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At mospheric refract ion errors in heigh t finding radars ar c studied by means of detailed 
r efract ion calculations for a wid e range of meteorological conditions. For targets up to 
70,000 feet a bove ground and 150 miles ground distance from t he radar site, t he mean height 
e rror was found to be as mu ch as 5,000 feet with a standa rd deviation of 1,200 feet. A 
correction for t he surface value of t he refractive index at t he radar s ite would eliminate t he 
mean height error and reduce the max imum standard dev iation to less t ha n 900 feet. An 
additional co rrec t ion for t he init ial grad ient of the refract ive index and t he value of t he 
r efract ive index at one ki lometer above t he surface would reduce t he maximum standard 
deviat ion lo less t ha n 400 feet . Methods of correcting he igh t errors based on available 
meteo rolog ical data a rc prese nted an d shown to be operationally practical. 

1. Introduction 

As a radio ra~T passes through the atmosphere 
the length and dil'ection of its path varies with the 
radio rcIractive index. Uncorrected radar output 
determines the position of a target by assuming a 
straight-line path at constant velocity. The differ­
ence b etween the straight path and the actual path 
results in an error which becomes increasingly 
significant as the distance to the target increases. 
The h eight errol' (the component of the po ition 
error normal to the surface of the earth ) constitu tes 
over 95 percent of the total errol'. Until recently, 
the range of height finding equipment was sufficiently 
limi ted so that the refraction errors could be either 
neglected, or approximated by a constant effective 
earth's radius correction [Schell eng, Burrows, and 
F errell, 1933]. 

Bauer , Mason, and Wilson [1958] obtained an 
equation for accurately estimating radar target 
heights in a specific exponential atmosphere. Beck­
mann [1958] presented a probability estimate 
of the height errors without using meteorological 

\ measurements. 
The purpose of the study is to investigate the 

correlation between available meteorological param­
eters and height errors for targets of interest in 
terminal air traffic control and to develop height 
error correction procedures using these parameters. 
The heigh t errors for various target position, r elative 

, to the radar site ar e correlated with meteorological 
parameters measured at or above the site to deter­
mine the predictability of height errors independently 
of target position. The correction proced ures are 
developed to account for atmospheric variations 
and target position by combining the meteorological 
and geometric considerations. 

'This work was spOllsored in part by the F ederal Aviation Agency. 

2 . Background 

2.1 . Refractive Index 

The radio refractive index, n, of a propagation 
m.edium is the ratio of the free-space velocity of light, 
c, to th e velocity in the medium, v, (i. e., n = cjv). 
Since the propagation velocity of the atmospher e 
is only slightly less than the free-space velocity, it 
is often convenient to use the scaled-up difference 
between the refractive index and unity. This quan­
tity is called the refracLivity and is denoted by 
N = (n- 1)X 106• 

The refractivity is obtained from meteorologieal 
parameters by 

N - 6P+ 05 e - 77. T 3.73 X l T2' 

wher e P is the total atmospheric pressure in milli­
bars , T is the absolute temperature, and e is t he 
water vapor pressure in millibars. Normally, the 
equation for N is dominated by the first term so that 
the refractivity can be approximated by au expo­
nential function of height as shown by B ean and 
Thayer [1959a] . 

2 .2. Ray Theory 

If the &radient of r efractive index is assumed to 
be normal to the surface of the smooth spherieal 
earth and 

then, for frequencies greater than 100 kc/s, the path 
of a radio ray is determined by Snell 's law for polar 
coordinates : 
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nr cos 8= no1'0 cos 80, (1) 

where (} is the local elevation angle of the ray, and 
r is distance from the center of the earth to a point 
on th e ray as shown in figure 1. The bending angle , 
T , is determined by [Smart, 1931] 

T=- f To+hcot (} dn dr. 
J TO n dr 

(2) 

The distance, d, along th e surface of the earth is 
obtained by 

(3) 

The length of th e path is called the geometric 
range and is obtained by 

J,
TO+h 

R = csc8dr, 
TO 

(4) 

and the apparent or radio range is found by 

J, TO+h J, TO+h 
R e= ncsc8dr=R+ N X lO- 6 csc 8 dr. 

TO TO 

(5) 

~ 
Re ho 

RAY PATH 

FIGURE 1. Geometry of radio my refraction . 

Because the difference between R e and the true 
slant range, Ro is extremely small compared to the , 
h eight error; th e slant range and radio range are 
assumed to be identical to the geometric range, R. 

The apparent h eight of the target, in figure 2 , 
is obtained by solving 

for ha • The follovving form is useful for numerical 
calculations: 

ha= R (R + 2ro sin 8 0) . (7) 
ro+ -v'ro+ R(R+ 2ro sin 8 0) 

The height error for a target at height, h, is found by 

(8) 

which will always be positive if n decreases with 
height. 

