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TECHNICAL MEMORANDUM X-64870

THE DEFINITION AND SPECIFICATION OF THE
NEAR-EARTH ENVIRONMENTAL CRITERIA

FOR SPACECRAFT THERMAL DESIGN

SUMMARY

The variation of the earth' s thermal and albedo radiation received by
a near-earth orbiting space vehicle or space payload as a result of temporal
variation of the earth-atmosphere is discussed. The time average effective
value is introduced and defined as the average of the effective value of the
albedo or thermal radiation affecting a thermal system in orbit. The time
increment used determines the orbital segment over which the values are
averaged. Time average effective values are the important values to the
thermal designer. The values are independent of the spacecraft and depend-
ent only on the character of the earth-atmosphere system. The time average
effective values have a probability distribution which is dependent upon the
time increment. A statistical study of current satellite data can give these
probability distributions. With these distributions the thermal designer can
define confidence levels on predicted temperature ranges which are com-
patible with engineering models for use in design, failure probabilities, and
spacecraft cost estimates. Use of the distributions in environmental criteria
guidelines will improve current criteria in that the guidelines will be based
on satellite data and will be compatible with engineering models.

INTRODUCTION

The problem treated herein centers on the values and definitions of
the time-dependent thermal environmental design parameters for a space-
craft in a near-earth orbit as employed by the thermal design engineer.
Table 1 presents the current thermal environmental criteria parameters as
given in Reference 1 for thermally emitted earth radiation, reflected albedo
radiation, and the total direct solar radiation. The uncertainty involved in
specifying the direct solar radiation impinging on a spacecraft is caused by
experimental errors and not solar variation of energy output. However, the



TABLE 1. PRESENT THERMAL ENVIRONMENTAL CRITERIA [1] a

Variation of the Time Average Effective
Values About Their Global Values

Earth Emitted Thermal
Radiation Variation

Time Increment Albedo Variation (W/m 2 )

At< 0.3 hr +0.30 +280.30 237
- 0.15 -97

0.3< At< 3hr 0.30 ± 0.10 +24
237

-48

At > 3 hr 0. 30 ± 0. 05 237 ± 21

a. Solar constant= 1353 ± 13. 5 W/m 2 at 1 AU

variation present in the radiation coming from the earth is a result of the numer-
ous parameters which affect those values and which are time dependent. These
time-dependent parameters, which encompass the geophysical and meteorolog-
ical environments that lie below the orbit of the spacecraft, are the subject of
this report.

The present criteria have several defects which can,be eliminated
through a judicial statistical study. The variation of the time average effec-
tive values are now, at best, an educated guess. The lack of defined con-
fidence levels for the values makes them incompatible with engineering
models used in design, failure probabilities, and spacecraft cost estimates.
The variations given are altitude independent and are not a smooth function
of the time increment but are step functions. The albedo and thermal infrared
radiation values are not interconnected. This is unrealistic and leads to ill-
defined root-mean-square procedures for the thermal design engineer. As a
starting point for the discussion of a procedure for improving the criteria,
the fundamentals and nomenclature will be considered.
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DEFINITIONS

The concept for this report can be explained through the primary con-
sideration of the variation of the time average effective value. The definition
relating to this term will now be introduced [ 2] .

Time Average Effective Albedo

If ds is an element of area of the earth-atmosphere' surface at P in
Figure 1, the polar coordinates (0, 0o) are the zenith and azimuth angles of
the incident radiation of wavelength X upon the surface located at colatitude
7 and longitude east , and (0, 0) are the zenith and azimuth angles of a
reflected ray, then the spectral radiance 2 in the direction (0, p) is given at
time t by [2]:

N ( , t, t, t , 00 , 0 ) = p (r, ' , t, 0, 00, , 0 ) cos 0 cos 00 H

(1)

where H is the spectral irradiance3 from the direction ( 0, 00) in watt cm - 2

pm - 1 and p (C, 7, t, 0q, oq 0, p) is the spectral bidirectional reflectance,

i. e., the fraction of the radiation incident from the direction (0, 0 o) which is
reflected in the direction (0, 0).

