59.35 65.85 73.21 

63.98 69.72 76.07 
50.33 52.30 53.77 

67.83 71.01 78.30 
46.03 47.72 48.97 

71.12 75.48 80.15 
41.63 43.07 44.13 

73.98 77.73 81.72 
37.15 38.37 39.17 

76.53 79.73 83.07 
32.62 33.63 34.38 

78.83 81.50 84.27 
28.03 28.88 29.50 

80.93 83.12 85.38 
23.40 24.10 24.60 

82.90 84.62 86.38 
18.75 19.28 19.68 

84.77 86.03 87.33 
14.08 14.48 14.77 

86.55 87.38 88.23 
9.38 9.65 9.85 

88.30 88.70 89.13 
4.70 4.83 4.92 

90.00 90.00 90.00 
0.00 0.00 0,OO 

54.47 56.78 58 .~2  

0.00 0.00 
85.00 90.00 

45.08 90.00 
82.93 85.00 

63.72 90.00 
78.83 80.00 

71.97 90.00 
74.20 75.00 

76.52 90.00 
69.42 70.00 

79.40 90.00 
64.53 65.00 

81.40 90.00 
59.62, 60.00 

82.90 90.00 
54.70 55.00 

84.07 90.00 
49.75 50.00 

85.02 90.00 
44.78 45.00 

85.82 90.00 
39.82 40.00 

86.50 90.00 
34.85 35.00 

87.12 90.0C 
29.87 30.00 

81.67 90.00 
24.90 25.00 

88.20 90.00 
19.92 20.00 

88.65 90.00 
14.95 15.00 

89.12 90.00 
9.97 10.00 

89.57 90.00 
4.98 5.00 

90.00 90.00 
0.00 0.00 

~ 

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 

Table X TEC proJectlon data. The numbers in the table denote hoth x (lower numbers) and y (upper numbers) In degrees 
computed from Equatlon (70). To produce TEC tahle, I , the lnclinatlon of the prolection equator i s  chosen a i  W.0 
degreee. 
equator pnd the earth equator, 

'#' .... the earth latlNde, 8 . . , .the earth longltude measured from the lntersectlon of the TEC proJect1on 
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Table XI Helght of the earth's surface above the spheroid wlth mem radlus of the earth, which Is tangent to 
the terrestrlal ellipsoid at the subsstelllte plnt (TSP). 
the earth. d ',..the dlstonce between an oblect on the earth 4 the TSP. The numbere ln the table 
are the helghts in km computed from Equation (61). 

A P . , . . the excees radlue of curvature of 
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2810 1914 sMN1 9090 3160 ,921 
1685 178Q 1866 1941 sM( So5 
1561 1651 1724 1798 1854 190 
1444 1527 1599 1660 1710 174 
1531 2407 2471 1Sl7 1570 P60 

1116 1179 US 1174 1306 131 
2014 1071 1117 1154 1180 119 
I915 1W6 1007 1038 1058 106 

1818 1864 1899 I924 1940 I94 
1715 1763 1795 1815 1821 182 

1546 15lS l59S 1664 1664 159 
1460 I484 I498 1543 I498 148 

1376 1395 1405 1405 1395 IS7 
1194 IS08 1313 1308 I194 117 
1215 1114 1114 1115 11% 116 
1136 1141 1136 I l l 3  1100 I06 
106 IO60 1051 I033 1006 97 
985 9111 967 94s 914 87 

840 827 805 774 753 6d 
769 7Sl 716 691 648 59 

iiii 1291 1 3 s  1398 a456 146 

IW 1669 1693 im8 1713 170 

911 903 88s 859 0 3  n 

m 678 MI do9 561 30 
ai 606 571 539 478 41 

498 564 463 535 413 497 373 450 314 3W U U 
453 396 530 1% 134 1b 
569 1 8  178 111 1U 8 

371 343 SO6 161 207 146 77 
317 184 143 194 I37 73 0 
163 116 181 119 68 0 
109 169 110 64 0 
156 111 60 0 

103 56 0 
5 2 0  
0 
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-2.48 I -1.73 I -1.97 1 -2.21 

R I G H T  A S C E N S I O N  OF G R E E N W I C H  

-2.45 -1.70 I -1.91 -2.18 -2.42 -1.68 -1.91 

Tz 
1 
2 
3 
4 

5 
6 
7 
8 
9 

10 
I 1  
12 
13 
14 

15 
16 
17 
18 
19 

20 
21 
22 
23 
24 

25 
26 
27 
28 
29 

30 
31 - 

M Y  

102.50 
103.49 

104.47 
105.46 
106.44 
107.43 
108.42 

109.40 
110.39 

133.06 
134.04 

135.03 
136.01 
137.00 
137.98 
138.97 

139.96 
140.94 

rp3cni 

MAR 
- - 

0.00 
0.99 
1.97 
2.96 

3.94 
4.93 
5.91 
6.90 
7.88 

8.87 
9.85 - 

114.33 
115.32 
116.30 
117.29 
118.27 

119.26 
120.24 
121.23 
122.21 

- 
m 
10.84 
11.83 
12.81 
13.80 

14.78 
15.77 
16.76 
17.74 
18.73 

19.71 
20.76 
21.68 
22.67 
23.65 

24.64 
25.63 
26.61 
27.60 
28.58 

29.57 
30.55 
31.53 
32.52 
33.51 

34.50 
35.48 
36.47 
37.45 
38.44 

39.42 

- 

- 

144.88 
145.87 
146.85 
147.84 
148.83 

149.81 
150.80 
151.78 
152.77 

- 
MAY 
ib.cl 
41.39 
42.38 
43.37 

44.35 
45.34 
46.32 
47.30 
48.29 

49.28 
50.26 
51.25 
52.24 
53.22 

54.21 
55.19 
56. I8 
57.16 
58.15 

59.14 
60.12 
61.11 
62.09 
63.08 

64.06 
65.05 
66.04 
67.02 
68.01 

68.99 
69.97 - 

0 1 1 3 4 5 6 7 8 1 9 1  10 
-180.00 -164.96 -149.92 -134.88 -119.M -104.79 -89.75 -74.71 -59.67 I -44.63 1 -29.59 

12 13 I4 15 16 17 I8 19 20 I 21 I 22 
00.49 15.53 30.58 45.62 60.66 75.70 90.74 105.78 120.82 1 135.86 1 150.90 

72.93 
73.92 

74.91 
75.89 
76,88 
77.86 
78.85 

79.83 
80.82 
81.80 
82.79 
83.78 

04.76 
85.75 
86.73 
87.72 
88.70 

89.69 
90.63 
91.66 
92.65 
93.63 

94.62 
95.60 
96.59 
97.57 
98.56 

99.55 - 

11 
-14.55 

23 
165.94 

0 2 4 6 8 10 12 14 16 I8 20 22 24 26 28 30 32 34 36 38 
0 . ~ ~ 0 . 0 1 / 0 . 0 Z / 0 . 0 3 1 0 . 0 ( / 0 , ~ ~ 0 . O 5 ~ 0 . 0 6 ~ 0 . 0 7 ~ 0 . 0 8 ~ 0 . 0 8 ~ 0 . 0 9 ~ 0 . 1 0 ~ 0 . 1 1 ( 0 . 1 Z ~ 0 . 1 ~ ( 0 . 1 3 ~ 0 . 1 4 ~ 0 . 1 ~ ~ 0 . 1 6  