If the refractive index is known as a function of 
height, the foregoing procedure is useful for deter­
mining the height error when the true height and 
the arrival angle of the ray are hypothesized . Un­
fortun ately, it is not applicable for obtaining the 
h eight error from the apparent position of the target . 
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FIG U RE 2. Effective earth's radius geometry. 



2 .3 . Effective Earth's Radius 

The inaccuracy of a constl1nt effective earth 's 
radius correction stems mainly from t he assumption 
tbat all radio rays have the same constant curVl1ture. 
The accuracy would b e greatly enhanced if an 

I "average" effective radius could be determined for 
I each ray path. 

The following expression, with the effective 
earth 's radius denoted by T e in figure 2. 

(9) 

can be combined with (6) and (8) to obtain 

Eh (1+ ha+h) = (R2_ M) (!-~). (10) 
2Te 2 To 1 . 

Because the expression m ul tiplying Eh in (10) differs 
from unity by less than 4 X 10- 3 for all target heights 
(hS 70,000 ft ) and ranges (R s 155 miles) to be 
considered, the height error can be approximated as 

(11) 

with an error never in excess of 0.4 percent. The 
I difference between the curvature of the actual earth 

and the curvature of the "average" effective earth 
for the ray path (i.e., 1/1'0- 1/1'.) represents the 
"average" curvature of the ray. Thus, if the ray 

I curvature can be determined as a function of the 
I target position and tbe refraetive index structure, 

(11) provides a simple formula for approximating 
the height error. 

The curvature of a ray, K, at any point on the 
path is expressed by [Millington, 1957] 

1 dn 
K =--- cos 8 

ndT ' 

i or, from (1), replacing l' by To+h, 

no cos 80 dn 
K = n2 (1 + h/To) dh' 

(12) 

(13) 

varies only slightly with height, and the curvature 
at a point on the ray path can be approximated by 

r"oo.J (R2_h~)1 / 2Idn l ' 
K - R elh 

Therefore, (11 ) becomes 

(R2_h2)3 /2 
Eh~ 2R u g, 

(16) 

(17) 

where 9 represents an average gradient on the ray 
path as defined in the following section. 

Since g depends upon the meteorological conditions 
along tbe path, the basic problem is to determine IJ 
for a given target from the conditions at and/or 
near the surface. 

3. Procedure 

3 .1. Meteorological Parameters 

Measurement of the refractivity at the radar site 
will provide an estimate of the gradient if a model 
of the refractive index structure is assumed. In the 
exponential model, for example, 

n(h)=l+Ns exp (-ch) X 10- 6 , 

where N . is the surface refractivity and c is a constant, 
the gradient 

dn 
dh= -cNs exp (-ch) X 10- 6. 

For a target at a heigh t h t the simple average gradient 
along the ray path from radar to target is 

(18) 

From (6), ignoring the term of the order 1/1'5, one which for the exponential model is 
I obtains 

(14) 

(15) 

The refractive index usually decreases with height 
so that the quantity 

but, since h t is not known, g must be approximated 
as a function of the apparent height. 

Additional meteorological measurements at a 
sufficient height above the surface to obtain values 
significantly different from the surface values can be 
used to determine the initial gradient of refractivity, 

141 



assummg the initial layer to be exponential yields 

N (NH) Go= r-ilog N s ' (19) 

where NH is Lhe refractivity at the heigh t, H , in 
kilometers of the above surface measurements. 
The ini tial gradient provides a boundary condition 
for estimating g as a function of the apparent heigh t. 
The average gradient for the ray path determined 
with t he initial gradient and the true heigh t for the 
exponential model is 

- Go [ . ( h ) ) - 6 g--h exp -c t - 1 X I0 . 
c t 

For the purposes of this study the average (pel' 
kilometer) gradient of the first kilometer of the at­
mosphere is the only prediction parameter used which 
will require upper air m easurements. The average 
l-lem gradient, 

(20) 

where NI is refractivity at 1 km above the surface, 
was selected b ecause climatological summaries [Bean, 
Horn, and Ozanich, 1960) can be used to estimate the 
height error when meteorological measurements are 
uno b tainable. 

3 .2. Calculation a nd Correlation of Height Errors 

B ean, Caboon , and Thayer [1960) selected refrac­
tive index profiles, determined from radiosonde 
observations at thirteen climatically distinct loca­
t ions, which represent a wide variety of mutually 
exclusive profile types. This profile sample was 
used for the present study because it represents a 
complete range of meteorological condi tions. The 
ray paths at arrival angles varying from 0 to near 
90° were determined for each profile by numerical 
evaluation of (1) thTough (5) using methods similar 
to those described by Bean and Thayer [1959b). 
The heigh t errors were calculated with (7) and (8 ) 
at selected h eight intervals to 70,000 It for each ray 
path. Newton's method of interpolation with di­
vided differences was used to determine heigh t errOl'S 
for fixed ground distances to 150 miles. The limits 
of height and distance were chosen to extend beyond 
the current needs in terminal air traffi c con trol, but 
are sufficien tly restricted to allow some of the pre­
vious assumptions. 

