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FOREWORD 

The first and second reports under Assignment 9 of Contract 

NObs-84075, identified as SIO Ref. 6̂ -3 and SIO Ref. 64.-5, 

contained atmospheric optical data and terrain and background 

data suitable for use in visibility calculations under the 

atmospheric and lighting conditions which prevailed at the time 

of (medium high sun) Visibility Laboratory research flight 74. 

The third report under Assignment 9, SIO Ref. 65-2, presented 

the directional luminous reflectance of objects and backgrounds 

under overcast skies. This, the fourth report prepared under 

Assignment 9, presents the atmospheric optical properties and 

directional reflectances of objects and backgrounds for 

conditions prevailing during (unobscured low sun) Visibility 

Laboratory research flight 105. 
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ABSTRACT 

Measurements of illuminance at sea level, directional luminous 

reflectance of certain terrains and objects, atmospheric beam 

transmittance, and path luminance for a day with an unobscured, low 

sun are presented. These data are applicable for visibility 

calculations for downward paths of sight. 

I. INTRODUCTION 

This article is the second of a series of articles in which 

atmospheric optical properties and directional reflectances of 

objects and backgrounds are presented in a form which enables the 

reader to use them for visibility calculations for the downward 

path of sight. The first article contained data for a clear day 

with a moderately high sun; it gave a broad coverage of the subject 

of visibility calculations, including illustrative examples of how 

to use the data. The data in the present article were obtained 

under an unobscured sun low in the sky. All of the atmospheric 

data and some of the reflectance data are from Visibility Laboratory 

Flight 105. 
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The flight. Flight 105 was made on 20 April 1957 in the instru­

mented Air Force B-29 aircraft assigned to the Visibility Laboratory 

over the Atlantic Ocean east of Patrick Air Force Base, Florida. The 

recording of data was commenced at 1700 Eastern Standard Time (EST) 

and was terminated at 1753 EST. At the commencement of data-taking the 

aircraft was at an altitude of 20 000 ft (6.10 km). Data were recorded 

at 20 000 ft (6.10 km), during a 1 000-ft (305 m) per minute descent, 

and at 1 000 ft (305 m). The aircraft then descended to 100 ft (30.5 m) 

altitude and data were then recorded during an ascent to 1 000 ft (305 m). 

Data which were recorded during this flight included sky luminance 

distributions for the upper and lower hemispherical skies, and the 

atmospheric attenuation length. 

The day was warm, the temperature at take-off being 84° F (26° C). 

A temperature inversion was noted at about 6 000 ft (1.83 km), the 

temperature being approximately 61° F (16° C). Scattered clouds were 

encountered at about 3 000 ft (914- m), and some cirrus clouds were 

observed to be above 20 000 ft (6.10 km); however, the sun was virtually 

unobscured. 
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II. ILLUMINATION 

The total downwelling illuminance on a horizontal plane is the 

result of the sky luminance distribution, the sun luminance, and the 

zenith angle of the sun. The analysis of the sun and sky luminance 

distributions for Flight 105 has been limited to the sea level case. 

Total illuminance on a horizontal plane at sea level was 1710 lum/ft 

(18 400 lm/iir) and the ratio of the illuminance from the sky to the 

total illuminance was 0.4-90. The solar zenith angle was 77.3°. 

The upper sky luminance distribution as measured at sea level for 

Flight 105 is presented in Fig. 1. The isoluminance map is in polar 

coordinates. The telephotometer used to measure these luminances had 

a 5 circular field of view. Accordingly, steep luminance gradients 

are not resolved and no attempt has been made to depict the rapid 

change in luminance in the solar aureole. The computed apparent 

luminance of the sun 1.83 x 108 ft-L (1.97 x 109 apostilbs) was the 

average for the solar disk and thus represented a value appropriate 

for a field of view of approximately l/2°. This sky map defines the 

distribution of lighting on all non-self-luminous objects at sea 

level for Flight 105. 

The sky luminance distribution, as shown in Fig. 1, was used 

for the determination of directional reflectances of terrains and 

objects for use in visibility calculations with the atmospheric data 

from Flight 105. This will be described in Sections III and IV. 



III. DIRECTIONAL REFLECTANCE OF TERRAINS 

A directional luminous reflectance, R(0,9,0), is defined as 

the ratio of the inherent luminance in the direction of the specified 

path of sight, B (0,9,0), to the total illuminance on a horizontal 

/x 
plane at sea level, E (0,0,0). 

Ro(O,9,0) = Bo(O,9,0)/E(O,O°,O°) 

»The notation for reflectance follows that specified in a paper by 

Duntley, et al.^ The subscript zero implies zero observation dis­

tance, i.e., inherent reflectance. The three parenthetical symbols, 

z, 9, and 0 designate, respectively, the object altitude (which in 

this case is zero, i.e., sea level), and zenith angle and azimuth 

of the path of sight. 

/The notation for illuminance is E(z,9,0) where z indicates 

altitude but 9 and 0 specify the position of the normal for the 

plane upon which the illumination is incident, 9 being the zenith 

angle and 0 the azimuth. In the case of E(0,0°,0°) the normal is 

pointing to the zenith, hence the illuminance is that received on 

a horizontal plane at sea level from the upper 2TT solid angle. 