i11.37 141.93 
112.36 142.91 
113.34 143.90 

40 42 44 46 48 
=710.18/ 0.18) O.ldO.20 

- 
SepT 
161.64 
162.62 
163.60 
164.60 

165.58 
166.57 
167.55 
160.54 
169.52 

170.51 
171.49 
172.48 
173.46 
174.45 

175.44 
116.42 
177.41 
178.39 
179.38 

180.36 
181.35 
182.34 
183.32 
184.31 

185.29 
186.28 
187.26 
188.25 
189.24 

190.22 

- 

- 

7 

om 
191.21 
192.19 
193.18 
194.16 

195.15 
196.13 
197.12 
198.11 
199.09 

200.08 
201.06 
202.05 
203.03 
2M.02 

205.00 
205.99 
206.98 
207.96 
208.95 

209.93 
210.92 
211.90 
212.89 
213.88 

214.86 
215.85 
216.83 
217.82 
218.80 

219.79 
220.77 

- 

- 

- 
NOV 

221.76 
222.75 
223.73 
224.72 

225.70 
226.69 

228.66 

230.63 
231.62 
232.60 
233.59 
234.57 

235.56 
236.54 
237.53 
238.52 
239.50 

240.49 
241.47 
242.46 
243.44 
244.43 

245.41 
246.40 
247.39 
248.37 
249.36 

250.34 

- 

227.67 

a 2 9 . ~  

- 

- 
DEC 

251.33 
252.31 
253.30 
254.28 

255.27 
256.26 
257.24 
258.23 
259.21 

260.20 
261.18 
262.17 
263.16 
264.14 

265.13 
266.11 
267.10 
268.08 
269.07 

270.05 
271.04 
272.03 
273.01 
274.00 

174.98 
275.97 
276.95 
277.94 
278.92 
279.91 
280.90 

- 

- 

7 * 
282.87 
283.85 
204.04 

285.82 
286.81 
287.80 
288.78 
289.77 

290.75 
291.74 
292.72 
293.71 
294.69 

295.68 
2%.67 
297.65 
298.M 
299.62 

300.61 
301.59 
302.58 
303.56 
304.55 

305.54 
306.52 
307.51 
308.49 
309.48 

310.46 
311.45 - 

- 
PEE 

312.44 
313.42 
314.41 
315.39 

316.38 
317.36 
318.35 
319.33 
320.32 

321.31 
322.29 
323.28 
324.26 
325.25 

326,23 
327.22 
328.20 
329.19 
330.18 

331.16 
332.15 
333.13 
334.12 
335.10 

336.09 
337.08 
338.06 
339.05 
340.03 

- 

- 

- 
MAR 
340.03 
341.02 
342.00 
342.99 

343.97 
344.96 
345.95 
346.93 
347.92 

348.90 
349.89 
350.87 
351.86 
352.84 

353.83 
354.82 
355.80 
356.79 
357.77 

358.76 

- 

- 

- MAR 
341.02 
342.00 

343.97 

344.96 
345.95 
346.93 
347.92 
348.90 

349.89 
350.87 
351.86 
352.84 
353.83 

354.82 

356.71 
357.71 
358.76 

359.74 

- 
312.99 

355.8a 

- 

. - . - . -. ._ . ._ . . 

Tnble XI11 Rlght anccnu1on of Creenwlch. The rlphr ascenslan In degrees at n given moment Is abalned IT uddlng the numbers In Year, 
Day. Hour, MLoute, end Second Functions. Equatlon (33) gives the breakdown or the right unci!nslon Into llvc lunctlons. The 
yeor In the Year Functlon table beglns at WOOZ, March 21 and ends 24002 March 20 of the following your. 
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GEODETIC LATITUDE OF SUBSOLAR POINT 

0 2 4 6 8 10 I2 14 16 18 20 22 24 

0 2 4 6 8 10 12 14 16 18 20 

0 2 4 6 8 10 12 14 16 18 20 22 24 

0 2 4 6 8 10 12 14 I6 18 20 22 24 

-0.2 -0.2 -0.2 -0 .1 -0.1 n.o 0.0 0.0 0 . 1  0.1 0 . 1  0.2 0.2 0.2 0.3 0.3 0.3 0.4 0.4 0.4 

-0.2 -0.1 -0.1 -0.1 -0.1 0.0 0.0 0.0 0.1 0.1 0.1 0.1 0.2 0.2 0.2 0.2 0.3 0.3 0.3 0.3 

-0.1 -0.1 -0.1 -0.1 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0 .2  0.2 0.2 0 . 2  

-0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0  0.0 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