The total reflected radiation per unit wavelength from the element of
area ds is given by the integral over the hemisphere normal to the surface,

1. A surface is assumed which has the properties of a combined earth surface
and atmosphere.

2. Spectral radiance is the radiant energy per unit of time per unit wavelength
that leaves a surface per unit solid angle and per unit projected area of that
surface [ 3] .

3. Spectral irradiance is the radiant energy per unit time per unit wavelength
that is incident upon a surface per unit area [ 31.

3
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Figure 1. Geometry of the earth-atmosphere system, the
sun, and the satellite.
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i.e. ,

27r 7r/2

W d s : f f N (c, , t, 00, 0o, ,4) sin 0 dO d ds (2)

0=0 0=0

The spectral directional reflectance r (00, 00, C, 77, t), defined as the frac-

tion of radiation incident from direction (00, o0) which is reflected, is

w ds
r (009 00, , t) W x d, t) H cos 00 ds

21 r/2

f f p (, , t, 00, 00, 0, 9) cos o sin dO do

0=o 0=0 (3)

For a perfectly diffuse (Lambertian) reflectance,

p (r:, 7, t, 900 0, 0, 0 ) = p ( , n, t) , (4)

which is independent of the incident and reflected directions. From this the
following relation is obtained

r (00 o, 0 , 7, t) = p ( , 7, t) . (5)

Therefore, rx is also independent of the direction of incidence and reflection.

The average or "total" directional reflectance over a range of wave-
length Xi and X2 is given by

5



f rX(o, o, §, r7, t) HX dX

r(0o, Oo, , 0, t) =X,

f HX d
X,

X2  21r 7r/2

f pA( , 4, t, 0o, 0,0, ) Hcos 8 sin dO d~ dX

=, o0 0=0 (6)

7rf Hxdx

The value r is also referred to as the "local" albedo when the wavelength
interval covers the spectrum and a Lambertian reflectance is assumed.

The flux received by a spherical detector of radius a at an orbital
height h above the earth of radius R is given by:

DA (5ss, ?ss, t, h) = fff N [o0(, ), 0(, 7),, (, 1), ~,, ti ] A- R2 sin dX d d7 (7)

where R2 sin d, do is the reflecting surface element, A2 is the solid
angle subtended by the spherical detector at the element of area, and ( ss'

iss ) is the subsatellite point Q. Explicitly, (o00, o) are time dependent since

they are measured from the subsolar point S which is defined by the declination
and Greenwich hour angle of the sun. The coordinates (0, 0) and the solid
angle A2 = 7ra 2/a2 can be found from the geocentric coordinates of the satel-
lite and of the surface (C, T7). The distance ,a is from ds to the spherical
detector and is given by

;,= : (R + h) + R 2 - 2R(R + h) cos '

where 0' is defined in Figure 1.

Following the assumption that the earth has a homogeneous earth-
atmosphere surface of constant Lambertian reflectance r, the flux received
would be

A = J AQ X cos 0 cos H R 2 sin d d dX . (8)
7r



Since p does not depend on r or 7 , a new set of geocentric coordi-

nates (0', 0') can be used to specify the surface element depending only on the
relative position of P and Q. Therefore,

A S ff cos 8 cos 0n R 2 sin 0' Ira2 do'do' (9)
rP (R + h)2 + R2 - 2R(R + h) cos 0 '

The total reflectivity has been used and is defined by

fPX HX dXp -

fHX dX

The solar constant S has also been introduced,

S f H dX
0

It is seen from Figure 1 that

cos 0 0 = cos 8' cos 0 + sin 0' sin0 cos '
s S

and

cos 6 = (R + h) cos O' - R

Hence,

0'max IT
f (cos 0' cos 0s + sin ' sin 0s cos )

= 2a Sp R2 s 3/ [(R + h) cos - R] sin 0' dO' d'

O 0 [R + (R + h) - 2R(R + h) cos 0'

( 10)