XThe luminances in this article are expressed in English and metric 

units, foot-lamberts (ft-L) and apostilbs, respectively; hence TT is 

not a factor in Eq. (l). If luminances were expressed in English 

and metric units of candles/ft or candles/m , Eq. (l) would be 

Ro(O,9,0);zrTTBo(O,9,!ZD/E(O,O
o,O0) • 

In either case, illuminances in lumen/ft and lumen/m , English and 

metric units, respectively, are applicable. 
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The directional reflectances for various terrains are listed in 

Tables 1 and 2. These reflectances were determined under lighting 

conditions typified by an unobscured low sun. Accordingly, these data 

are suitable for use with atmospheric optical data from Flight 105. 

Directional reflectances were chosen for tabulation in order to minimize 

the effect of total illuminance change due to small changes in the 

zenith angle of the sun. Only with paths of sight where the directional 

reflectance has a large specular component does a minor change in 

solar zenith angle cause an appreciable change in reflectance. 

The first item in Table 1, the directional reflectance of deep 

ocean water with a prevailing wind speed of 10 knots, was calculated 

by means of Eq. (1) from the data recorded during Flight 105. The 

reflectances for calm ocean water, Item 2, Table 1, and for ocean water 

during various wind speeds as seen from a vertical path of sight, 

Table 2, were computed^ using the luminance distribution of the upper 

hemisphere from Flight 105 shown in Fig. 1. Note that the measured 

reflectance of the ocean water during a 10-knot wind for the vertical 

paths of sight is 0.0230. The average reflectances for the ocean 

water without white water computed for the same path of sight for wind 

speeds of 8 and L4 knots were 0.0227 and 0.0228, respectively. Since 

there should be little or no white water at 10 knots, these computed 

values are in excellent agreement with the measured value. 

Temperature problems and transportation difficulties have pre­

cluded the study of real snow surfaces in the natural lighting simulator 

*The natural lighting simulator consists of a 7-foot radius hemisphere 
with a translucent inner surface and 194 integrating cavities facing 
that surface. Each integrating cavity has four electric lamps 
rheostatically controlled for varying the flux level. A projective 
system of mirrors produces collimated light from a "sun" which can be 
positioned at any zenith angle and any azimuth in the simulated "sky." 
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at the Visibility Laboratory. It has been found possible, however, to 

produce white surfaces which have goniophotometric characteristics 

duplicating, in all respects, those of snows measured goniophotometrically 

by Middleton and Mungall. These surfaces are composed of fine glass 

beads sprayed with very thin coats of white paint. Three types of 

snow surfaces have been simulated, viz.: snow with surface hoar, snow 

with rain crust, and snow with a glazed rain crust. The directional 

luminous reflectances of these simulated snows were measured in the 

natural lighting simulator. The results are tabulated in Table 1 as 

Items Nos. 3, 4, and 5. The sky luminance distribution used for these 

measurements was that of Flight 105 as described in Section II. 

The final item, a flat dirt road in the desert, was measured 

in situ under an unobscured low sun. 
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IV. DIRECTIONAL REFLECTANCES OF OBJECTS 

Table 3 presents the directional luminous reflectances under 

an unobscured low sun lighting condition for two samples of ship's 

deck paint, and one sample of hull paint measured both wet and dry. 

The measurement of the second sample of the deck paint and both 

measurements of the hull paint were made in the natural lighting 

simulator at the Visibility Laboratory with the sky luminance 

distribution measured during Flight 105. 



V. INHERENT UNIVERSAL CONTRAST 

The inherent universal contrast C (z,9,0) is defined as /^ -1 

in Ref. (l) when /° is the ratio of luminance or radiance 

quantities. The directional reflectances of the object and background, 

as defined in Eq. (1), are proportional to their luminances and, 

accordingly, f is the ratio of the two reflectances. Thus 

R (0,9,0) 
co(°>^> = ^ m ~ 1 

with the presubscripts t and b indicating that the reflectances are 

for object and background, respectively. 

The designation of "object" and "background" in Tables 1 through 3 

is somewhat arbitrary, since what is a background in one case may be 

the object in another, and vice versa. The data in Tables 1, 2, and 3 

can be used in various combinations in obtaining inherent universal 

contrasts for the late afternoon, low-sun condition. 



VI. BEAM TRANSMITTANCE 

The measured attenuation length L(z), recorded during Flight 105, 

is plotted as a function of altitude in Fig. 2. This profile 

illustrates the usual laminar structure of the atmosphere. Also shown 

in Fig. 2 is a plot of equivalent attenuation length8 L(z). This 

quantity, combined with the altitude z, can be used directly in the 

equation 

Tr(z,9) = exp£- [z/L(z)J f(z,9)J 

to obtain atmospheric beam transmittance between sea level and 

altitude z for a path of sight inclined 9° from the vertical. The 

factor f(z,9) is the relative optical air mass which for zenith 

angles of from 0° to 70° is, to within 1 % , equal to sec 9. For 

zenith angles of from 75° to 88° the values of f(z,9) were derived 

9 1 

from Kasten's tabulated values of m(X) / the relative optical air 

mass for the total atmosphere, and his tables of the contribution 

of the single layers of the atmosphere to the total absolute air 

mass. Equation (3) with the f(z,9) values from Kasten and the 

L(z) values from Table 4 were used for calculating the beam transmit-

tances shown in Figs. 3 and 4.. 