DAY FUNCTION 

22 24 

0.5 0.5 

0.4 0.4 

0.2 0.3 

0.1 0.1 

0.0 0.0 

DAY - 
I 

1 
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 

JAN FEE 

-23.1 
-23.0 
-22.9 
-22.8 

-22.7 
-22.6 
-22.5 
-22.3 
-22.2 

-22.0 
-21.9 
-21.8 
-21.6 
-21.4 

-21.3 
-21.1 
-20.9 
-20.7 
-20.5 

-20.3 
-20.1 
-19.8 
-19.6 
-19.4 

-19.1 
-18.9 
-18.6 
-18.4 
-18.1 

-17.8 
-17.6 

-17.3 
-17.0 
-16.7 
-16.4 

-16.1 
-15.8 
-15.5 
-15.2 
-14.9 

-14.6 
-14.3 
-13.9 
-13.6 
-13.3 

-12.9 
-12.6 
-12.2 
-11.9 
-11.5 

-11.2 
-10.8 
-10.5 
-10.1 
-9.7 

-9.4 
-9,O 
-8.6 
-8.2 
-7.9 

- 
DAY 

1 
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 

- 
is for leap year months after March 1 

YEAR AND HOUR FUNCTION 

MAR APR MAY JUN JUL AUC SEP OCT NOV DEC 

-7.9 
-7.5 
77.1 
-6.7 
-6.3 

-5.9 
-5.6 
-5.2 
-4.8 
-4.4 

-4.0 
-3.6 
-3.2 
-2.8 
-2.4 

-2.0 
-1.6 
-1.2 
-0.8 
-0.4 

0.0 
+0.4 
4 . 8  
+I  .2 
+1.5 

+1.9 
+2.3 
+2.7 
+3.1 
+3.5 

+3.9 
4 . 3  

4 . 3  
+4.7 
+5.0 
+5.4 
+5.8 

+6.2 
+6.6 
+6.9 
+7.3 
+7.7 

+8.0 
ia.4 
+8.8 
+9.2 
+9.5 

+9.9 
+10.2 
+10.6 
+10.9 
+11.3 

+11.6 
+12.0 
+12.3 
+12.6 
+13.0 

+13.3 

+13.9 
+14.3 
+14.6 

+14.9 

-1.13.6 

+l4.9 
+15.2 
+15.5 
+15.8 
+16.0 

+16.3 
+16.6 
+16.9 
+17.2 
+17.4 

+17.7 
+18.0 
+18.2 
+18.5 
+18.7 

+18.9 
+19.2 
+19.4 
+19.6 
+19.8 

+20.0 
+20.3 
+20.5 
+20.6 
+20.8 

+21.0 
+21.2 
+21.4 
+21.5 
+21.7 

+21.8 
+22.0 

+22.0 
+22.1 
t22.2 
+22.4 
+22.5 

+22.6 
+22.7 
+22.8 
+22.9 
+23.0 

+23.0 
+23.1 
+23.2 
-123.2 
+23.3 

+23.3 
+23.4 
+23.4 
+23.4 
+23.4 

+23.4 
i23.5 
+23.4 
~ 2 3 . 4  
+23.4 

+23.4 
+23.4 
+23.3 
+23.3 
+23.2 

+23.2 

+23.2 
+23.1 
+23.0 
+22.9 
+22.9 

+22.8 
+22.7 
+22.6 
+22.5 
+22.3 

+22.2 
+22.1 
+21.9 
+21.8 
+21.6 

+21.5 
+21.3 
+21.2 
+21.0 
+20.8 

+20,6 
1-20 * 4 
+20.2 
+20.0 
+19.8 

+19.6 
+19.4 
+19.2 
+18.9 

+18.5 
+18.2 

+18.7 

+18.2 
+17.9 
+17.7 
+17.4 
+17.2 

+16.9 

+16.4 
+16.1 
+15.8 

+15.5 
i15.2 
+14.9 
+14.6 
+14.3 

+14.0 
+13.7 
+13.3 
+13.0 
+12.7 

+12.4 
+12.0 
+11.7 
+11.4 
+11.0 

+10.7 
+10.3 
+10.0 

49.6 
+9.3 

+8.9 
+8.5 

+16.6 

+8.5 
+8.2 
+7.8 
+7.5 
i7.0 

+6.7 
+6.3 
+6.0 
+5.6 
+5.2 

4 . 8  
4.5 
4 . 0  
+3.7 
+3.3 

+2.9 
+2.5 
-1-2 * 2 
-1.1.8 
+1.4 

+1 .o 
+0.6 
4 . 2  
-0.2 
-0.6 

-1.0 
-1.4 
-1.8 
-2.1 
-2.5 

-2.9 

-2.9 
-3.3 
-3.7 
4.1 
4.5 

5.9 
5.2 
5.6 
6.0 
6.4 

6.8 
7.1 

-7.5 
-7.9 
-8.3 

-8.6 
-9.0 
-9.4 
-9.7 

-10.1 

-10.5 
-10.8 
-11.2 
-11.5 
-11.9 

-12.2 
-12.6 
-12.9 
-13.2 
-13.5 

-13.9 
-14.2 

-14.2 
-14.5 
-14.9 
-15.2 
-15.5 

-15.8 
-16.1 
-16.4 
-16.7 
-17.0 

-17.2 
-17.5 
-17.8 
-18.0 
-18.3 

-18.6 
-18.8 
-19.0 
-19.3 
-19.5 

-19.8 
-20.0 
-20.2 
-20.4 
-20.6 

-20.8 
-21.0 
-21.2 
-21.4 
-21.5 

-21.7 

-21.7 
-21.9 
-22.0 
-22.1 
-22.3 

-22.4 
-22.5 
-22.7 
-22.8 
-22.9 

-22.9 
-23.0 
-23.1 
-23.2 
-23.2 

-23.3 
-23.3 
-23.4 
-23.4 
-23.4 

-23.4 
-23.5 
-23.4 
-23.4 
-23.4 

-23.4 
-23.4 
-23.3 
-23.3 
-23.2 

-23.2 
-23.1 

1960 1964 1968 

1961 1965 1969 

1962 1966 1970 F 1963 1967 1971 
I 

Absolute value 0-12 

Geodetic 12-20 
Latitude 20-22 

of c FUNCTION 23- 

Table XIV Geodetic latitude of Subsolar poht  a1 any given t ime Is obtatned from this table by slmply adding the angles 111 degrees 
tabulated as the Day Function nnd the Year and Hour Function. The Day Functlon Is otitalncxi by selecting thc angle at 
the intersection of the month and the day, tnhulntcd in the column knvccn Feb. ond March, except for the 12 month 
period following leap year,  March 1. for whlch the days givcn 111 the flrst  column a r c  used. 

solute value of the Geodetic lntltude from the pnrtlcular day. It IS required to chungc ttic sign of the Hour Function 
when the Day Function is decreasing wlth tiiiie. (Hours I n  Crccuwich Time) 

The Year and Hour Functlon is dctcrmined ns a functlon of thc hour, wlilch varlcs uccording to the year,  nnd the A- 
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LONGITUDE OF SUBSOLAR POINT 