The prediction parameters, N " Go, and !::"N, were 
obtained from each of the refractive index profiles. 
Linear and multiple regression analyses were em­
ployed to obtain least squares estimates of the 
heigh t error at each height and distance for each 
prediction parameter and for yarious combinations 
of the parameters . 

3.3. Estima tion of the Avera ge G radient 

gl = ~s ill (ha) , (21) 

(22) 

or 

(23) 

where gl is an estim ate of the average gradient if 
only surface obseryations are available, g2 is an 
improyed estimate ob tained with additional tower 
measurements, fmd g3 is an estimate obtained with 
th e addition of upper air measurements such as 
radiosonde obsel'yations. 

To obtain a direct estim ate of the height errol' , 
(21) through (23) were combined with (17), and the 
functions i iii?j= l , 2, 3) were determined as least 
squares polynomials. 

4 . Results 

4 .1 . Regression Ana lysis 

Th e volume of data processed is of sufficient 
magnitude that it is impractical to include it all in 
this r eport. Therefore, certain information obtained 
from the regression analysis was selected as being 
the most significant. 

The mean height error is representatiYe of average 
meteorological condi tions, and, therefore, proyides 
the best general estimate ob tainable if meteorological 
data arc not ayailable at the radar site under con­
sideration. In figure 3, the mean heigh t error was 
plotted for each target position and then contour 
lines were drawn to display t he mean heigh t error 
as a function of th e true height and distance. 

The standard deviation (about the mean) of the 
height errors provides a measure of the residual error 
if the mean is used as an estimate, since 68 percent 
of t he observed height elTors are expected to be with­
in ± 1 standard deviation of the mean height error 
if the obseryatiolls are normally distributed. The 
standard deviation is displayecl as a function of 
target position in figure 4. The construction of 
figure 4 and subsequent figures is similar to that of 
figure 3. 

The standard errol' of estim ate establishes the 
same confidence limi ts for prediction with a regres­
sion as the standard deyiation does for the lnean. 
Thus, the standard error provides a measure of the 
residual error if the heigh t errors are estimated by a 
regression equation involYing meteorological param­
eters. The standard error of estim.ate was deter­
mined for each of the following regression equations 

(24) 

(25) 

Based on the correlations, the following forms and 
suggested by (18) were selected for approximating g: (26 ) 
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FIGURE 3. Nfean height errors in feet . 
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FIGURE 4. Standard deviation oj height errors. 
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The standard error of estimate with (24) is displayed 
in figure 5. Comparison of fLgures 4 and 5 indicates 
the improvement, that is, the reduction in residual 
error, if surface meteorological observations are 
used in place of the mean to predict the height error. 

The standard errors of estimate with (25) and (26 ) 
are shown in figures 6 and 7, respectively. These 
figures demonstrate how eaeh additional parameter, 
obtained from tower or upper air measurements, 
enhances the accuracy of the estimate. 
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FIGURE 5. Standa1'd errOl' fh versus N,. 
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were of significant value only for targets at low 
heights (h<::;, 10,000 It). Examination of the figures 

! shows that prediction of ~Ii with N s provides signifi­
. cant improvement over the mean for target heights 
I above 15,000 It . The addition of Go improves the 

estimate for heights below 15,000 ft and the addition 
of !1N provides a sligh t overall improvemen t. These 

, results are, perhaps, more clearly illustrated by fig­
l ures 8 and 9 in which the mean height error, the 

I 
standard deviation, and the standard errors of esti­
mate are displayed as functions of distance for fixed 

t heights of 15,000 feet and 30,000 feet, respectively. 
In fig ures 3 through 7 the contours do not extend 

below 15,000 It for distances greater than 120 
miles and 10,000 ft for distances greater than 80 

I miles. Correlations were not calculated for these 
target positions because, for certain refractive index 
profiles they are beyond the radio horizon, and for 
certain other profiles the arrival angle is too low for 

r the ray to penetrate a trapping layer. If a target 
. at 5,000 It height and 150 miles d istance is visible 
to radar, with dn/dl'> - 1/1' along the ray path, the 
resulting height error would be about 10,000 It. 
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As an ltid to further studies , the coefficients for 
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4.2. Height-Error Equations 

The equations for approximating ~h were deter­
mined as 

(27) 

(32) 

for R in miles and ha in thousands of feet. The term 
in D/h~ was introduced to account for, in part, J 

a large negative constant term which tended to 
produce negative height enol'S for ranges less than 
30 miles. Furthermore, the inclusion of this term 
increased the accuracy of the estimate of ~hi by 
about 2 percent. An additional term in h~ for (30) 
increased the accuracy by about 1 percent but 
introduced a fictitious minimum near 60 ,000 ft , 
while a term in h~ for (31) and (32) increased the 
accuracy of (28) and (29) by less than 0.1 percent. 
The relative improvement of (28 ) over (27) is 
about 3 percent and of (29 ) over (28 ) about 1 percent. 