7



assuming the area of the earth below the detector is completely sunlit without

the terminator visible where

max 2 s

0 ' is defined by the 0' which specifies the surface elements on the local
max

horizon for the detector cos 0' = R/(R + h) . The integral in equation (10)max

is the albedo form factor for a sunlit earth. 4

The diffuse Lambertian reflectance for the earth is the albedo used in

thermal design. Hence, for a specific time t, the effective albedo for an

orbiting detector would be

f f f p( , t, 00, , 0, 0) cos 0 cos 0o H sin ddi-2 d

Pe(t) = (11)
max n

(cos 0' cos 0 + sin 0' sin 0s COS ) [(R + h) cos 0' - R] sin O'd' d d
2S s s 3/2

0 0 [R
2 + (R + h)

2 - 2R(R + h) cos O']

This defines the albedo as used for the models at time t. But as the detector

moves in its orbit, the effective albedo changes because of changes in (1) the
surface reflectance, (2) the area seen by the detector, and (3) the relative
position of the sun, surface, elements, and the detector. Hence, the term
"time average effective albedo" (TAEA) is introduced and defined by

t+At

Pe(t, At) f pe(t') dt'
t

4. The following approximation can be used for the albedo form factor [41:

max n (cos 0' cos 0 + sin 0' sin 0s cos ')
2 f 32 [(R + h) cos - R] R2 sin 0' dO' d'

[R
2 + (R + h)2 + R(R + h) cos0 ']

o o

= 2 [0.84 + .16 exp -60 cos s

R

8



It is the effective albedo seen by a detector taken over a time increment A t.

The statistical variation of this quantity can be used as the working criteria to

determine the variation of the radiation due to albedo.

Time Average Effective Thermal Radiation

If ds is an element of area of the earth-atmosphere surface at point P

and (0, 0) are the zenith and azimuthal angles of an emitted ray of wavelength

X, then the spectral radiance of the thermal emitted radiation at colatitude 77
and a longitude C is given at time t by [ 5]

N I(p, x , t, 0, 0) = EX(O, 0, -, ,, t) N BB[T(,, ,, t)] watts/m 2 sr

(12)

where E(O, 0, 4, C, t) is the directional emissivity of the surface element ds.
The blackbody spectral radiance is given by

N BB = 2c[ exp - (13)
xIAkT

where c is the speed of light, T is the temperature of the body, k is
Boltzmann's constant, and h is Planck's constant.

The energy radiated in all directions per unit area is given by the
radiant emittance

27r r/2
W IR(, , t) = f f N IR(, , t, 0, 0) cos 0 sin dO do . (14)

0 0

IR
If the surface is Lambertian, then N is independent of 0 and 0; hence,

W IR(, , t) = 7rNA(V, 5, t) . (15)

Assuming a blackbody earth-atmosphere system in the infrared is equivalent
to assuming that the system is Lambertian in that spectral region and E. = 1.

9



The total blackbody energy radiated per unit area over the entire spectral

range is given by

fo 2rc2h dX 4
w(r, , t) = fW dX = [ - T4  (16)

0 X, exp - 1

where u = 27r5/15W3k 4 c2 = 5. 729 x 10 - 8 W/m 2 OK4 . Hence, at time t and loca-

tion (7, 7 ), a temperature T defines the energy radiated. The energy radiated

in the direction 0 per unit solid angle per unit area is given by

I R o- T 4  (17)

The thermal energy received by a spherical detector of radius a at an orbital

height h above the earth of radius R is given by

-- t) = ff Tcos 0 A2 R 2 sin d d (18)

where the integral is over the area of the earth-atmosphere surface seen by the

detector and ACG (= 7a 2 /,p 2 ) is the solid angle subtended by the spherical de-

tector from the element of area ds. The subsatellite earth coordinates are again

(TI S S ). Using the geometry discussion from the albedo section,

IR (s , t) = 2a 2 R2  uT 4 (0', ')[(h + R) cos 0' - RI sin 0' d0'd0'

ss' ss' 0 0 [R 2 + (R + h) 2 - 2R(R + h) cos 0'] 2

(19)