9 

1 
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 

DAY FUNCTlON 

4 . 8  
4 . 9  
+1.0 
+1.2 

+1.3 
+1.4 
+1.5 
+1.6 
+1.7 

+l.8 
+1.9 
+2.0 
+2.1 
+2.2 

+2.3 
+2.4 
+2.5 
+2.6 
+2.6 

+2.7 
+2.8 
+2.9 
+2.9 
+3.0 

+3.1 
+3.1 
+3.2 
+3.2 
+3.3 

+3.3 
+3.4 

- 
0 1 2  3 4 5 6 7 8 9 1 0 1 1  

+I80 +I65 +150 +I35 +I20 +lo5 +90 +75 +60 4 5  +30 +15 

12 13 I4 15 16 17 18 19 20 21 22 23 
0 -15 -30 -45 -60 -75 -90 -105 -120 -135 -150 -165 

+3.4 
4 . 4  
+3.5 
+3.5 
+3.5 
+3.5 
+3.5 
+3.6 
+3.6 

+3.6 
+3.6 
+3.6 
+3.6 
+3.6 

+3.6 
+3.5 
+3.5 
+3.5 
+3.5 

+3.5 
+3.4 
+3.4 
+3.4 
+3.3 

+3.3 
+3.2 
+3.2 
+3.2 
+3.2 

I 

- 
DAY 

1 
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 

- 

MAR APR MAY JUN JUL AUG SEP OCT NOV DEC 

+3.2 
+3.0 
+3.0 
+3.0 
+2.9 

+2.9 
d . 8  
+2.8 
+2 .7 
+2.6 

+2.6 
+2.5 
+2.4 
+2.4 
+2.3 

+2.2 
+2.2 
+2.1 
+2.0 
+1.9 

+1.9 
+l .8  
+1.7 
+1.6 
+1.6 

+1.5 
+1.4 
+1.3 
+1.3 
+1.2 

+1.1 
+1.0 

1.0 
1.0 
0.9 
0.8 
0.7 

0.7 
0.6 
0.5 
0.5 
0.4 

0.3 
0.3 
0.2 
0.1 
0.1 

0.0 
-0.1 
-0.1 
-0.2 
-0.2 

-0.3 
-0.3 
-0.4 
-0.4 
-0.5 
-0.5 
-0.6 
-0.6 
-0.6 
-0.7 

-0.7 

-0.7 
-0.7 
-0.8 
-0.8 
-0.8 

-0.8 
-0.9 
-0.9 
-0.9 
-0.9 

-0.9 
-0.9 
-0.9 
-0.9 
-0.9 

-0.9 
-0.9 
-0.9 
-0.9 
-0.9 

-0.9 
-0.9 
-0.9 
-0.8 
-0.8 

-0.8 
-0.8 
-0.7 
-0.7 
-0.7 
-0.6 
-0.6 

-0.6 
-0.6 
-0.5 
-0.5 
-0.4 

-0.4 
-0.4 
-0.3 
-0.3 
-0.2 

-0.2 
-0.1 
-0.1 
-0.0 
6.0 
4 .1  
4. 1 
4.2 
4 . 3  
4 . 3  

+0.4 
4 . 4  
+0.5 
4 , s  
4 . 6  

4 . 6  
4 . 7  
4 . 7  
4 . 8  
4 . 8  

4 . 9  

4 . 9  
4 . 9  
+1.0 
+1.0 
+1.1 

+1.1 
+1.2 
+1.2 
+1.2 
+1.3 

+1.3 
+I .4 
+I .4 
+1.4 
4 . 4  

+1.5 
+1.5 
+1.5 
+1.5 
+1.6 

+1.6 
+1.6 
+1.6 
+1.6 
+1.6 

+1.6 
+1.6 
+1.6 

t1.6 

+I .6 
+1.6 

+1.6 

+1.6 
+1.6 
+1.5 
+1.5 
+1.5 

+1.5 
+1.4 
+1.4 
+1.4 
+1.4 

+1.3 
+1.3 
+1.2 
+1.2 
+1.1 

+1.1 
+1.0 
+1.0 
4 . 9  
4 . 9  

4 . 8  
4 . 8  
4 . 7  
4 . 6  
4 . 6  

4.5 
4 . 4  
4 . 4  
4 . 3  
4 . 2  

4 .1  
4. 1 

4 .1  
0.0 

-0.1 
-0.2 
-0.3 

-0.3 
-0.4 
-0.5 
-0.6 
-0.7 

-0.8 
-0.9 
-0.9 
-1.0 
-1.1 

-1.2 
-1.3 
-1.4 
-1.5 
-1.6 

-1.7 
-1.7 
-1.8 
-1.9 
-2.0 

-2.1 
-2.2 
-2.3 
-2.3 
-2.4 

-2.5 

-2.5 
-2.6 
-2.7 
-2.7 
-2.8 

-2.9 
-2.9 
-3.0 
-3.1 
-3.2 

-3.3 
-3.3 
-3.4 
-3.4 
-3.5 

-3.6 
-3.6 
-3.7 
-3.7 
-3.8 

-3.8 
-3.8 
-3.9 
-3.9 
-3.9 

-4.0 
-4.0 
-4.0 
-4.0 
-4.1 

-4.1 
-4.1 

-4.1 
-4.1 
-4.1 
-4.1 
-4.1 

-4.1 
-4.1 
-4.1 
-4.1 
-4.0 

-4.0 
-4.0 
-3.9 
-3.9 
-3.9 

-3.8 
-3.8 
-3.7 
-3.7 
-3.6 

-3.6 
-3.5 
-3.4 
-3.4 
-3.3 

-3.2 
-3.2 
-3.1 
-3.0 
-2.9 

-2.8 

-2.8 
-2.7 
-2.6 
-2.5 
-2.4 

-2.3 
-2.2 
-2.1 
-2.0 
-1.9 

-1.8 
-1.7 
-1.5 
-1.4 
-1.3 

-1.2 
-1.1 
-1.0 
-0.8 
-0.7 

-0.6 
-0.4 
-0.3 
-0.2 
-0.1 

0.0 
4 . 2  
4 . 3  
4 . 4  
4.5 
4 . 7  
4 . 8  

'is for leap year  months after March 1 

MINUTE FUNCTION 
~ ~ ~ 

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 

0.0 -0.5 -1.0 -1.5 -2.0 -2.5 -3.0 -3.5 -4.0 -4.5 -5.0 -5.5 -6.0 -6.5 -7.0 

30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 

-7.5 -8.0 -8.5 -9.0 -9.5 -10.0 -10.5 -11.0 -11.5 -12.0 -12.5 -13.0 -13.5 -14.0 -14.5 

Table XV Longltude of Subsolar point at any given t ime is obtained from this table by simply adding the angle* tabu- 
lated a8 Day Function, Hour Function and Minute Punctbn. The day8 
March are used except for the 12 month perlod following leap year ,  March 1, for which the days given in 
the first column a r e  used. (Hours In Greenwlch Time) 

the column between Feb. and 
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GLOSSARY 

ANOMALISTIC PERIOD OF SATELLITE ( P,,, ): The time elapsing between succes- 
sive passages of a satellite through the perigee. 

APPARENT IMAGE ROTATION: The rotation of image principal line in successive 
frames caused by the combined effects of spinning motion of a satellite, rota- 
tion of terrestrial principal line, and the fixed intervals between pictures. 
The rate of apparent image rotation may be faster o r  slower than the spin rate 
of the satellite. 

APPARENT SOLAR ROTATION RATE OF THE EARTH ( wess ): (see Mean Solar Rota- 
tion Rate of the Earth) 

APOGEE: The point in its orbit at which the satellite is farthest from the center of the 
earth . 

APSIS: The points in an elliptic orbit at which the radius vectors reach a maximum o r  
a minimun. (e.g. perigee and apogee of a satellite orbit). The line joining 
these two points is called the line of apsides. 

ARGUMENT OF PERIG.EE ( w ): The geocentric angle of the perigee measured in the 
orbital plane from its ascending node in the direction of motion. 