The coefficients a iJ are listed in table A. The 
constant term, k, which would vanish if the equations ' 
were exact, is abou t - 70 for a least squares , 
approximation. 

5 . Conclusions 

Height-error correction can be sigmficantly im­
proved by accounting for the surface refractivity at 
the radar site. The use of the initial gradient, in 
addition to the surface refractivity, yields a signifi­
cant improvement only for targets beyond about 
60 miles and below 15,000 ft. In this case, Go is im­
pOl·tant not only to improve the accuracy but to I 

determine if the assumption in section 2.2 has been 
violated, namely, if Go~ - 106/1'0. The still further 
improvement obtained with the use of LN would 
not, in general, justify the trouble and expense of 
measuring this parameter. 

If the distance to the target exceeds about 50 
miles, the normal decrease with height of the gradient 
should be accounted for in a height error correction. 

6 . Appendix. Coefficients for the Regres-
(28) sion Equations 

Constant term, a: 

and (29) Equation (24) Table 1 
Equation (25) Table 2 

where 
Equation (26) Table 3 

Coefficient of N " b1 : 

Equation (24) Table 4 
Equation (25) Table 5 

gl, g2, and 93 are obtained from (21) through (23) with 
Equation (26) Table 6 

Coefficient of Go, b2 : 

(i= l, 2, 3), (30) 
Equation (25) Table 7 
Equation (26) Table 8 

(i = 2, 3), (31) 
Coefficient of t::,.N, b3 : 

Equation (26) Table 9 

TABLE A. Coefficients a ;j 

, , " j 0 1 2 3 4 5 6 7 i'" 
1 - 19.596 0. 014096 0. 77906XIO- ' 0. 67545XI0- 6 
2 - 17.849 . 011202 . 13665 X 10- 3 . 58925XI0- 7 - 0. 64975XIO-' 0. 12340XlO-3 
3 - 15.319 .006388 . 18549 X 10- 3 . 39074XIO-7 -. 55818XlO-' .12671XI0-3 - 0. 023980 - 0. 22547X lO-' 
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TABLE 1 

HEIGHT KFT 

5 10 15 20 25 30 35 40 50 60 70 
01 STANCE 

MILES 
5 -3. -3. -2. -1. 1. 1. 2. 2. 2. 

10 -14. -13. -10. -8. -6. -4. -3. -2. 1. 1. 
15 -31. -29. -24. -19. -15. -12. -9. -1. -4. -2. -1. 
20 -55. -53. -44. -35. -28. -23. -t8. -14. -9. -5. -3. 
25 -86. -83. -69. -56. -45. -31. -29. -24. -15. -10. -1. 
30 -123. -119. -100. -81. -66. -54. -44. -35. -23. -15. -11. 
35 -166. -162. -136. -111. -91. -74. -60. -49. -32. -22. -16. 
40 -215. -211. -118. -146. -120. -98. -80. -65. -43. -30. -22. 
45 -269. -261. -226. -186. -153. -125. -102. -B3. -55. -39. -29. 
50 -327. -329. -280. -231. -190. -156. -121. -104. -10. -49. -36. 
60 -454. -470. -404. -335. -217. -228. -181. -153. -103. -13. -54. 
10 -586. -633. -552. -461. ·-31l1. -315. -259. -212. -144. -102. -16. 
80 -109. -812. -122. -601. -505. -418. -345. -284. -193. -131. -103. 
90 -1000. -913. -116. -648. -539. -446. -361. -252. -119. -134. 

100 -1186. -1122. -965. -812. -618. -563. -465. -320. -228. -111. 
110 -1352. -1342. -1116. -997. -836. -691. -578. -399. -286. -214. 
120 -1413. -1565. -1404. -1203. -1014. -850. -707. -491. -352. -264. 
130 -1114. -1644. -1429. -1215. -1022. -852. -591. -429. -322. 
140 -1946. -1889. -1612. -1434. -1214. -1019. -118. -518. -389. 
150 -2048. -2123. -1928. -1674. -1428. -1203. -855. -620. -465 • .... 