The uses of the tables and graphs in this paper were illustrated 

in the first of this series of papers.10 

f(z,9) = m(y) where Y = 90 - 9, and z = oo. 
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VII. PATH LUMINANCE 

Tables 5 through 9 give the path luminances Br(z,9,0) for paths 

of sight ranging from directly downward (zenith angle 180 ) to 5 

below the horizontal (zenith angle 95°) for the azimuths with respect 

to the sun of 0°, 45°, 90°, 135°, and 180°. The path luminances 

are for paths of sight from sea level to the observer's altitude. 

The length of the path is indicated by the subscript r where 

r = z sec 9. The increase in the length of the path of sight result­

ing from the curvature of the earth is greater than 5°/o when 

9 = 95° so the path luminances for that zenith angle were not 

extrapolated above 20 000 ft (6.1 km). 

The use of these data for paths of sight between two altitudes 

is described in Section VI of Ref. (l). 



VIII. BACKGROUND LUMINANCE 

The inherent background luminances at the time of Flight 105 are 

presented in polar form in Fig. 5. These luminances are measured 

quantities but are equivalent to the quantities obtained by multiplying 

the value of the total illuminance by the reflectance of deep ocean 

water, Item 1 of Table 1. The telephotometer used to measure these 

luminances had a 5 circular acceptance angle and, therefore, limited 

resolution. The luminance gradients near the horizon were not' 

resolved and are omitted from Fig. 5. 

The apparent background luminances as measured at 5 000 ft 

(1.52 km) and 20 000 ft (6.10 km) are presented in Figs. 6 and 7, 

respectively. These luminances are equivalent to the apparent back­

ground luminances calculated by Eq. (4-) of Ref. 2: 

Br(z,9,0) = Bo(zt,9,0)Tr(z,9) + B*(z,9,0) . 

The beam transmittances are those in Figs. 3 and 4; the path 

luminances are those in Tables 5-9. 

These three lower sky luminance distribution maps, Figs. 5-7, 

serve to illustrate the manner in which the apparent luminance of 

the sea increases as an observer ascends in altitude. They also 

provide a means for determining, by interpolation, the apparent 

luminance of the sea for these altitudes for any angle of sight not 

in the tables of data presented in the previous sections. 
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IX. APPARENT UNIVERSAL CONTRAST AND UNIVERSAL 

CONTRAST TRANSMITTANCE 

The apparent universal contrast C (z,9,0) is the product of the 

inherent universal contrast C (z ,9,0) and the universal contrast 

transmittance ,' (z,9,0) where 

b^M) = 1 + B^(z,9,0)/Tr(z,9)bBo(zt,9,0) 
-1 (5) 
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Table 1 Directional Luminous Reflectance R (0,9,*) of Terrains 