If T is independent of (0', '), then

IR (t) = 27ra 2 uT 4 [1- (R + h)h (20)

10



For a satellite, the observed or effective temperature T is determined at a

specific time t; hence,

(IR (7ss' ss, t, h) = IR(t) . (21)

The effective blackbody radiation per unit area is given by

IR(t) = o-T = a I R (t) (22)

27ra 2  1 - 2Rh+ h2

I (R + h)

IR(t) defines the effective thermal emitted radiation for a model of the earth-

atmosphere system at time t. As the detector moves in its orbit, the effec-

tive thermal emitted radiation changes as a result of the surface temperature
and its characteristics, i.e., changes of atmospheric conditions, topography,
season, and time of day. Hence, the term "time average effective thermal

emitted radiation" is introduced and defined by

t+At

IR =f IR(t') dt' (23)
t

It is the effective radiation seen by a detector over a time increment At. The
probability distribution of IR as a function of At will be used to define the
criteria in order to estimate limits on the temporal variations of IR.

PARAMETERS AFFECTING THE TIME AVERAGE EFFECTIVE VALUES

Geophysical Parameters

The various parameters that influence the time average effective values
fall into three categories: geophysical, meteorological, and geometrical. The
geophysical parameters are those that are independent of time and refer to the
characteristics which arise from the physical scattering and reflection prop-
erties and the emissivities of the earth' s surface and atmosphere. A detailed

11



discussion of these quantities is beyond the range of this report; however, a
general summary for albedo is given in Table 2 [6] and Figure 2. The albedo

of clouds covers a range from 0.10 to 0.80, land features cover a range from

0.05 to 0.45 except for snow- and ice-covered areas, and water covers a range
of 0.02 to 0.20. The bidirectional reflectance from the earth surfaces and

clouds could be obtained. However, the scattering of a Rayleigh atmosphere
with aerosols presents a different picture. Snoddy concluded, "Due to the

many variables and unknown factors, it is doubtful that a complete theoretical

model for the reflected and scattered radiation from a planet and its atmosphere

will be formulated in the near future" [7]. The effect of a Rayleigh atmosphere
without aerosols can be inferred from the fact that above the subsolar point a

homogeneous earth with p = 0 will have an effective albedo due to a Rayleigh

atmosphere of about 0. 08 [71. Meteorological effects would drastically change

this simple geophysical model.

The geophysical factors that influence the emitted thermal radiation

vary, depending on surface conditions. The emission properties are a function

of the surface temperature, e. g., desert, ocean, and polar region. At the
atmospheric transmission region of 11 im the following brightness temperatures

were obtained from Nimbus 4 [81:

Sahara Desert 321 0 K (1020F)

Mid-Latitude Ocean 280 0K (44oF)

Antarctic 198 0 K (-103oF)

This illustrates the temperature variation over the earth.

The water content in the air changes the thermal emission of the
atmosphere due to the absorption bands (e. g., H20). The various absorption
and emission bands in the atmosphere complicate modeling by a simple geo-
physical atmosphere in the thermal region. As an example of the brightness
temperature of the atmosphere, the CO2 band at 15 pm emits at 215 0 K (-76°F).
At such a temperature, the atmosphere is warmer than the antarctic surface
temperature given previously. The total effective temperature is dependent
on both the atmosphere and surface.

Meteorological Parameters
The meteorological parameters affecting the time average effective

albedo and thermal emitted radiation are a function of time and location on the
earth. Because the nature of the atmosphere is continuously changing, weather

12



TABLE 2. SUMMARY OF REFLECTANCE DATA FOR EARTH SURFACE
FEATURES AND CLOUDS [61

Reflecting Magnitude and Other Spectral Angular Distribution of
Surface Characteristics Reflectance Total Reflectance

Soils and Rocks Increases to 1 im Backscattering and forward 5 to 45 percent
Decreases above 2 gm scattering Moisture decreases

