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ANGULAR DEPENDENCE OF REFLECTED SOLAR RADIATION FROM SAHARA 

MEASURED BY TIROS VII IN A TORQUING MANEUVER1 

by 

Rene Mendez 

ABSTRACT 

Statistical analyses have been made using observations of back

scattered radiation recorded by Channel 3 (0. 2 to 6. 0 microns) of 

the TIROS VII radiometer, as it passed over the Sahara Desert. 

Three orbits have been selected for this study . 

In order that the results be consistent the areas involved were 

classified and labeled according to the terrain. A composite map 

of the area was then constructed from Gemini XI pictures and 

Nimbus I A VCS pictures. 

Both closed mode scanning and alternating mode scanning have 

been used in order to obtain reflectance values from the ground at 

different angles of view. The following parameters have been 

considered: 1) type of ground surface; 2) scattering angle; 3) sat:

ellite zenith angle; 4) solar zenith angle; 5) azimuth of the TSP at 

the scan point; 6) azimuth of the sun at the scan point; and 7) rel

ative azimuth. The results show a non-isotropic reflection pattern 

with maxima of scattering at low and high scattering angles, and 

at close to 0 and 180 deg relative azimuth . A minimum is found 

at about 125 deg of scattering angle and at close to 90 deg relative 

azimuth. The anisotropy is generally greater at satellite zenith 

angles and solar zenith angles greater than 45 deg. 

1 . Introduction 

In order to have a better understanding of the world's weather processes, it is 

essential that more knowledge be gained about the heat budget of the earth. The earth's 

heat balance can be expressed as the difference between the incident solar energy and 

the outgoing radiant energy, the latter being the sum of the reflected solar radiation 

and the emitted thermal radiation. 

The research reported in this paper has been sponsored by the National Aeronautics and 
Space Administration, under Grant NASA NsG 333. 
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Measurements of the reflected and scattered solar radiation are best when measured 

from the outside of the earth-atmosphere. This became possible with the development of 

satellites. Since in our case study the satellite is scanning quasi-homogeneous surfaces 

at different angles of view, the angular distribution of reflectance has been determined, 

thus a complete scattering pattern was obtained. 

Ruff, et al., (1967) made a study of the patterns of reflection of solar radiation from 

clouds as a function of the zenith and azimuth angles , using statistical analysis of obser

vations from TIROS IV visible radiation Channel 5 (0.55 to 0. 75 microns). 

The field of reflected filtered adjusted intensities over the hemisphere was determined 

for various ranges of solar zenith angles, and evidence of a generally non-isotropic reflec

tion pattern was shown. The anisotropy was found to be greatest for large solar zenith 

angles. High intensity values were found for azimuth angles close to 180 deg from the sun 

and at large zenith angles. Bartman (1967) carried out a study of the reflected solar ra

diation with data obtained by radiometers flown on a series of high altitude balloon flights. 

A diagram of bidirectional reflectance as a function of scattering angle was constructed 

from data obtained while a balloon was flying over a stratocumulus cloud layer. A non

isotropic .distribution of reflectance is clearly seen. Also, data obtained from another 

flight under clear skies 9ver terrain 25-90% covered with wind-blown snow were plotted 

on a bidirectional reflectance diagram, with polar coordinate system of zenith angles 

versus azimuths from the sun. Results show high values of reflectance, on or close to 

0-180 deg azimuths, and at large zenith angles. The departure from isotropy becomes 

greatest at large solar zenith angles. 

Since both of these earlier studies were concerned with angular reflection from clouds 

or snow-covered. surfaces, it was decided a similar study be made over homogeneous 

terrain under clear sky conditions. Therefore, the North African desert was selected as 

the area for this study since large areas of quasi-homogeneous terrain are found there. 

Three orbits between 15 February and 27 February 1965 have been selected for this 

study. On Orbit 8975 R/0 8976, 15 February 1965, only the floor sensor data were 

available. During the period 15-22 February a torquing maneuver of the spin vector of 

about 105 deg was accomplished. This maneuver made it possible for daytime wall sensor 

measurements to be obtained. Thus on Orbits 9106 R/ 0 9107, 24 February, and 9150 

R/ O 9151, 27 February 1965, data were obtained from both wall and floor sensors. 