Description 

Azimuth* 
of Path 

Sun of Sight 
Zenith Relative —^— 
Angle to Sun 6-180 

Directional Reflectance for Zenith Angle 6 

165 150 135 120 105 100 

1 Ocean water, infinite 77. 3 
optical depth, wind speed 
10 knots 

0 0. 0230 

45 

90 

135 
180 

0 0 . 0 2 2 4 

45 
90 

135 

180 

0 0 . 6 9 
90 

0 0 73 

45 
90 

135 

0 0 . 80 

45 
90 

135 

90 0. 230 

95 

0 0288 0 0390 

0 . 0 3 2 9 

0 055 
0 . 0 4 1 7 

0. 132 

0 . 0 6 5 

0. 384 
0. 104 

0. 358 

0 . 0 2 4 6 

0 0390 

0 . 0 3 2 9 

0 055 
0 . 0 4 1 7 

0. 132 

0 . 0 6 5 0 . 0 8 7 

0. 384 
0. 104 0. 158 

0. 0242 0. 0266 0 . 0 2 9 7 0. 0373 0. 061 0. 076 0 . 0 9 3 

0 . 0 2 6 4 0. 0280 0. 0309 0 . 0 3 8 4 0 . 0 7 2 0 . 0 9 6 0. 116 

0. 0266 0. 0288 0. 0325 0 . 0 4 4 9 0. 072 0 . 0 9 9 0. 125 

0. 0246 0. 0288 

0 0269 

0. 0 4 7 1 

0 0251 

0. 146 

0 0435 

d 
1 .02 

0. 193 

1 .03 

0 0258 

0. 0288 

0 0269 

0. 0 4 7 1 

0 0251 

0. 146 

0 0435 0. 112 
1 .02 

0. 193 0. 347 

0 . 0 2 1 1 0 . 0 2 1 0 0 . 0 2 2 7 0. 0435 0. 137 0. 153 0. 245 

0 0205 0. 0213 0 . 0 2 3 1 0. 0334 0 . 0 8 7 5 0. 153 0. 347 

0 . 0 2 2 9 0 . 0 2 7 5 0 . 0 4 8 8 0 120 0 . 5 0 9 0 . 8 2 3 1 .03 

0 . 6 9 0 73 0 . 7 8 f 0 89 1. 20 1. 39 1 .73 

0 . 6 4 0 . 6 5 0 . 6 9 0. 72 0. 73 0. 73 

0 . 7 3 0. 74 0 7 9 f 0 91 1.47 1 .81 2 . 4 4 

0 . 7 1 0 . 7 1 0 . 6 9 0 . 6 7 0. 62 0 . 6 0 0 . 5 8 

0 . 7 3 0 . 7 3 0 . 7 1 0. 72 0 . 7 1 0 . 6 9 

0 . 7 1 0 . 7 4 0 . 7 7 0 . 8 2 0 . 8 9 0. 90 

0 . 8 0 0 . 8 8 £ 1 13 ' 1. 90 5 . 6 8 4 1 0 . 9 

0 . 7 5 0. 77 0 . 7 2 0 . 6 8 0 . 6 5 0 . 6 1 0 . 5 6 

0 . 7 5 0 . 7 5 0 . 7 5 0. 74 0 . 7 2 0 . 7 0 0 . 6 5 

0 . 7 6 0 . 7 7 0 80 0 . 8 1 0 . 8 5 0 84 

2. Calm ocean water, infinite 77. 3 
optical depth 

3. Snow, with surface hoar 74.0 

4. Snow, with rain cruat 74.0 
(a cruat formed by falling 
rain which does not freeze 
upon falling) 

5. Snow, with glazed rain cruat 74.0 
(rain crust completely 
covered by a slightly 
undulating aheet of ice 
formed by freezing rainfall 
followed by warm rain, aub-
aequent freezing temperatures 
but no further precipitation) 

6 Dirt, flat desert road, 77.8 
freahly bulldozed to remove 
encroaching sage 

Data are from Flight 105. 

Value not available, near to direct reflectance from sun. 

°Computed from equationa by Duntley for the lighting condition prevailing for Item 1 in this Table. 

Value not computed since sky luminanceB near sun are poorly defined. 

CData taken with a telephptometer April I960 of simulated snow having reflectance characterist ics reported by 
Middleton and Mungall. The photometry was done in the natural lighting simulator, using the sky luminance 
distribution from Flight 105. 

Data interpolated graphically. 
8Data taken with a gomophotometer at Naval Ordnance Test Station, China Lake, California, in July and August 1962. 

The spectral reflectance of a sample of the dirt was measured with a Hardy spectrophotometer. Using C. I. E. 
Illuminant B, chromaticity coordinates were x = 0. 370, y = 0. 361, z = 0. 269; dominant wavelength = 580m/i and 
excitation purity = 10%. 

0 . 2 4 3 0 . 2 6 4 0 . 2 7 5 0 314 0 . 3 8 0 0 . 4 2 6 0 . 4 5 8 



Table 2. U n i - d i r e c t i o n a l Luminous Ref lec tance R (0, 180 , 0 ) of Ocean Background : V e r t i c a l l y Downward Path of Sight 

Zenith 
Sun Angle 8 of 

Zenith Path of 
Angle Sight 

Wind Speed (Knots) 

Desc r i p t i on Angle Sight 0 2 4 8 14 20 26 32 38 

1. Ocean w a t e r , 77. 3 180 0 .0224 0. 0224 0. 0 225 0 .0 227 0 .0 228 0. 0230 0 .0231 0 .0 233 0 .0 233 
infinite opt ica l 
depth (white w a t e r 
not included in 
ave rag ing) 

a 7 
Computed from equa t ions by Duntley for the l ight ing condi t ion p r eva i l i ng for I tem 1, Table 1. 

Table 3. D i r e c t i o n a l Luminous Ref l ec tance R (0 ,9 ,* ) of Objec ts 

A z i m u t h * 
of Path N ormal from 

Sun 
Zenith 
Angle 

of Sight 
Relative 

to Sun 

S u r face 

th e= 

Direct ional R .eflectance for Zenith Angle 9 
Sun 

Zenith 
Angle 

of Sight 
Relative 

to Sun 
Zenith 
Angle Azimu th e= 

Direct ional R .eflectance for Zenith Angle 9 

Descript ion 

Sun 
Zenith 
Angle 

of Sight 
Relative 

to Sun 
Zenith 
Angle Azimu th e= =180 165 150 135 120 105 100 95 

1. Gray Deck 75 .7 0 0 0 0 . 158 0. 200 0. 307 0 .58 1. 22 4. 80 7. 5 11.8 
Paint 3 71. 1 90 0 0 0. 156 0. 151 0. 149 0. 158 0. 190 0. 211 0. 265 