Sand has large forward scattering reflectance by 5 to
Loam has small forward 20 percent
scattering Smooth surfaces have

higher reflectance
Diurnal variation
Maximum reflectance
for small sun angles

Vegetation Small below 0. 5 Mm Backscattering 5 to 25 percent
A small maximum bump at 0. 5 to Small forward scattering Diurnal effects
0. 55 pm Maximum reflectance
Chlorophyll absorption at 0.68 Mm for small angles
Sharp increase at 0.7 Mm Marked annual
Decrease above 2 pm variation
Depends on growing season

Water Basins Maximum at 0.5 to 0.7 pm Large back and forward 5 to 20 percent
Depends on turbidity and waves scattering Diurnal variation

Maximum for small
sun angles depends
on turbidity and
waves



TABLE 2. (Concluded)

Reflecting Magnitude and Other Spectral Angular Distribution of

Surface Characteristics Reflectance Total Reflectance

Snow and Ice Decreases slightly with increasing Diffuse component plus mirror Variable 25 to 80 per-

wavelength component ' cent

Large variability depends on Mirror component increases with 84 percent in Antarctic

purity, wetness, and physical increasing angle of incidence 74 percent in Ross Sea

condition ice

30 to 40 percent in
White Sea ice

Clouds Constant from 0. 2 Am to about Pronounced forward scattering 10 to 80 percent

0.8 )m with small backscattering Varies with cloud

Decreases with wavelength above Minimum for scattering angles type, cloud thickness,

0.8 pm, showing water vapor of 80 to 120 deg and type of under-

absorption bands Fogbow for scattering angle of lying surface

143 deg



ALBEDO

.0 0.2 0.4 0.6 0.8 1.0
I i I i I I

CLOUDS

CIRRUS
CIRROSTRATUS
ALTOCUMULUS
STRATOCUMULUS

CUMULONIMBUS
CUMULUS

LAND

SAHARA DESERT
SOILS & ROCKS

GREENLAND ICE

VEGETATION

WATER

Figure 2. Local albedo variation [9, 101.

is highly variable and depends upon the temporal and spatial position over the

earth. At any particular time the average cloudiness for the whole earth is

between 50 and 60 percent.

The local albedo should experience a diurnal variation as a result of the

diurnal variation of temperature and sun angle for a particular location. The

local albedo increases as the solar zenith angle decreases. The diurnal varia-
tion of the albedo observed with Tiros 4 low resolution sensors is shown in

Figure 3 [81.

From climatological consideration, seasonal variations of albedo are

to be expected. Figure 4 presents the seasonal variations of albedo as deter-
mined from the 0.55 to 0.75 lim data from Tiros 7 [81. Both sets of data were
adjusted to give a mean quasi-global albedo of 32. 2 The seasonal variation is
+0. 05 from the global average.

The latitudinal variation of the albedo is shown in Figure 5 [111. These
data were obtained from OSO-II by treating thermal control coatings as radiom-
eters. The values were obtained during the period March 4-8, 1964. All 643
data points lie between 33 0 N and 33 0 S latitude and are evenly distributed over
all longitudes with the exception of the region between 40'W and 80°W. The
OSO-I data and London' s (1957) latitudinal averages are also shown. Though

15
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Figure 3. Diurnal variation of planetary albedo [81.

0.45
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Figure 4. Seasonal variation of albedo [81].
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Figure 5. Frequency distribution of the albedo from
OSO-II data [11].
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the data are limited, they do indicate the global latitudinal variation resulting
in part from the decreasing solar elevation angle, snow and ice cover near the
poles, and increased cloud cover associated with large-scale weather activity.
A probability distribution function Z of the albedo for these data is also plotted
in Figure 5. The distribution covers a selected temporal and spatial region for
the earth. A smooth curve through the histogram indicates the probability,
but, because of the difficulty of reading the data from the latitudinal figure,
this curve only represents the trend. This is exemplified by the fact that the
authors obtain an average albedo of 0.26, while the investigators report an
average of 0.28. The albedo measurements range from 0.10 to 0.62. The
global average was 0. 29 when corrected.