2. Parameterization of the Sahara 

For the purpose of mapping the terrain over North Africa, a number of AVCS pictures 

taken by Nimbus I as it passed over this area on cloud-free days were selected. These 
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were gridded accurately at l deg latitude-longitude intervals by matching features found 

on geographical and topographical maps. Figure 1 is one of the AVCS pictures with its 

superimposed grid. These were supplemented by pictures taken during the orbits of 

Gemini XI over the same area. In a like manner a l deg latitude-longitude grid was made 

for each of the Gemini pictures. Figure 2 is one of these pictures with its superimposed 

grid. As can be seen, the area covered by one Gemini picture is much larger than that 

covered by a Nimbus A VCS picture and has a higher resolution, thus showing more details. 

On both pictures the drifting or drifted sand (light areas) and bare rock (dark areas) are 

readily identifiable. 

Using the AVCS and Gemini pictures a composite pseudo-geological chart of an area 

of North Africa between 18 to 34 deg N and 16 and 36 deg E was constructed. This map, 

shown in Fig. 3, separates the terrain into rock, mixed soil, and sand. In order to make 

it possible to compare reflection patterns from homogeneous surfaces, numbers were 

assigned to each of the surfaces, such as 0, 1, 3, and S to sea, rock, mixed soil, and 

and sand, respectively, with the numbers 2 and 4 to varying degrees of mixed soil. Each 

one degree square was assigned a number between 0 and S corresponding to the type of 

terrain. The sum of four adjacent squares was plotted at the intersection of the grid lines 

and this value will henceforth be refe rred to as the ground parameter G. Figure 4 shows 

the distribution of the values assigned to the l deg squares and the G-values . When Fig. 4 

is superimposed on Fig. 3, the following characteristics of the terrain are obtained: G= 0, 

obviously represents the sea surface; G= 4 - 9 , indicates areas covered by rocks; 

G= 10 - lS, shows predominantly mixed soil; and G = 16 - 20, corresponds to areas covered 

mostly by sand. Since the purpose of this study is to determine the angular dependence of 

reflected solar radiation, the areas with G values between 16 and 20 became our funda

mental concern as they represent the most homogeneous terrain to be expected. The 

satellite zenith angles of data involved were less than SO deg, thus a ground parameter of 

G= 16 - 20 would indicate scan spots predominantly filled by sand. 

3. Measured Reflectance and the Ground Parameter 

Radiation measurements from Channel 3 were obtained by the Scanning Printer (Fujita 

1964) from analog traces of the five channel medium resolution scanning radiometer of 

TIROS VII. A sigma-t chart, in which coded radiation values printed along parallel lines 

representing successive scan lines, was produced. This chart is shown in Fig. SA. The 

observations correspond to the complemental scans, floor sensor of Orbit 897S R/ O 8976, 

during a period of approximately five minutes. The data were obtained prior to the 
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torquing maneuver. Coordinates of latitudes and longitudes have been superimposed. It 

may be observed that the grid lines become parallel on the left side of the chart. This is 

the result of a closed mode scanning at the scan boundary. An analysis of the chart in 

c.p.s. units (cycles per second) is shown in Fig. SB. With reference to this map analysis, 

the following features may be pointed out: higher values of reflected solar radiation are 

observed over the areas covered by sand; the low values appearing on the upper-left 

corner represent the high elevation area of "El Haruj el Aswald"; the circled low of 10 

c.p. s. at the center of the map corresponds to "Jeb Uweinat" (elevation 1892 m); the 

Mediterranean coast line may be clearly identified. The encircled extreme high values of 

reflected solar radiation found on the right side of the map along the line of minimum 

scattering angle are "sun-splices" which will be discussed later. 

Computation of Reflectance 

The incoming effective solar radiation upon a horizontal surface is represented by 

w*cos ~* 

in which W *is the effective solar constant in watts meter-2 , and ~ * is the solar 

zenith angle. The effective reflectance, R , reduced from one particular direction of 

observation by a satellite is obtained from 

R - w ( 1 ) 
w*cos~* 

in which W is the effective radiant emittance in watts meter- 2 

Under the assumption of isotropic radiation at the source and no attenuation between the 

source and the satellite, the effective radiance N is given by 

N = .!:!_ 
7T 

if the reflecting source is a perfectly diffuse reflector. Th~ earth's surface is not a 