75 .7 180 0 0 0. 142 0. 146 0. 160 0. 207 0. 352 

2. Glossy 7 4 . 0 0 0 0 0 . 0235 0 .0350 0. 0499 0. 118 0 . 8 6 530. 2. 28 7 . 0 
Black Deck 
Paint 

4 5 0 0 0 . 0 3 1 2 0 .0355 0 . 0 4 0 3 0 .076 0. 228 0 .416 0 .495 Black Deck 
Paint 90 0 0 0. 0259 0 .0235 0. 0302 0 .067 0. 158 0. 221 0. 350 

135 0 0 0. 0228 0 .0269 0 .0365 0 .058 0. 126 0. 200 0. 55 
3. Dull Black 7 4 . 0 0 0 0 0 . 0269 0 .0355 0 .058 0. 171 1.82 6 0 . 5 0 . 30. 2 

Hull Paint, 
dry 

4 5 0 0 0 . 0 3 2 2 0 .0381 0 .050 0 . 0 8 2 0. 207 0. 332 0. 47 Hull Paint, 
dry 90 0 0 0.0283 0. 0259 0 . 0 3 1 2 0 .056 0. 144 0. 192 0. 278 

135 0 0 0 .0228 0 .0269 0 .0351 0 .056 0. 126 0. 186 0 .439 

4. Dull Black 7 4 . 0 0 0 0 0 . 0173 0 .0245 0. 0288 0 .064 0. 120 600. 2 .26 1.66 
Hull Paint, 

.b wet 
4 5 0 0 0 .0230 0. 0228 0 .0307 0 .0422 0. 197 0 . 4 3 2 0. 52 Hull Paint, 

.b wet 90 0 0 0. 0192 0 . 0 1 9 2 0 .0221 0 .0437 0. 127 0. 211 0. 322 
135 0 0 0 .0146 0 .0209 0 . 0 2 7 3 0 .0439 0. 102 0. 195 0 . 5 6 

"Data w e r e taken with a gon iopho tomete r on 5 F e b r u a r y 1953. 

3Data w e r e taken with a t e l e p h o t o m e t e r . 
l uminance d i s t r i bu t i on from F l igh t 105. 
Data w e r e taken with a t e l e p h o t o m e t e r . The p h o t o m e t r y was done in the n a t u r a l l ight ing s i m u l a t o r , us ing the aky 



Tab le 4 M e a s u r e id and Equiva ilent At tenua t io n L e n g t h s , 
and Rat: 10 of Alt i tude to Equ iva l en t At tenua t ion Leng th 

Al t i tude , z a 
M e a s u r e d L(z) — b 

Equiva len t L(z) 

(ft) (km) (naut m i ) (km) (naut m i ) (km) z / L ( z ) 

0 0 10 3 19 1 10 3 19 1 0 
1000 0 305 10 0 18 6 10 3 19 1 0 0159 
2000 0 610 8 8 16 3 10 9 20 3 0 0301 
3000 0 914 13 2 24 4 11 2 20 7 0 0442 
4000 1 22 12 6 23 4 11 6 21 4 0 0570 
5000 1 52 24 0 44 4 12 1 22 4 0 0679 
6000 1 83 23 2 43 1 13 4 24 7 0 0739 
7000 2 13 28 7 53 2 14 4 26 6 0 0802 
8000 2 43 28 1 52 1 15 3 28 4 0 0860 
9000 2 74 27 9 51 8 16 2 29 9 0 0916 

10000 3 05 37 8 70 1 17 1 31 7 0 0961 
11000 3 35 28 4 52 5 17 8 33 0 0 102 
12000 3 66 28 0 51 9 18 4 34 0 0 108 
13000 3 96 28 0 51 9 18 8 34 9 0 114 
14000 4 27 30 0 55 2 19 3 35 8 0 119 
15000 4 57 33 0 61 2 19 8 36 7 0 125 
16000 4 88 33 8 62 6 20 5 37 9 0 129 
17000 5 18 38 8 72 0 21 0 38 9 0 133 
18000 5 49 45 6 84 6 21 5 39 9 0 138 
19000 5 79 39 1 72 4 22 2 41 1 0 141 
20000 6 10 40 4 74 9 22 7 42 0 0 145 
25000 7 62 47 5 88 0 25 1 46 5 0 164 
30000 9 14 56 0 104 27 4 50 8 0 180 
35000 10 7 66 2 123 29 8 55 2 0 193 
40000 12 2 80 5 149 32 2 59 6 0 205 
45000 13 7 102 189 34 6 64 2 0 214 
50000 15 2 129 239 37 2 69 0 0 221 
55000 16 8 J61 299 39 9 73 9 0 227 
60000 18 3 206 381 42 7 79 1 0 231 

100000 30 5 781 1450 66 0 122 0 249 
200000 61 0 2190 4060 128 239 0 254 

00 GO CO CO - - 0 255C 

Attenuat ion length L(z) was r e c o r d e d cont inuous ly as a function of a l t i tude f rom 20 000 
feet (6 10 km) to 1000 feet (0 305 km) dur ing d e s c e n t of a i r p l a n e at 1000 feet (305 m p e r min) 
The 100 ft to 1000 ft da ta was taken d i r e c t l y a f t e r w a r d dur ing an a s c e n t w h e r e the a i r p l a n e 
was aga in held in a l eve l a t t i tude T h e s e da ta a r e shown in F ig 2 At tenua t ion lengths 
f rom 20 000 feet to 60, 000 feet (6 10 km to 18 3 km) a r e computed us ing dens i ty r a t i o s 
de r i ved from Rad iosonde data on t e m p e r a t u r e and p r e s s u r e E x t r a p o l a t i o n from 
60, 000 feet to oo was m a d e a s s u m i n g an opt ica l s t a n d a r d a t m o s p h e r e 