A representative variation of the albedo as seen by a detector is shown
in Figure 6. These data of April 11, 1965, were obtained by Linton [121 using
thermal data from Pegasus I. The first half of the orbit shown has no cloud
formation associated with it, and the albedo recorded is that of the surface
features and the effects of a Rayleigh atmosphere. The central peak at longi-
tude 80 deg corresponds to a cloud mass.

The data from April 11, 1965; May 8, 1965; and March 20, 1965, were
combined to form the probability distribution, also shown in Figure 6. This
random sampling does agree in the gross feature with Figure 5 however bad
the statistical sampling.

The spatial variation over the globe is shown in Figure 7 for a 15-day
period and was obtained by averaging the Nimbus II data over a grid field of
5 by 5 deg of longitude and latitude at the equator and 5 by 2.5 deg at 60 deg
latitude [131. The albedo of the earth system between 40 S and 40°N during
the period May 16-31, 1966, is shown for a partial swath around the earth.
An albedo distribution for the swath around the earth was generated as shown.
Raschke [131 presents the reflected solar radiation and the emitted infrared
radiation over the entire globe from the Nimbus II meteorological satellite
during the period May 16 to July 28, 1966. In general, the albedo of the polar
cap is in the range from 0.60 to 0.90. Toward the equator the albedo decreases
rapidly with decreasing cloudiness, showing minima of less than 0.20. The
Sahara and Arabian deserts have albedo of more than 0. 30 to 0. 35. The global
albedo was from 0. 291 to 0. 306.

An Apollo 8 photograph of the Western Hemisphere shows the striking
variation of albedo over geographic regions (Fig. 8). Salient global cloud
features can be obtained from Reference 14, which is a photographic summary
of the earth' s cloud cover for the year 1967.
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Figure 8. Apollo 8 photograph of the Western Hemisphere.

The diurnal variation of the thermal emission tends to peak in the early

morning and decrease through the remainder of the day [ 6]1. The diurnal varia-

tion on a global average is ±28 W/m2. For a temperature change from 273°K

(320 F) to 2880 K (59* F), the emission increases 76 W/m 2 from 318 W/m 2 .
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The mean annual and seasonal variation of the emitted infrared radiation
of the earth-atmosphere system observed from the first generation meteoro-
logical satellites is given by Vonder Haar [6]:

Thermal Emitted Radiation (W/m 2)

Northern Southern
Global Hemisphere Hemisphere

Dec.-Feb. 223 223 230

Mar. -May 230 230 223

June-Aug. 230 237 223

Sept. -Nov. 237 237 237

Annual 230 230 230

The variation with latitude of the thermal radiation is shown in Figure 9
for a time span from June through August. These data were obtained from
Tiros VH in 1963. The thermal emitted radiation is lower at the poles. The
variation of the absolute magnitude at most latitudes is very small. The largest
seasonal differences occur in the polar regions and are about -170 W/m 2 [ 6].

To illustrate the variation of the thermal radiation seen by a detector,
OSO-I and OSO-II data were used to derive a representative distribution (Fig.

0) . The peak frequency is 330 W/m 2 with sideband widths of +70 and -90.

Since the thermal radiation is correlated to the albedo through the heat
b is.ace equation, a general correlation is expected between the effective values.
7rom Tiros VII data a correlation between the 8- to 12-Cjm channel and the 0. 55-
to 0. 75-pm channel has been obtained:

A albedo channel
A IR channel 0.0039

where A indicates an incremental change in value. The data shown in Figure
11 were obtained by using the longitudinal maps of Bandeen [ 2]. The data given
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Figure 9. Tiros VII thermal and albedo radiation latitude
data for June-August 1963 [ 2].

in Figure 7 were transformed into a distribution of thermal emitted radiation
using the albedo and IR relationship and the following empirical formula:

Thermal Emitted Radiation = 237 - 0. 0039 (albedo -0. 308)

The results of this transformation are shown in Figure 12. The distribution
about the mean, 237 W/m 2 , is shown.

The spectral distribution for the reflected albedo and thermal emitted
radiation is shown in Figure 13. The meteorological effects change the spectral
characteristics; however, the bounds indicated in the figure are representative
of the fluctuation.