perfectly diffuse reflector, and in order to obtain an apparent reflectance or albedo, A, 

the effective reflectance obtained must be integrated in all directions. If M represents 

the outgoing effective reflected solar radiation in the upper atmosphere, 
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then albedo, A M 
-

w*cos s* 

or A 

7T 
I !c27T 12-

-::;;: 0 0 W cos ~
0

sin s0 ds 0 da 

w*coss* 

27T 'JI_ 
therefore, A - ~ fo /

0
2 R cosl;,

0

sin l;, 0 
df;,

0 

da ( 2 ) 

where R - · f (a rs~ a*, !;, * l;, 0 \fl, ~a, G) 

in which a Ts.P is the azimuth of the TSP (Terrestrial Subsatellite Point) measured at the 

scan point from north in a clockwise direction, a* is the azimuth of the TSS (Terrestrial 

Subsolar Point) measured at the scan point from north in a clockwise direction, ~ * is 

the solar zenith angle, s0 is the satellite zenith angle, ljt is the scattering angle, !J.a 

is the relative azimuth , and . G is the ground parameter . 

From the data shown in Figs . SA and SB, calculations of the effective reflectance, R 
in percent were made, and a reflectance map was constructed, as shown in Fig. 6, scan 

lines on the minute were included. The high reflectance values corresponding to the areas 

covered by sand and the low reflectance values corresponding to the Mediterranean Sea, 

the Red Sea, and the areas covered by rock can be clearly observed . 

The values of effective reflectance, R , in percent mentioned above, together with 

the values obtained from observations of the initial scans of Orbit 897S R/ O 8976, and the 

values obtained from observations by the wall sensors of Orbits 9106 R/ 0 9107 and 91SO 

R/0 91Sl after the torquing, were plotted as a function of the ground parameter . Then, 

mean curves of reflectance were drawn, one corresponding to the wall sensor and another 

corresponding to the floor sensor, as shown in Fig. 7 . It may be easily seen that the 

wall sensor reflectance curve is higher than the floor sensor reflectance curve. This may 

be attributed to AOD (assymetrical optical degradation) in conjunction with the geometry of 

the several parameters involved in the measured reflected solar radiation. However, as 

mentioned earlier, this study is not intended. to determine the exact magnitude of the 

reflectance. Since our purpose is to determine the ability of the satellite measurements 

to detect an anisotropic distribution of reflectance over a cloudless area, this difference 

does not affect our problem. Figure 7 shows clearly the non-homogeneousity of the earth's 

reflected solar radiation . 
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4. Computations of Satellite Zenith Angles, Scattering Angles, and Relative Azimuths 

The satellite zenith angle at the scan point, s 0 
, is the vertical angle between 

the local vertical of TSC (Terrestrial Scan Point) and the radiometer axis and 

in which T/o is the nadir angle of the scan point, Re the mean radius of the earth, and 

the height of the satellite. Thus, 

H+Re sin 77 
R o 

The scattering, \jl is the angle between the incident and the outgoing beam and 

The relationship between the scattering angle, the satellite zenith angle, and the 

relative azimuth, is expressed by 

cos l/! = (coss0 coss*)+(sins 0 sins*cos6a) < 4 > 

where the relative azimuth, l:!.a is the difference between the azimuth of TSS, aTss and 

the azimuth of TSP, a TSP. 

Figure 8 shows the analysis of the data recorded on Orbit 8975 R/ 0 8976 from the 

complemental scans of the floor sensor. lsolines are drawn for the scan lines every 60 

seconds, the scattering angles for every 10 deg, and the satellite zenith angles also for 

every 10 deg. The geometry of the relative azimuth is indicated by the solid and broken 

lines with arrowheads on scan lines 34 and 35. 

On the map of effective reflectance, R , (Fig. 6), isolines. of solar zenith angles 

(45 deg, 50 deg, 55 deg) and the isoline of minimum scattering angle (heavy line) have 

been included as shown in Fig. 9. Those values encircled along the minimum scattering 

line are the effective reflectance, R in percent obtained during the sun spikes . The sun 

spikes occurred when direct sun rays were being intersected by the wall sensor. 