~ 
-...:I 

TABLE 2 
HEIGHT KFT 

5 10 15 20 25 30 35 40 50 60 70 
DISTANCE 

MILES 
5 -3. -3. -2. -1. 1. 1. 2. 2. 2. 

10 -12. -12. -10. -8. -6. -4. -3. -2. 1. 1. 
15 -28. -29. -24. -19. -15. -12. -9. -1. -4. -2. -1. 
20 -50. -51. -43. -35. -28. -22. -18. -14. -9. -5. -3. 
25 -11. -80. -61. -55. -45. -36. -29. -23. -15. -10. -1. 
30 -110. -115. -97. -80. -65. -53. -43. -35. -23. -15. -11. 
35 -148. -156. -133. -110. -90. -13. -60. -48. -32. -22. -16. 
40 -190. -204. -114. -144. -118. -97. -19. -64. -43. -30. -22. 
45 -235. -251. -221. -183. -151. -124. -101. -82. -55. -38. -28. 
50 -284. -316. -213. -221. -187. -154. -126. -103. -69. -48. -36. 
60 -383. -449. -394. -329. -213. -225. -1135. -151. -102. -72. -54. 
10 -413. -600. -536. -452. -316. -311. -251. -210. -143. -101. -76. 
80 -537. -162. -700. -595. -497. -413. -341. -281. -191. -136. -102. 
90 -925. -880. -151. -631. -531. -441. -363. -H9. -178. -133. 

100 -1076. -1075. -940. -791. -667. -556. -460. -317. -226. -170. 
110 -1189. -1215. -1141. -976. -822. -681. -511. -395. -283. -212. 
120 -1236. -1468. -1355. -1174. -996. -837. -697. -486. -3It9. -262. 
130 -1631. -1516. -1390. -1189. -1005. -840. -590. -425 • . -319. 
140 -1148. -1794. -1619. -1400. -1192. -1003. -70tl. -512. -385. 
150 -1765. -1989. -1855. -1630. -1399. -lIe3. -843. -612. -460. 



TABLE 3 

HEIGHT KFT 

.5 10 15 20 25 30 35 40 50 60 70 
OISTANCE 

MILES 
5 -2. - L. -1. 1. 1. 2. 2. 2. 

10 -2. -B. -8. -6. -5. -3. -2. -2. 1. 
15 -4 . - 1 R. -18 . -15. -12. -1 0 . -8. -6. -3. -2. -1. 
20 -7. -3 3 . -33. -28. -2 3. -lYe -15. -12. -1. -5. -3. 
25 -g. - 51. - 51. -44. -37. -31 . -25. -20. -13. -9. -6. 
30 -12 . -73. -74. -64 . -54. -45. -31. -30. -20. -13. -10. 
35 -13. -98. - 100. -81 . -14. -62. -51. -42. -28. -19. -14. 
40 -13. -125 . -130 . -114. -91. -81. -61. -55. - 31. -26. -19. 
45 -10. - 15 6. - 164. -144. -123. -104. -86. -71. -48. -33. -25. 
50 -5. -lIl7 • -201. -118. -152. -129. -107. -88. -60. -42. -31. 
60 21. -2 54. -285. -256 . -221. -U!1. -1 56. -129. -Sll. -62. -47. 
70 70. -31H. -318. -346 . -302. -251. -216. -1 79. -123. -S1. -66. 
80 15 2. - 369 . -418. -448. -3'}s. -338. -285. -231. -164. -111. -S8. 
90 -396. -518. -560. -499. -431. - 366. -306. -213. -152. -115. 

100 -3 8 3. -669. -671. -615. -536 . -451. -384. -269. -194. -146. 
110 -310. - 741 . -795. -739 . - 65 2. -560. -473. -334. -241. -182. 
120 -163. - 116. -906 . -867. -176. -673. -573. -408. -296. -224. 
130 -154. -99B. -996. -909. -791. -682. -491. -359. -212. 
140 -64Y. -1055. -1111. -1044. -929. -804. -585. -430. -321. 
150 -436. -1057. -1211. -1179. -1068. -933. -690. -510. -389. -~ 