Geometrical Parameters

The geometrical parameters are derived from the relative locations of
the sun, earth, and detector. These give the height of the detector, the angles
for the bidirectional reflectance, and the various solid angles.
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The area of the earth seen from a height h is given by

(A 47rR 2 = 21 (1 - cos 0') R2  27r R2 = 7r(0'R)2  (24)

where A is the solid angle of the area as viewed from the center of the
earth. If 13 is the angle from the normal to the local horizon where 0' =

max

0' (Fig. 14), then
max

= - - 8' = _ - cos (25)
max 2 max 2 R + h
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EMPIRICAL EQUATION

IR = 237-0.0039 (A-0.308)
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Figure 12. Empirical transformation of Nimbus II albedo data to
obtain a thermal distribution function.

For a 435-km orbit, 0 = 19.1 deg and max = 70.9 deg. The effect of
max max

varying 9 keeping h constant is examined in Table 3 and Figure 15. For a
Lambertian earth, halving the solid angle of the field of view should half the
radiation received by a detector. If the solid angle is halved and the above
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Figure 14. Geometry to define max' 0, and 0'
max' max

TABLE 3. VIEWING ANGLES FOR h = 435 km

0' RO'
max max

(deg) (km)

max = 70.9 deg 19.1 2445max

0.75 / = 53.4 deg 4.8 615max

0.707 ma = 50.0 deg 4.4 565max

0.50 max = 35.4 deg 2.5 324max

0.25ma = 17.7 deg 1.1 140
max
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Figure 15. Effects of 0' (0, h) on surface area.

approximation is used, then it is seen that half of the radiation (ma /N-2) is
max

coming from an area with a radius of 565 km about the subsatellite point. How-
ever, an area of radius 2445 km influences the total effective albedo.

To approximate the maximum rate of change the effective albedo can
obtain through geometry, one assumes that the albedo pe changes from 0 to 1

as the detector at height h moves 20' (Fig. 16).
max

Since the period of the orbit is

( R + h) 3
P = 27r (26)

GM (26)
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Figure 16. The case of the albedo changing from pe = 0 to pe = 1.

the rate is

dp ax 27r (R + h)3  (27)
dt 27 GM

where cos 0' = R/R + h. For h= 435 km (235 n.mi.), P= 93.6 andmax
dp/dt ~ 1.7 x 10-3/sec.

Increasing the height will decrease the rate by increasing the time for
the detector to move 20' 7 . The area below the detector alsomax h-o
becomes larger and the average effective albedo is influenced by a larger area.
But, as h increases, the influence of the albedo compared to the direct solar
thermal input decreases. Figure 17 presents the view factor, defined by

received/PSra2 for a sphere of projected area 7ra 2 and a Lambertian earth
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Figure 17. The geometric view factor (4/a 2 Sp) for reflected
Lambertian radiation incident on a sphere versus altitude

for a solar zenith angle of zero [151.

as a function of height [see equation (10) ]. Similarly, the view factor for the
IR

thermal radiation is defined as c I /I ra2 where I is the energy
received t t

radiated per unit area at the earth-atmosphere surface.
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At 10 4 km the albedo input even for p = 1 is less than 0. 10. The

value 10 4 km for h will be used to define the limit height for near-earth
orbits.

DERIVATIONS OF THE TIME AVERAGE EFFECTIVE ALBEDO

The time average effective albedo depends on the geophysical, meteoro-
logical, and geometrical inputs for the temporal and spatial regions under con-
sideration. Therefore, the TAEA,

At

Pe (t, At)= f p (t') dt' , (28)
t

fluctuates between certain limits depending on At, the orbit, and the earth-
atmosphere system in the swath of the detector. The distribution of the time
average effective albedo for given parameters (such as the orbital height)
versus the time increment is needed in thermal design. Several procedures
for determining the TAEA will be discussed. The mean, lo- , 2a , and 3a
values (o is the standard deviation) are the quantities needed by the thermal
design engineer because these quantities characterize the probability distribu-
tion. The l' , 2( , and 3a symbols indicate that the proportion of the values
found within the interval of the mean plus and minus no (n= 1, 2, 3) are
68. 3, 95. 4 and 99. 7 percent, respectively. This does not mean that the prob-
ability distribution of TAEA Z [p (t, At)] is a standard normal distribution
function.