5. Change in Reflectance as a Function of the Satellite Zenith Angles 

The values of reflectance obtained in order to construct (Fig. 6) were plotted as a 
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function of the satellite zenith angles over the areas where the ground parameter was 

G= 16 - 20. Then a mean reflectance curve was drawn, as shown in Fig. 10. It may be 

easily observed that higher values of reflectance are found when the satellite zenith angles 

increase. 

6. Change in Reflectance as a Function of Scattering Angles and Relative Azimuths 

Using the same data as above, the values of reflectance were plotted as a function of 

the scattering angles over the areas where the ground parameter was G= 10 - 15 (mixed 

soil) and G = 16 - 20 (sand). Figure 11 shows the distribution of reflectance for the two 

types of terrain. The non-isotropic nature of the earth's reflectance is clearly seen. 

One maximum of reflectance is found in the forward scattering direction and a second 

maximum is found in the backward-scattering direction. A minimum value of reflectance 

is found at about 125 deg of scattering angle. 

The same data were also plotted in a diagram of satellite zenith angles versus 

azimuthal angles. Then, mean values of reflectance were plotted on a reflection diagram 

as shown in Fig. 12. Once again, a non-isotropic pattern of reflectance is observed. 

Maxima are found at close to ·O and 180 deg relative azimuth. A minimum is found at 

90 deg relative azimuth. It may also be observed that reflectance is greatest at satellite 

zenith angles near 55 deg. 

7. Satellite Spin Axis Nutation 

"Sun spikes" occur when the gamma angle is equal or close to the inclination of radio

meter axis (45 deg). In terrestrial coordinates the gamma angle is defined as the angle 

between TSA (Terrestrial Spin-Axis Point) and TSS (Terrestrial Subsolar Point). Under 

these conditions the wall sensor intersects the direct rays of the sun, and direct solar 

radiation is impinged upon the sensors through the wall side, once during each spin. 

This was the case in Orbit 8960 R/O 8961, one of the orbits previously selected for 

our study, in which the gamma angle was 45.3 deg. However, Orbit 8975 R/ O 8976, gamma 

angle 35. 7 deg, the radiometer was recording "sun spikes" intermittently, along the line 

of minimum scattering angle . In order to investigate this case further, we proceeded to 

obtain from the analog traces the values of the reflected solar radiation for each spin at 

that particular point, for the entire period covered in our study. These values were 

plotted as a function of the spin, as shown in Fig. 13. It may be clearly observed that 

the satellite spin axis is wabbling, therefore, intersecting the direct rays of the sun 
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through the wall sensor every other spin. The cycle appeared to show 10 spins under this 

effect followed by 3 spins free of it. The geometry of the wabbling is also shown in Fig. 13 · 

Computations showed a satellite spin axis oscillation around 180"± 11 deg. 

8. Conclusions 

The above study has been carried out with the purpose of determining the ability of 

satellite measurements to detect an anisotropic distribution of reflectance over a cloud

less area. 

Results show a clear evidence of a non-isotropic reflectance with a maximum in the 

forward scattering direction and another maximum in the backward scattering direction. 

The first is greater than the second. Also, maxima of reflectance were found at close to 

0 and 180 deg azimuth from the sun . 

Satellite ·measurements also showed that the earth is a non -homogeneous reflector of 

the solar radiation. 
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Fig. 1. AVCS picture of Nimbus I corresponding to Orbit 294, 

camera 2, 17 September 1964. 

28 30 32 

F ig. 2. Gemini XI picture. 
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Fig. 3. Composite pseudo-geological map of North Africa, constructed from several Nimbus I 

A VCS pictures and Gemini XI pictures. 

Fig. 4 . Par ameterization of the area of our study. 
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Fig. 6. Map of effective reflectance, R , in percent obtained from data shown in Figs. 
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Fig. 7. Effective reflectance, R , in percent as a function of the ground parameter. 
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Fig. 8. lsolines of: scan lines every 60 seconds, scattering angles, t/t , every 

10 deg, and satellite zenith angles, ?; 0 
' also every 10 deg. The geometry of the 

relative /:;a , i s shown on scan lines 34 and 35 . Data corr espond to Orbit 8975 

R/O 8976, complemental scans, floor sensor, obtained prior to the torquing . 

F ig. 9. Effective reflectance, R , in percent shown in F ig. 6. lsolines of the 

solar zenith angles , ?; * , and minimum scattering angle, 'i'm , have been 

included. 
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