ARGUMENT OF SATELLITE ( us ): The geocentric angle of a satellite measured in 
the orbital plane from the ascending node in the direction of motion. 

ARGUMENT OF SATELLITE AT MINIMUM (MAXIMUM) NADIR ANGLE ( uFN): (see 
Argument of Satellite and Nadir Angle) 

ASCENDING NODE (AN): The point at the equator at which the satellite in its orbital 
motion crosses from the southern to the northern hemisphere . Terrestrial 
Ascending Node (TAN) is given in degrees longitude . Celestial Ascending Node 
(CAN) is given on right ascension hours, minutes, etc. 

ASCENDING NODE TIME ( tAN ): The time when the satellite passes the ascending node. 

AXIS OF HOMOLOGY: The intersection of an image plane and projectively related 
horizontal plane. 

AZIMUTH ( a ): A horizontal direction expressed in degrees measured clockwise 
from an adopted reference direction, usually true north. 
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BASEPLATE ANGLE ( 4  ): The tangential angle on TIROS baseplate with respect to 
its center located at the intersection of the spin axis and the baseplate. The 
angle, viewed from the TIROS top, is measured clockwise from the zero ref- 
erence line engraved on the baseplate. 

BULGE OF THE EARTH ( RE - R, ): The difference between the equatorial and the 
polar radii of the earth. 

CDA: Command and Data Acquisition Station (see Data Acquisition Station) 

CELESTIAL ( C ): The prefix to designate lines o r  points which have been projected 
onto the celestial sphere by means of the radials through the center of the earth. 

CELESTIAL EQUATOR: The great circle along which the plane of the earth's equator 
intersects the celestial sphere e 

CELESTIAL SPHERE: An imaginary sphere of infinite radius with its center located 
at the observer o r  at the center of the earth. In satellite meteorology the ten- 
ter of the celestial sphere is at the center of the earth. Lines o r  points are 
projected onto the celestial sphere using radials through the center of the earth. 

CELESTIAL SUBSATELLITE POINT (CSP): A point on the celestial sphere the declina- 
tion of which is identical to the geocentric latitude of TSP and the right ascen- 
sion of that of TSP. 

CLOUD BAND: A broad band of clouds, from about 10 to 100 or more miles wide, and 
varying in length from a few tens of miles to hundreds of miles. (see Cloud 
Street) 

CLOUD STREET: A line of clouds a few to ten miles wide, and varying in length. 

COA: Celestial Optical-Axis Point, (see Optical-Axis Point) 

COA' : Celestial Optical -Axis Antipode e (see Optical -Axis Point) 

CPM: Celestial Primary Point (see Primary Point) 

CPP: Celestial Principal Point (see Principal Point) 

CSA: Celestial Spin-Axis Point (see Spin-Axis Point) 

CSA': Celestial Spin-Axis Antipode. (see Spin-Axis Point) 

CSP: Celestial Subsatellite Point. (see Subsatellite Point) 

CSS: Celestial Subsun Point. (see Subsun Point) 
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DATA-ACQUISITION STATION (CDA): A ground station at which various functions to 
control satellite operations and to obtain data from the satellite are performed, 
The CDA transmits programming signals to the satellite, and commands t rans-  
mission of data to the ground. Processing of data by electronic machine and by 
hand is accomplished at the CDA station. Raw and processed data are dissem- 
inated from CDA stations., 

DECLINATION (6 ): The angular distance of an object north ( + ) o r  south ( - ) from 
the celestial equator measured along the hour circle passing through the object, 

DEGRADATION: The lessening of picture image quality because of "noise", rotation 
of the satellite, etc.,  o r  any optical, electronic, o r  mechanical distortions in 
the image-forming system. 

DESCENDING NODE (DN): The southbound equator crossing of the satellite; given in 
degrees longitude, date, and time for any given orbit o r  pass,. Ter res t r ia l  
Descending Node (TDN): Celestial Descending Node (CDN). 

DIP ANGLE ( 8"): The vertical angle at the exposure station between the true and ap- 
parent horizons measured on the principal plane. 

DIRECT ORBIT: The orbit with inclination between 0' and 90'. Same as the prograde 
orbit 

DISTORTED PERSPECTIVE TILT GRID: (see Distorted Tilt Grid) 

DISTORTED TILT GRID: Tilt grid distorted to fit to the actual distorted images. Fo r  

Perspective tilt g r ids  are similarly converted into distorted tilt g r ids  e 

operational purposes, one set  of distorted tilt grids for one camera  is suffi- 
cient 

DISTORTION: An apparent warping and twisting of a picture image received from a 
satellite a This distortion has two causes: electronic and optical "Electronic 
Distortion" is caused by imperfections in the circuitry, the tape recorder,  the 
vidicon tube structure , the transmission system, o r  the signal characteristics. 
"Optical Distortion" is caused by the characterist ics of the lens and optical 
alignment 

DISTORTION-FREE (FIDUCIAL) GRID: The image of a fiducial grid transcribed onto 
the plane of test target with any principal distance. There  exists only one 
distortion-free fiducial grid for each TIROS camera ,  Any object angle mea- 
sured on this grid represents the true angle. 

ECLIPTIC: The great circle in which the plane of the earth 's  orbit intersects the ce- 
lestial sphere. 



- 94 - 

EEC PROJECTION Abbreviation for Equatorial Equidistant Cylindrical Projection . 
(see Cylindrical Projection) 

EQUATION OF TIME ( E ); The apparent solar-time less mean solar-time at any in- 
stance. 

EQUIDISTANT CYLINDRICAL PROJECTION: A cylindrical projection in which the dis- 
tance along the projection equator and the projection meridians is identical to 
that of the great circle arc, This projection is classified into EEC, TEC, 
and OEC for which the inclination of the projection equator is 0, 90, and other 
angles, respectively. 

EXCESS RADIUS OF CURVATURE (be):  True radius of curvature of the terrestrial 
ellipsoid less the mean radius of the earth. The excess radius of curvature 
varies between plus and minus 32.2 km, 

EXCESS RADIUS OF THE EARTH ( R - R, ): The earth's radius at any point less its 
polar radius , 

FIDUCIAL MARKS: Index marks rigidly connected with the camera optical system so 
that they form images on the negative. The fiducial marks of TIROS vidicon 
cameras are the "L" shaped corner marks and the "+" shaped mark near the 
picture center, which .are on the focal plane , 

FIXED-EARTH ( F ): The prefix to designate a line o r  point which is projected onto 
the surface of a virtual earth whose rotational motion has been fixed. The 
t ime of fix may be chosen at any moment. The fixed-earth latitude is identi- 
cal to the true latitude. The fixed-earth longitude of a terrestrial point in- 
creases at the rate of about 0.25 deg per minute. 