The quant i ty 1/L(z) is equa l to E l t e r m a n ' s m e a n a t t enua t ion coeff icient K (h), and the 
two quan t i t i e s z / L ( z ) and K (h) h m a y be u sed i n t e r c h a n g e a b l y See E l t e r m a n 

The va lue of z / L ( z ) where z = oo was c a l c u l a t e d f romthe s ea l eve l to space t r a n s m i t t a n c e 
obta ined f rom m e a s u r e d and e x t r a p o l a t e d a t t enua t ion length da ta 



Table 5. Pa th Luminance B ( z , 6 , 0 ) , Lower Sky in Az imu th of Sun 

Alt i tude 
(ft) e = 180 165 

d e,f 
Pa th Luminance (ft-L) for zenith angle 6 

150 135 120 105 100 95 

1000 
2000 
3000 
4000 
5000 
6000 
7000 
8000 
9000 

10000 

15000 

20000 

25000 
30000 
40000 
50000 
60000 

2 . 4 2 

5 . 6 7 

9 . 2 1 

1 2 . 9 

16 .7 

2 1 . 9 

2 7 . 0 

32. 7 

3 7 . 9 

44 . 1 

74 . 1 

8 8 . 8 

102 

113 
130 
141 
148 

2. 28 

5 . 6 1 

9 . 4 2 

13. 8 

19. 4 

24. 1 

30. 0 

37. 7 

45 . 5 

54 . 2 

94 . 5 

137 
176 

209 
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P a r e n t h e t i c a l s y m b o l s : p h o t o m e t e r a l t i tude z, zeni th angle G, and a z i m u t h app l i cab le to t ab l e . 
b o 

Zenith angle of sun dur ing flight 77. 3 . 
CIn us ing these t a b l e s , it has been found that above 10, 000 ft a l t i tude i n c r e m e n t s of 5000 ft and 10, 000 ft a r e 

s a t i s f a c t o r y . 

The tabula ted value in f t -L mul t ip l i ed by 10. 76 g ives the va lue in a p o s t i l b s . 
6 P a t h l uminances f rom 0 - 20, 000 ft a l t i t udes for zenith ang les from 95 to 180 w e r e ca l cu l a t ed by m e a n s of 

Eq. 1, Duntley et <U. 

Patlv l uminances for a l t i tudes above 20 ,000 ft w e r e e x t r a p o l a t e d as io l lows: (1) Path tunction9 for 2l 000 ft 
B ( S W 6 , 6 , * ) wore ca l cu l a t ed from flight data and Eq. 10 ot Duntley e_t aK (2) Path functions above 20, 000 ft 
w e r e ca l cu la t ed in 100 -ft n c r e m e n l s , in p r o p o r t i o n to a t m o s p h e r i c dens i ty computed from Radiosonde data 
(3) Pa th l uminances above 20, 000 ft B*(z,0,<t>) w e r e c a l c u l a t e d by m e a n s of Eq . 17 of Duntley et a l . 

* o a o b 
Table 6. Path Luminance B (z, G,+45 ) , L o w e r Sky, 45 I rom Az imuth of Sun 

Path Luminance (ft-L) for zeni th angle G 
Altitude 

(ft) G= 165° 150° 135° 120° 105 
o 

100° 95° 

1000 2 49 3. 13 5. 09 7 47 19 9 27.7 71.4 

2000 5. 09 7. 02 9. 47 14. 5 41. 4 57. 1 124 

3000 8. 69 10. 9 14. 8 23.4 63. 5 87. 2 173 
4000 12. 5 15. 2 20 0 31.9 87. 6 118 218 

5000 16 7 19.8 25. 5 41. 1 113 149 260 

6000 21.4 24. 2 ii 6 49. 3 137 178 296 

7000 26.6 28.6 39 2 57.4 165 212 336 

8000 31.9 34. 4 48. 7 68.5 195 251 377 

9000 38 1 40. 3 58. 2 80. 6 230 291 425 

10000 44. 8 46 5 67. to 97. 4 266 337 480 

15000 81. 9 83 2 113 191 487 643 895 

20000 104 122 152 267 754 1020 1450 

25000 124 158 187 335 991 1350 

30000 140 187 216 391 1180 1600 

40000 166 232 260 474 1450 1960 

50000 182 261 288 527 1610 2160 

60000 192 279 306 559 1710 2280 

a, b, c, d, e, f See footnotes to Table 5. 