00 

TABL E 4 
HEIGHT KFT 

5 10 15 20 25 30 35 40 50 60 10 
DISTANCE 

MILES 
5 .0318 .0313 • 0296 .0281 .0267 .0257 . 0248 .021t3 .0236 .0231 .0225 

10 .1153 .10 59 .0944 .0848 .0170 .0105 . 0652 .0608 .0543 .0496 .0462 
15 .2545 .2303 .2025 .1795 .1608 .1454 .1326 .1218 .1056 .0943 .0858 
20 .4495 .4046 .3541 .3123 .2184 .2504 .2271 .20 74 .1176 .1568 .1413 
25 .1005 .6291 .54 94 .4835 .4300 . 3858 .3489 .3117 .2704 .2313 .2127 
30 1.0078 .9040 .7889 . 6934 .6159 .5519 .4983 .4531 .3841 .3359 .3003 
35 1.3714 1.2295 1.0128 .9424 .8366 .1489 .6756 .6136 .5190 .4529 .4042 
40 1.7917 1.6060 1.401B 1.2311 1.0923 .9774 .8812 .1998 .6154 .5885 .5244 
45 2.2688 2.0336 1 . 7162 1.')599 1.3'13' 1.2377 1.1154 1.0119 .8536 .1429 .6613 
50 2 .8030 2.5129 2.1968 1.9295 1.1113 1.5305 1.3188 1.250 3 1.0539 .9163 .8150 
60 4.0426 3.6268 3.1181 2.1938 2.4180 2.2155 1.9952 1.8085 1.5223 1.3216 1.1738 
10 5.5119 4.9494 4.3513 3.8300 3.3981 3.0380 2.1355 2.4788 2.0845 1.8012 1.6032 
80 1.212"7 6.4 194 5.1236 5.0453 4.4788 4.0046 3.6053 3.2666 2.141t2 2.3169 2.1060 
90 8.2133 1.2966 6..4464 5.1273 5.1225 4.6119 4.1179 3.5018 3.0342 2.6854 

100 10.1439 9.0736 8. 0412 1.1529 6 .4005 5.163't 5.2201 4.3804 3.1846 3.3456 
110 12.2529 11.05 33 9.8363 8.7649 1.8482 1.068', 6.4028 5.3681 4.6329 4.0909 
120 14.5240 13.2284 11.8360 10.5619 9.4123 8.5310 1.1331 6.4808 5.5863 4.9251 
130 15.5836 14.0 399 12.5172 11.28'15 10.1111 9 . 21'12 1. 72 54 6.6512 5.8513 
140 18 .086 6 16.4440 14.1931 13 .3002 12.0051 10 . 8816 9.1125 1.8354 6.8904 
15 0 20.1053 19.0333 17.2171 15 . 522 0 14.025 1 12.1148 10.6504 9.148tl 8.0339 

~ - - - " --- - -~ - - -



TABLE 5 

HEIGHT KFT 

5 10 15 20 25 30 35 40 50 60 10 
DISTANCE 

MIU:S 
~ .0285 .0303 .0292 .0219 .Ol61 .0251 .0249 .0244 .0231 .0232 .0221 

10 .1014 .1015 .0922 .0835 .0162 .0701 .0649 .0601 .051t3 .01098 .0463 
15 .2Z26 .2202 .1912 .1763 .1588 .1441 .1311 .1212 .1053 .09102 .0857 
20 .3415 .3862 .34410 .3065 .27106 .241 9 .22 53 .2061 .1168 .1563 .HI0 
25 .6072 .5991 .5 340 .4742 .4239 .3811 .3459 .3155 .2690 .2365 .21Zl 
30 .!l6 86 .8603 .7661 .6197 .6069 • Slt51 . 4 939 • 't491 .3821 .33106 .2994 
35 1.1741 1.1680 1.0411 .9234 .8240 .740 3 .6694 .6089 .5162 .4511 .4028 
4 0 1.5217 1.5225 1.3591 1.2056 1. 0 755 .9658 .8729 .7935 .6116 .5860 .5226 
45 1.90tl 9 1 .9235 1.12 04 1.5268 1.3 61 9 1.2221 1. 1046 1 .0031 .8486 .7396 .6589 
50 2.3325 2.3701 2.1254 1. 88 73 1.6836 1.5114 1.3651 1.2400 1.0415 .912 1 .8119 
60 3.2717 3.3916 3.0611 2.1 2 tl1 2.4355 2.1864 1. 9 74 3 1.7928 1.5126 1.3152 1.1691 
1 0 4.2984 4.5945 4.1841 3.7339 3.3361 2.9951 2.1052 2.4560 2.0105 1.1981 1.5965 
80 5.3':>11 5.9423 5.4190 4.9073 4.3901 3.9449 3 . 5629 3 . 2348 2.1249 2.361t3 2.0968 
90 1.4110 6. 9435 6. 2511 5.6041 5 . 0400 4 . 55 31 4.1H6 3.4816 3.0111 2.6730 