FIXED-EARTH LONGITUDE ( 0  ): The meridional angle of a point, on the earth o r  in 
space, measured eastward from the Greenwich Meridian at the time of fix. 

FIXED-SPACE ROTATION-RATE OF THE EARTH ( wesf): Angular velocity of the 
earth's rotation with respect to fixed space. As a result of the periodic, ir- 
regular and secular variations the rate varies slightly. 

FIXED-SPACE SPIN-PERIOD OF A SATELLITE ( Pssf ): The time required for one 
complete rotation of a satellite with respect to fixed space. 

FOA: Fixed Earth Optical-Axis Point. (see Optical-Axis Point) 

FOA' : Fixed Earth Optical -Axis Antipode-. (see Optical -Axis Point) 

FOCUS SHEET: A focus sheet is a diagram containing fiducial marks scaled to pro- 
duce the correct projected image size for the scale of perspective o r  latitude- 
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longitude grids used. For convenience, the focus sheet usually also contains 
a small sharp vertical shaft at the principal point, about which graphs used 
for attitude o r  rectification may be rotated. 

FPM: Fixed Earth Primary Point. (see Primary Point) 

FPP: Fixed Earth Principal Point . (see Principal Point) 

FSA: Fixed Earth Spin-Axis Point. (see Spin-Axis Point) 

FSA': Fixed Earth Spin-Axis Antipode. (see Spin-Axis Point) 

FSS: Fixed Earth Subsun Point. (see Subsun Point) 

GAMMA: Gamma is the angle at the satellite between the satellite spin-axis and the 
satellite-sun line. 

GEOCENTRIC LATITUDE ( $  ): The angle measured in the meridional plane, be- 
tween the terrestrial equator and the geocentric radius-vector. 

GEODETIC LATITUDE (% ): The angle measured in a meridional plane between the 
local vertical and the equatorial plane of the earth. 

HEIGHT GRID: Groups of lines on a plane o r  a cylindrical surface tangent to the 
earth's surface at TSP. Regular height grids include isolines of horizontal 
and nadir angles. Perspective height grids include lines of vertical angles 
oriented toward the four orthogonal horizontal directions . Height grids may 
be constructed to fit the scale and the projection of a map. 

HORIZON DISTANCE ( eH ): The radial angle measured on the principal line between 
the principal point and the apparent horizon. 

HORIZONTAL ANGLE ( + ): The angle between the principal plane and a vertical plane 
through the satellite. The angle of these two planes measured on an image 
plane is the image horizontal angle. 

IGL: Image Sun-Glint Point. (see Sun-Glint Point) 

IMAGE ( I ): The prefix to designate a line o r  a point on an image surface. 

IMAGE HORIZONTAL-ANGLE (\c; ): (see Horizontal Angle) 

IMAGE PRIMARY LINE: (see Primary Line) 

IMAGE (PRIMARY) SUN-LINE: The intersection of a primary sun-plane with the image 
plane, 



- 96 - 

IMAGE PRINCIPAL LINE: (see Principal Line) 

IMAGE RASTER LINE: One line of raster on an image plane. (see Raster) 

INCLINATION (OF SATELLITE ORBIT) ( I , ) :  The angle defined by the axial vectors of 
the earth's and the satellite's rotation measured from the spin vector of the 
earth. Inclination of retrograde orbit is expressed by 180 degrees minus the 
prograde inclination 

INTERNATIONAL ELLIPSOID: (see Ter r e st rial El lip so id) 

IPM: Image Primary Point. (see Primary Point) 

IPP: Image Principal Point. (see Principal Point) 

ISN: Image Sun-Point. The point of projection of the sun onto an image plane. 

ISP: Image Subsatellite Point. (see Subsatellite Point) 

ISS: Image Subsun Point. (see Subsun Point) 

LATITUDE-LONGITUDE GRID: A latitude-longitude grid is a form of perspective grid 
in which the quadrilaterals are latitudes and longitudes 

LINE O F  APSIDES OR NODES: (see Apsis and Node) 

LOCAL RADIUS OF CURVATURE OF THE EARTH ( ): The radius  of curvature of a 
standard earth at the local point of interest. This curvature is the fuction of 
both latitude and the azimuth angle. 

LOCAL SUN-PLANE: A plane defined by the sun and the local vertical through a point 
on the earth o r  in space. The plane is identified by adding the local point, 
thus: local TSP sun-plane. 

LOCAL SUN-LINE: The intersection of the local sun-plane with the surface of the earth, 
The local sun-line passes through the local point and orients toward the direc- 
tion of the sun. 

LOCAL VERTICAL: A line perpendicular to the surface of a standard earth. 

LOL: Teletype code for the argument of satellite at which the minimum nadir-angle 
occurs 

MAXIMUM SATELLITE NADIR-ANGLE ( 7 M A X  ): (see Satellite Nadir-Angle) 
S 

MEAN RADIAL DISTORTION: The ratio of the tangent of a mean radial angle on an 



- 97 - 

image and that of the corresponding radial angle in the true object space. 
Mean radial distortion is expressed as a function of radial angles. 

MEAN SOLAR ROTATION RATE OF THE EARTH ( Zess ): Mean angular velocity of 
the earth’s rotation with respect to the sun. The apparent solar rotation rate 
( we,, ) varies from day to day mainly because of the variable speed of the 
earth’s motion around the sun and the inclination of the ecliptic to the celestial 
equator e The apparent solar day may differ as much as half a minute from 
the mean solar day. 

MINIMUM SATELLITE NADIR-ANGLE ( T ): (see Satellite Nadir-Angle) 
S 

MSL: Abbreviation for Meteorological Satellite Laboratory. A unit of the U S e 

Weather Bureau National Weather Satellite Center 

NADIR ANGLE .( 7 ): The angle measured at the satellite between a specific axis o r  
ray and the local vertical. The nadir angles of the satellite spin-axis and a 
camera optical-axis are called the “satellite nadir-angle“ ( rlS ) and the “tilt’* 
( r ), respectively. 

NADIR POINT: The point on the celestial sphere directly beneath the satellite and 
directly opposite the zenith. 

NASA: Abbreviation for National Aeronautics and Space Administration. 

NODE: The points at the equator at which the satellite, in its orbital motion crosses 
the equator. The line connecting the ascending and the descending nodes is 
called the line of nodes. 

NODAL PERIOD ( P,,, ): The time elapsing between successive passages of the satel- 
lite through the ascending node. 

NODAL SPIN-AXIS: An axis parallel to the satellite spin-axis through the front nodal 
point of the camera lens. The positive direction is from the top to the floor 
of a satellite. 