Table 7. Path Luminance B ( z , 6 , + 9 0 ) a , Lower Sky, 90° from Azimuth of Sunb 

Path Lum: inance (ft-L) for senith angle ee'f 

Altitude ————_^_ 
(ft) e= 165° 150° 135° 120° 105° 100° 95° 

1000 3. 18 3.43 4. 14 5.50 13.3 20. 4 34.7 
2000 6.67 7. 15 8. 12 11. 2 26.5 38. 4 65.7 
3000 10.4 11. 2 12.6 17. 9 41.5 57. 2 96.6 
4000 14.3 15. 1 17.9 24.4 56.7 75. 3 125 
5000 18.5 19.8 23. 2 31.6 72. 2 94. 1 152 
6000 23. 1 24. 1 28.6 38.8 89. 1 112 175 
7000 28. 3 29.4 34. 5 46.5 105 129 201 
8000 33. 5 34.7 41. 3 55. 1 123 151 229 
9000 39.7 41.5 49. 2 65.7 140 173 259 
10000 46.4 48. 2 58.5 76.2 158 199 292 
15000 80.5 82.5 95. 2 138 297 402 537 
20000 99. 3 114 129 210 440 674 910 
25000 116 143 160 275 567 911 
30000 131 167 186 328 667 1090 
40000 152 204 225 408 811 1340 
50000 166 228 249 458 898 1490 
60000 175 242 265 489 950 1570 

a, b, c, d, e, f See footnotes to Table 5. 

Table 8. Path Luminance B r ( z , 6 , + 135°) a , Lower Sky, 135° from Azimuth of Sunb 

Path Luminance (ft-L) for zenith angle e e- f 

Altitude 

(ft) 6= 165° 150° 135° 120° 105° 100° 95° 

1000 3.44 4.87 5. 18 6. 16 18. 4 29. 5 47. 2 
2000 7.09 8.54 11.0 12.9 36. 6 55. 9 92. 0 
3000 11.0 13.3 16.7 21.7 55. 5 87. 1 135 
4000 15.3 18. 1 23. 1 30. 2 74. 4 116 177 
5000 20.0 23. 1 29.8 40.5 94. 6 148 219 
6000 24.4 28.6 37. 3 49. 2 117 177 260 
7000 30. 3 35.2 44. 7 59.8 139 211 304 
8000 35.4 41.5 53. 1 73.5 166 247 353 
9000 42.8 49.8 62.4 88. 1 196 288 408 
10000 50.0 57.0 73.7 105 229 335 469 
15000 80. 2 96.4 118 184 423 584 847 
20000 106 134 153 266 669 828 1300 
25000 130 169 184 340 887 1040 
30000 149 197 210 401 1060 1200 
40000 179 241 249 491 1310 1430 
50000 198 269 27 3 548 1460 1560 

60000 210 286 289 583 1550 1630 

, b, c, d, e, f See footnotes to Table 5. 



Table 9. Path Luminance B (z, 6, 180°) a , Lower Sky, 180° from Azimuth of Sun° 

Path Luminance (ft-L) for Zenith Angle 9 

Altitude 
(ft) 9 = 165° 150° 135° 120° 105° 

1000 3. 15 3.50 4.54 8. .41 20. 3 36.9 52, 
2000 6.79 7.28 9. 12 17. 0 40.5 74.7 104 
3000 10.4 11.5 14. 2 25. 5 63. 3 115 157 
4000 14. 0 15.6 19.6 33. 3 87. 3 158 212 
5000 18.0 20. 3 25.4 43. 8 113 208 269 
6000 22. 3 25. 1 31. 3 54. 6 139 257 329 
7000 27. 5 31.0 38. 3 66. 4 171 311 402 
8000 32. 3 38. 3 46.7 81. 2 207 371 486 
9000 38. 5 46. 1 56. 1 95. 9 247 436 585 

10000 44. 7 55.3 70.4 116 291 502 689 
15000 78. 9 103 150 268 564 837 1140 

20000 103 148 229 442 910 1230 1680 
25000 134 189 300 600 1220 1560 

30000 160 223 360 7 28 1460 1820 

40000 199 275 449 921 1810 2180 

50000 224 308 506 1040 2020 2390 

60000 239 328 541 1120 2150 2510 

a, b, c, d, e , f See footnotes to Table 5. 
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Fig. 1 Upper sky lumin-inces measured at sea level, values in foot-

mberts (ft-L). When expressed in apostilbs, the metric 

luminance unit, the nu: re increased by the 

ctor 10.76. 



I I I I — I I I 

ATTENUATION LENGTHS (KILOMETERS) 

10 
I J I 1 1 I I I 

100 

Fig . 2 

EQUIVALENT 
ATTENUATION 

LENGTH L"(z) 

-MEASURED 
ATTENUATION 
LENGTH L(z) 

FLIGHT 105 
PATRICK A.F.B. 
20 APRIL 1957 

ATTENUATION LENGTHS 
L(z)&U(z) (NAUTICAL MILES) 

100 
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attitude. Equivalent attenuation length L(z) is computed. 



e = 80V100° 
8 = 7 9 ° / 1 0 1 ° \ 

1000 

100 

10 

10 

10 

| 3 - M 1 -~ ..... ..„, ._.— I : : ' 

-
- . _ o 

O «N 
. CO - — 

-." - b 
o -o 

1H 1" 

_b 
[ \ 
-b lO - CO -

-
- . _ o 

O «N 
. CO - — 

-." - b 
o -o 

1H 1" 

_b 
[ \ 
-b lO - CO -

. _ o. 

co 

co rv"~ -o 

fN CI— -V 
co co co 
II II ~ II 

it's 
r-'s 
r - ii 
~ • « . 