100 8 .95 58 8.5616 1.1696 6.9854 6.2887 5.6849 5.1625 4.3It56 3.7620 3.3294 
11 0 10 .5049 10. 3305 9.4588 8.5356 1 . 6 915 6. 96 35 6.32 58 5.3231 4.6035 4.0699 
120 11. 9716 12.1 954 1l.3115 10.2519 9 . 2113 8.3 914 7.6323 6. 4 215 5.5484 4.8989 
13 0 14.1041 13.3104 12.1560 11.0200 9.99 45 9.086 8 7.648 9 6 .6021 5.8234 
14 0 15.9660 15 . ... 244 14.2 189 12. 9 405 11 .161'< 10.7081 9.0139 1.1737 6.8477 
150 17.66 72 17 .6001 16 . 4316 15.0401 13 . 7056 12.1t899 10.521t5 9.0105 7.9804 -01>-

CD 

TABLE 6 

HEIGHT KFT 

5 10 15 20 25 30 3 5 40 50 60 10 
DISTANce 

MILES 
0; .0091 .023 1 .0259 .0265 .0765 .0262 .02 60 .0258 .0255 .0252 .0248 

10 .0211 .0689 .0744 .0120 .0687 .0652 .06 19 . 0589 .051t0 .05010 .0414 
1~ .0418 .1 441 . 1551 .1418 .1391 .1303 .121 8 .1141 .1016 .0923 .0850 
20 . 0682 .21091 .2677 .2539 .2318 .2214 .2058 .1915 . 16 83 .1511 .1318 
25 .U991 .3830 .411 9 .3902 .3646 .3386 . 3138 .2912 . 2542 .2268 .2058 
30 .1325 .5430 . 5873 .5567 .5198 .4821 .10462 .ItlH . 3595 .3196 .2891 
35 . 1660 .1281 .7933 .1 5 32 .1033 . 6 52 0 .6030 . 5579 .1t8't3 .10295 .3818 
40 .1 971 .9358 1. 0291 .9795 • 'H 51 .8483 .1843 . 7253 . 6 281 .5567 .5020 
45 .2232 1.1641 1.2 'i 39 1.2354 1.1 553 1.0112 .9903 .9155 . 1929 .1014 .6318 
50 .2418 1.4090 1.5863 1.5206 1.4739 1.3209 1 . 2213 1.1290 .9772 .8631 .777';) 
60 .250 1 1.9361 2.l485 2 . 1171 l.0459 1.9009 1.7588 1.6263 1.ItOl0 1.2423 1.1110 
70 .2 <'31 2.4816 2.9993 2.9439 2.7804 2.5892 2.3 986 2.2192 1.9202 1.69104 1.5223 
80 .200 5 3.0016 3.8201 3.8126 3.6Z48 3.3863 3.1423 2.9101 2.5191 2.2224 1.9953 
90 3.4452 4 .6780 4.7 6tl9 4.5741 4.2912 3.9913 3.1012 3.20 75 2.8288 2.5384 

100 3.1639 5.5316 5. 7994 5.6251 5.3042 4.9474 4 . 595 2 3."'877 3.5110 3.1545 
110 3.9201 6 .3291 6.8110 6.1588 6.41 8 2 6.0094 5 .59 36 4.8629 10.2900 3.84610 
120 3.9312 7.0061 7.9475 7.9627 1.6279 1. 1138 6.6971 5.8369 5.1516 4.6113 
130 1 . 4937 8.9769 9 .2092 8.919 3 8.4423 1.9028 6.9123 6.1053 5.4713 
140 1.1293 9.8930 10.4569 10.2723 9 . 7952 9.2175 8.0909 7.1551 6.4118 
150 7.7099 10.61 60 11 .6542 11.6633 11 . 2325 10.6218 9.3HO 8.3049 7.1t432 



'TABLE 1 

HEIGHT KFT 

5 10 15 20 25 30 35 40 50 60 10 
DISTANCE 

MILES 
5 -.0065 -.0019 -.(J008 -.0003 -.0000 .0001 .0002 .0002 .0003 .0003 .0004 

10 -.0268 -.0084 -.0043 -.0024 -.0015 -.0009 -.0005 -.0003 -.0000 .0001 .0002 
15 -.0617 -.0196 -.0102 -.0060 -.0039 -.0026 -.0018 -.0012 -.0006 -.0003 -.0001 
20 -.1123 -.0356 -.0187 -.0112 -.00 73 -.0050 -.0035 -.0026 -.0015 -.00010 -.0005 
25 -.1801 -.0511 -.0299 -.0119 -.0118 -.0081 -.0051 -.0043 -.0025 -.0016 -.0011 
30 -.2695 -.0846 -.0441 -.0264 -.0115 -.0120 -.0086 -.0064 -.0039 -.0025 -.0018 
35 -.3820 -.1191 -.0615 -.036A -.0244 -.0168 -.0120 -.0091 -.005~ -.0036 -.0026 
40 -.5228 -.1616 -.0821 -.0493 -.0326 -.0224 -.0161 -.0122 -.0015 -.0048 -.0035 
45 -.6968 -.2132 -.1080 -.0642 -.0423 -.0291 -.0209 -.0158 -.0091 -.0063 -.0041 
50 -.9109 -.2165 -.1382 -.0811 -.0531 -.0369 -.0265 -.0200 -.0123 -.0081 -.0059 
6 0 -1.4924 -.4431 -.2160 -.1260 -.0 8 22 -.0564 -.0404 -.0305 -.0181 -.0123 -.0090 
70 -2.3492 -.6870 -.3238 -.1860 -.1201 -.0820 -.0586 -.0441 -.0210 -.0111 -.0130 
80 -3.5911 -1.0399 -.4731 -.2612 -.1704 -.1156 -.0822 -.0616 -.0314 -.0245 -.0119 
90 -1.5533 -.6835 -.3782 -.2375 -.1596 -.1128 -.0839 -.0501 -.0330 -.0239 