NOISE: A voltage received through an antenna system o r  within the ground amplifier 
and other electronics that does not correspond to any intended signal. The 
“noise” seen on TIROS pictures is ordinarily in the form of small specks; 
occasionally noise appears in the form of bands or streaks along raster lines. 
TIROS radiation analog traces also include noise which is either regular o r  
irregular pulsations superimposed upon the true signals 

NON: Teletype code for the minimun satellite nadir-angle. 

NUTATION O F  SATELLITE: A variation in the precessional motion of a satellite spin- 
axis a 
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OBJECT SPACE ANGLE: The angle between two rays in space that intersect at the 
front nodal point of a camera lens. 

OBL 1 QUE MERCATOR MAP PROJECTION: An oblique mercator map projection is a 
mercator map projection in which the tangent cylinder is inclined to the 
equator a It is convenient to have the inclination approximate that of the satel- 
lite orbit inclination . 

OEC OVERLAY: An overlay chart placed on an OEC chart for the purpose of measur- 
ing the great-circle distance and the azimuth between the points on the chart. 
The chart can be obtained by changing the longitudes and latitudes on a TEC 
projection chart into the great-circle distances and the azimuths . 

OEC PROJECTION: Abbreviation for Oblique Equidistant Cylindrical Projection . A 
cylindrical projection which preserves the actual great circle distances along 
the projection equator and the projection meridians . The projection equator 
is a great circle on the terrestrial spheroid along which the cylindrical sur-  
face is tangent. The projection meridians are the great circles perpendicular 
to the projection equator. 

OPTICAL AXIS: A straight line passing through the front and rear nodal points of a 
camera lens. The direction on the axis is considered positive from the rear 
to .the front nodal points 

OPTICAL-AXIS ANTIPODE ( OA' ): (see Optical-Axis Point) 

OPTICAL-AXIS POINT ( OA ): The points at which the lines parallel to the optical 
axis of a satellite-borne camera intersect the earth at right angles. The 
optical-axis antipode and the optical -axis point are located, respectively, 
toward the positive and negative directions of the optical axis translated to 
the center of the earth. Terrestrial  Optical-Axis Point (TOA), Terrestrial 
Optical-Axis Antipode (TOA'), Fixed-Earth Optical-Axis Point (FOA), and 
Fixed -Earth Optical -Axis Antipode (FOA') . 

OPTICAL AND ELECTRONIC DISTORTIONS: (see Distortion) 

ORBIT: The path which a celestial object follows in its motions through space, rela- 
tive to some selected point 

ORBIT NUMBER: In satellite meteorology orbit number refers to a particular circuit 
beginning at the satellite ascending node. The orbit number from launch to 
the first ascending node is designated zero, thereafter the number increases 
by one at each ascending node. 

PERIGEE: The point in its orbit at which the satellite is closest to the center of the 
earth e 
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PERIGEE U T E  ( w ): Rate of change of the argument of perigee. It is usually mea- 
sured in degrees per day. 

PERSPECTIVE GRID (TILT AND HEIGHT COMBINED): A perspective grid is a net- 
work of lines constructed for an oblique photograph, the lines representing 
corresponding lines of an imaginary quadrilateral on the surface of the earth. 
A distorted perspective grid may incorporate the effect of lens distortion in 
addition to perspective. The grids also have the principal point indicated, 
and the horizon, i f  present. A library of perspective grids may be prepared 
for discrete increments of tilt and satellite height. 

PERSPECTIVE HEIGHT GRID: (see Height Grid) 

PERSPECTIVE TILT GRID: Tilt grid consisting of isolines of vertical angles in the 
orientation of principal plane and i ts  perpendicular . 

PRECESSION RATE ( hAN ): The fixed space angular motion of the orbital line of 
nodes: positive to the East, negative to the West. 

PRIMARY LINE: A line of intersection between the primary plane and the image plane 
(Image Primary Line), the earth (Terrestrial Primary Line), the fixed earth 
(Fixed Primary Line), o r  the celestial sphere (Celestial Primary Line). 

PRIMARY PLANE: A plane including the nodal spin-axis and the local vertical through 
the satellite. 

PRIMARY POINT ( PM ): Point of intersection of nodal spin-axis with the image plane 
(EM), with the earth (TPM), o r  with the fixed-earth (FPM). 

PRIMARY SUN-LINE: The intersection of a primary sun-plane with the earth o r  with 
an image. 

PRIMARY SUN-PLANE: A plane including the sun and the satellite spin-axis. 

PRIMARY TANGENTIAL-ANGLE ( y ’ ): (see Tangential Angle) 

PRINCIPAL DISTANCE ( f): The distance measured along the optical axis either from 
the nodal point o r  the interior perspective center to the image o r  target plane. 

PRINCIPAL LINE: A line of intersection between the principal plane and the image 
plane (Image Principal Line), the earth (Terrestrial Principal-Line), o r  the 
fixed earth (Fixed-Earth Principal Line). 

PRINCIPAL PLANE: The plane which includes the optical axis of a camera and the 
local vertical through the front nodal-point of a satellite camera lens. 
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PRINCIPAL POINT: The point of intersection of the optical axis of the camera with the 
image plane (IPP), with the earth (TPP), o r  with the fixed earth (FPP). 

PRINCIPAL TANGENTUL-ANGLE ( y  ): (see Tangential Angle) 

PROGRADE ORBIT: (see Direct Orbit) 

PROJECTION EQUATOR: The great circle of the earth along which the surface of a 
cylindrical projection contacts the earth's surface. 

PROJECTION MERIDIAN: Great circles which are perpendicular to the plane of the 
projection equator of a cylindrical projection. 

R/O: Abbreviation for readout orbit 

RADIAL ANGLE ( E ): An angle between the optical axis and the line connecting the 
interior perspective center with any point on a photograph o r  a target ,, 

RASTER: The pattern followed by the electron-beam exploring-element scanning the 
screen of a television transmitter o r  receiver. The scanning pattern or  ras- 
ter of the vidicon used in TIROS satellites is, theoretically, a series of 
straight parallel lines 

RASTER LINE: One scan line of a T V  system. 

READ-OUT STATION: (see Data Acquisition Station) 

RESOLUTION: The ability of a film, a lens, a combination of both, and/or a vidicon 
system to render barely distinguishable a standard pattern of black and white 
lines. When the resolution is said to be, e , g * ,  10 lines per millimeter, it 
means that the pattern whose line-plus-space width is 0.1 mm is barely re- 
solved, the finer patterns are not resolved, and the coarser patterns are 
more clearly resolved 

RETROGRADE ORBIT: (see Inclination) 

RIGHT ASCENSION ( ): The arc measured eastward along the celestial equator from 
the vernal equinox to the great circle passing through the celestial poles and 
the object projected onto the celestial sphere. This angle is frequently given 
in hours and minutes--24 hours equivalent to 360 degrees. 