-t— — 
o 0 

-
- . _ o 

O «N 
. CO - — 

-." - b 
o -o 

1H 1" 

_b 
[ \ 
-b lO - CO -

. _ o. 

co 

co rv"~ -o 

fN CI— -V 
co co co 
II II ~ II 

it's 
r-'s 
r - ii 
~ • « . 

-t— — 
o o <*L 

-
- . _ o 

O «N 
. CO - — 

-." - b 
o -o 

1H 1" 

_b 
[ \ 
-b lO - CO -

. _ o. 

co 

co rv"~ -o 

fN CI— -V 
co co co 
II II ~ II 

it's 
r-'s 
r - ii 
~ • « . 

-t— — 

i ^ 

-
- . _ o 

O «N 
. CO - — 

-." - b 
o -o 

1H 1" 

_b 
[ \ 
-b lO - CO -

. _ o. 

co 

co rv"~ -o 

fN CI— -V 
co co co 
II II ~ II 

it's 
r-'s 
r - ii 
~ • « . 

-t— — 

co 

?•• 
001 

-
- . _ o 

O «N 
. CO - — 

-." - b 
o -o 

1H 1" 

_b 
[ \ 
-b 

«> : ^ . - _ . 

co rv"~ -o 

fN CI— -V 
co co co 
II II ~ II 

it's 
r-'s 
r - ii 
~ • « . <t> :-*- * ~~i • 

-
- . _ o 

O «N 
. CO - — 

-." - b 
o -o 

1H 1" 

_b 
[ \ 
-b 

«> : ^ . - _ . 

co rv"~ -o 

fN CI— -V 
co co co 
II II ~ II 

it's 
r-'s 
r - ii 
~ • « . <t> :-*- * ~~i • 

~~ \- -~~ \- -

p -1 _,-,_. :L .. „ . _ ~r4— 

j 
p -1 _,-,_. :L .. „ . _ ~r4— 

j f —— * 

1 -'-1- -L 4 — I L .... ,.; 
; i _ L f / -4 ; i _ L 

j j t f / / t i 

/ f £ ' / 
-Ui / / 

/ / / / 
jf..... / 

1 l / Wj / / / z _ _ — i — i i , . , 

I 
L fff/ / / '•? * 

I Ujl A/
 / /v / / I Ujl A/
 / /v / / I Ujl A/
 / 

y / 
. I Ujl 

)Lf * If I If A 

lillMi lillMi lillMi lillMi 

(v~ 
lillMi 

H / / 

lillMi 

1 / > z <r 

lillMi 

/ / / 
/ 

mil v 
W/ / 

ill A 
— i — — • — - — < • — _ _ J I M I I I 1 _±_J—|—| [_—1_ 

ill A TRANSMITTANCE VS ALTITUDE 

FOR VARIOUS ZENITH ANGLES 

FLIGHT 105 

PATRICK AIR FORCE BASE 

20 APRIL 1957 

ill A 
. Oi_ -

TRANSMITTANCE VS ALTITUDE 

FOR VARIOUS ZENITH ANGLES 

FLIGHT 105 

PATRICK AIR FORCE BASE 

20 APRIL 1957 

- f l 

TRANSMITTANCE VS ALTITUDE 

FOR VARIOUS ZENITH ANGLES 

FLIGHT 105 

PATRICK AIR FORCE BASE 

20 APRIL 1957 
j 

TRANSMITTANCE VS ALTITUDE 

FOR VARIOUS ZENITH ANGLES 

FLIGHT 105 

PATRICK AIR FORCE BASE 

20 APRIL 1957 / 

TRANSMITTANCE VS ALTITUDE 

FOR VARIOUS ZENITH ANGLES 

FLIGHT 105 

PATRICK AIR FORCE BASE 

20 APRIL 1957 
/ - - 4 

TRANSMITTANCE VS ALTITUDE 

FOR VARIOUS ZENITH ANGLES 

FLIGHT 105 

PATRICK AIR FORCE BASE 

20 APRIL 1957 

f ^ 

—-+r- •*• . _ i _ " " ! ! • : ] • • ;., —-+r- •*• . _ i _ " " ! ! • : ] • • ;., 

. „ , , H — r . i 

305.0 

30.5 

3.05 

.305 

1000 
0305 

.100 .010 .001 

Fig . 3 

TRANSMITTANCE 

Atmospheric beam transmittance, graphs of Eq. (3) for 

various zenith angles from 0/l80° to 88°/92° as indicated, 
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Fig. 5 Lower sky luminance in ft-L. Map depicts the inherent sea 

luminance at sea level. 
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. 6 Lower sky luminance in f t - L . Map d e p i c t s the apparent sea 

luminance a t 5,000 f e e t (1.52 km). 
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