100 -2.3002 -.9195 -.5258 -.3243 -.2163 -.1520 -.1125 -.0674 -.0431 -.0314 
110 -3.3840 -1.3993 -.7309 -.4431'1 -.2917 -.2030 -.14'}! -.0884 -.0568 -.0406 
12 0 -4.9414 -1.9991 -1.0155 -.6002 -.3891 -.2103 -.1962 -.1148 -.0734 -.0518 
13 0 -2.8631 -1.4124 -.8152 -.5219 -.3547 -.2~62 -.1482 -.0939 -.0658 
14 0 -4.1054 -1.9140 -1.1116 -.6963 -.4111 -.3347 -.1909 -.1194 -.0827 
15 0 -5.8811 -2.1735 -1.5206 -.'H29 -.6185 -.4353 -.2437 -.1515 -.1031 -CIt 

c 

TABLE 8 
HEIGHT KFT 

5 10 15 20 25 30 35 40 50 60 70 
o ( S T.h~CE' 

MILES 
5 -.0032 -.0006 -.0002 -.0001 -.0000 .0000 .0000 .0000 -.0000 -.0000 .0000 

I e -.0133 -.0029 -.0013 -.0005 -.0002 -.OOOl -.0000 -.0000 -.0000 .0000 .0000 
IS -.0309 -.0067 -.0031 -.0012 -.0005 -.0002 -.0001 -.0000 -.0000 .0000 .0000 
20 - .0S73 -.0124 -.0056 -.0022 -.0011 -.0004 -.0002 -.0001 -.0000 .0000 .0000 
25 -.0942 -.0202 -.009l -.0036 -.0011 -.0008 -.0003 -.0001 -.0000 .0001 .0000 
30 -.1442 -.0306 -.0136 -.0055 -.0021 -.0012 -.0005 -.0002 -.0001 .0001 -.0000 
35 -.2105 -.0442 -.0194 -.0019 -.0038 -.0011 -.0001 -.0004 -.0001 .0001 -.0000 
40 -.2'174 -.0618 -.0265 -.0109 -.0053 -.0024 -.0010 -.0006 -.0002 .0001 -.0000 
45 -.4101 -.0840 -.0354 -.0146 -.0012 -.0034 -.0015 -.0008 -.0002 .0002 -.0001 
50 -.5553 -.1130 -.0464 -.0193 -.0095 -.0045 -.0020 -.0012 -.0004 .0002 -.0001 
60 -.9184 -.1951 -.0767 -.0322 -.0159 -.0078 -.0037 -.0022 -.0007 .0001 -.0002 
70 -1.6'559 -.3276 -.1222 -.0516 -.0256 -.0129 -.0065 -.0038 -.0014 -.0000 -.0003 
80 -2.7136 -.5396 -.1916 -.0809 -.0401 -.0206 -.0107 -.0063 -.0024 -.0004 -.0006 
90 -.8186 -.2981 -.1261 -.0622 -.0323 -.0171 -.0102 -.001t0 -.0010 -.0010 

100 -1.4169 -.4631 -.1907 -.0929 -.0488 -.0766 -.0160 -.0065 -.0020 -.0011 
110 -2.2638 -.1186 -.2906 -.1416 -.0741 -.0406 -.0246 -.0101 -.0035 -.0026 
120 -3.5736 -1.1171 -.4432 -.20'H -.1095 -.0622 -.0371 -.0153 -.0059 -.0039 
130 -1.13 84 -.6752 -.3139 -.1646 -.0906 -.0548 -.0229 -.0093 -.0059 
140 -2.7042 -1.0330 -.4716 -.2424 -.1372 -.0810 -.0339 -.01lt2 -.0085 
150 -4.1 8 18 -1.5853 -.7079 -.3564 -.1978 -.1175 -.0485 -. 0212 -.0123 
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