SATELLITE NADIR-ANGLE ( TS ): The nadir angle of a satellite spin-axis. The 
angle is measured from the nadir point to the positive direction of the nodal 
spin -axis 



- 101 - 

SOLAR SPIN PERIOD ( PSs, ): The time elapsed between successive primary sun-plane 
crossings of a particular satellite baseplate angle. 

SPIN AXIS: The axis about which the satellite spins. The positive direction along the 
spin axis is designated from the top to the floor of the satellite. 

SPIN-AXIS ANTIPODE ( SA' ): (see. Spin-Axis Point) 

SPIN-AXIS POINT ( SA ): 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 anti- 
pode and the spin-axis point are located, respectively, toward the positive 
and negative direction of the spin axis translated to the center of the earth. 
Terrestrial Spin-Axis Point (TSA), Terrestrial Spin-Axis Antipode (TSA'), 
Fixed-Earth Spin-Axis Point (FSA) and Fixed-Earth Spin-Axis Antipode (FSA'). 

SPIN PERIOD ( P ) AND SPIN U T E  ( w ): Time required for a complete rotation. The 
spin period varies according to a reference plane with respect to which the 
period is measured. The reference planes are primary plane, sun plaqe, 
equinox plane, etc. 

SUBPOINT TRACK: Locus of subsatellite points on the earth (TSP Track), on image 
(ISP Track), o r  on a celestial sphere (CSP Track). 

SUBSATELLITE DECLINATION: The declination of a subsatellite point ,, 

SUBSATELLITE POINT: Intersections of the local vertical passing through the satel- 
lite with the earth's surface (TSP), with the fixed earth (FSP), with the image 
plane (ISP), and with the celestial sphere (CSP). The coordinates of these 
points are expressed either by subsatellite latitude (#'") and longitude ( 8'") 
or  by declination ( 8csp) and right ascension ( acsp ) . 

SUBSOLAR POINT ( SS ): Intersection of the local vertical through the sun with the 
surface of the earth (TSS), and with the fixed-earth (FSS). The image sub- 
solar point (ISS) denotes the projection of TSS onto an image plane. 

SUN-GLINT POINT ( GL ): A point on the earth where the line connecting the satellite 
with the image of the sun formed by the earth's surface as a convective mir- 
r o r  intersects the earth's surface 

SUN PLANE: A plane defined by the sun and another straight line, The local sun-plane 
includes the local vertical. The spin-axis sun-plane includes the spin axis of 
a satellite. 

TANGENTIAL ANGLE: The angle of a radial on image measured clockwise from the 
reference radial through IPP (Principal Tangential -Angle) o r  (Primary Tan- 
gential -Angle). 
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TEC PROJECTION: Abbreviation for Transverse Equidistant Cylindrical Projection . 
(see OEC Projection) 

TERRESTRIAL ( T ): The term to designate a line o r  a point on the earth's surface. 

TERRESTRIAL ELLIPSOID: An ellipsoid closest to the shape of the earth excluding 
the atmosphere. The international ellipsoid adopted in 1924 by the Inter- 
national Union of Geodesy and Geophysics is recommended for use. 

TERRESTRIAL PRIMARY LINE: Intersection of a primary plane with the surface of 
the earth. 

TERRESTRLAL PRINCIPAL LINE: Intersection of a principal plane with the surface of 
the earth. 

TGL: Terrestrial Sun-Glint Point . (see Sun-Glint Point) 

TILT (T): The angle at the perspective center between the camera optical-axis and 
the local vertical. 

TILT GRID: A grid consisting of two sets of isolines on an image plane. They vary 
solely with the tilt, and the satellite height has nothing to do with the grid 
determination . For the precise rectification purposes, isolines of horizontal 
a d  nadir angles are used. 

TILT INDICATOR: A tilt indicator is a graph for measuring tilt from projected 
images of earth having horizons. A library of tilt indicators is prepared for 
discrete increments of satellite height, the usual increment being 25 statute 
miles (approximately 15 km). 

TIME OF FIX ( tF ): The moment when the rotational motion of the earth is fixed to 
establish the coordinates referring to the rotation-free earth, 

TIME OF MAXIMUM SATELLITE NADIR-ANGLE ( tpX): The time when maximum 
value of satellite nadir angle occurs. 

TIME OF MINIMUM SATELLITE NADIR-ANGLE ( tgMIN): The time when minimum 
value of satellite nadir angle occurs. 

TIME PAST ASCENDING NODE: The amount of time for a body in orbit to advance 
from the last ascending node to an arbitrary position. 

TIME PAST PERIGEE: The amount of time for a body in orbit to advance from the last 
perigee to an arbitrary position. 
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TLROS: Abbreviation for Television Infra Red Observation Satellite . 
TOA: Terrestrial Optical-Axis Point. (see Optical-Ayis Point) 

TOA': Terrestrial Optical-Axis Antipode. (see Optical -Axis Point) 

TOT: Teletype code for the time of minimum satellite nadir-angle. 

TPM Terrestrial Primary Point. (see Primary-Point) 

TPP: Terrestrial Principal Point . (see Principal -Point) 

TRACK: A line connecting successive positions of a moving point. This term is used 
with a 3-letter designator. IPP track, TSP track are the examples. 

TRACK DISTANCE ( r l f  , d, ): The distance between a subsatellite point and the TPM 
track. The distance is measured as the nadir angle ( rtt ) viewed from the 
satellite o r  the distance of arc ( dT). 

TRANSFER GRID: A transfer grid is a quadrilateral grid, constructed to the scale of 
a geographic map, whose grid net bears a one-to-one correspondence to the 
net of a perspective grid. The transfer grid has the principal point and the 
principal line indicated on it . 

TRUE ANOMALY ( v ): The geocentric angle of a satellite measured in the orbital 
plane from its perigee in the direction of motion. 

TSA: Terrestrial Spin-Axis Point. (see Spin-Axis Point) 

TU': Terrestrial Spin-Axis Antipode. (see Spin-Axis Point) 

TSP: Terrestrial Subsatellite Point . (see Subsatellite Point) 

TSS: Terrestrial Subsolar Point. (see Subsolar Point) 

VERNAL EQUINOX: (Also called the first of Aries). The point of htersection of the 
celestial equator with the ecliptic, at the point where the sun crosses from 
the south to the north side of the equator. 

VERTICAL ANGLE ( 4 ): The angle between the local vertical and an oblique plane. 
The direction of the vertical plane, which is perpendicular to the oblique 
plane, defines the orientation of the vertical angle. 

VIDICON: A photoconductive image pickup o r  television type tube. Each television 
camera in the satellite consists of a set of optic, a focal plane shutter and a 
vidicon tube. The image is focused on the vidicon screen by the lens, and the 
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vidicon scanner transforms the image to an electric signal which can be 
transmitted o r  recorded on magnetic tape e 
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