Theoretical Distribution

The following is a theoretical derivation of the probability function for
the time average effective albedo. Physically, the TAEA cannot have values
greater than 1. 0 or less than 0. The physical distribution is required to have
a 0 probability at 0 and 1. The restricted range requirement does not allow a
normal distribution function to approximate Z(pe) directly. Hence, a trans-

formation is introduced. The transformation of p (At) to x by

p (At)- 0.30

x = (29)
Pe(At) [1 - pe(At
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gives values at pe (At) = 0.30 of x= 0.0, at pe (At) - 1 an x value of +om,

and at pe (At) 0- an x value of - . Hence, one can reconcile the normal

distribution approximation using the parameter x. For the normal distribution,
the probability of finding an albedo such that a - x S b is given by

P(a x 5 b) = 1 e/2 dx (30)
a -r

where g.2 is the variance (and a is the standard deviation),

+co
2 2 1 - (x-) 2/202= (x - I) e dx

# is the mean,

+0
S= f x e (X-)

2 /20 2 dx
-o Nf1Or

and

P (-o 5x s a) = 1 .

The integrand of P (a - x 5 b) is the probability function Z(x). Figure 18
shows the normal distribution function Z and the corresponding values of

Pe (At) under the transformation. In the above case, A =- 0 and cr = 1. Using

the inverse transformation

(At) = x - 1 + \(x- 1)2 + 1.2xp (t)2x (31)

the confidence Values in Table 4 are obtained. The probability distribution
function Z rPe (At)] in terms of p (At) is shown in Figure 19 along with thee e
position of the lo , 2o , and 3a- values.
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Figure 18. Normal (gaussian) probability function showing the
corresponding pe locations under the transformation.

TABLE 4. CONFIDENCE VALUES IN TERMS OF x AND o (At)

x Pe (Minimum) 7 e (Maximum) Probability (o)

1 0.163 0. 548 68. 3

2 0.108 0.711 95.4

3 0.080 0.793 99.8

Because of the similarity of the OSO-II and Pegasus I data in Figures 5
and 6 to the Z(p-) just derived, this function of Zfp (At)] shall be assumed

for the moment to describe the distribution of pe (At) at At= 0., Further-

more, it is assumed that at a time increment At= 2 hr, the function Z (pe)
is normal with 3or = 0. 10, and as At - co it becomes a normal function with
3g = 0. 05. A 3or of 0. 05 is similar to actual seasonal variation. The points
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are used to curve fit Z [pe (At)I to the function go + g, exp [-k(At)I for

lo1, 2gr, 3o values as a function of At. The results, with the present criteria
values for comparison, are shown in Figure 20. The approach is not neces-
sarily optimum, but it is a possible method of derivation of the appropriate
criteria values, and the curves do indicate the physical behavior expected with
a minimum effort.

Satellite Derivation

In an attempt to define the albedo probability distribution from satellite
data, a simple procedure was developed to analyze Applications Technology
Satellite (ATS) III photographs. An outline of the procedure is as follows:

1. The geographic surface features were assigned albedo values and a
2. O0 by 2. O0 deg grid was created.

2. Visual inspection of an ATS photograph led to assignment of cloud
albedo in grid form.
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TABLE - EQUATIONS FOR TIME AVERAGE
EFFECTIVE ALBEDOS Pe

3a 20 10
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Figure 20. The 1, 2, and 3 a confidence levels for maximum and
minimum time average effective albedo.



3. The two grids were merged.

4. A Lambertian earth is assumed and, hence, the sun angle was
neglected.

5. Assuming a height and inclination, the position of the orbiting detec-
tor was calculated as a function of time.

6. The time average effective albedos were calculated.

7. Finally, the lo , 2r , 3o values were determined.

A similar procedure for steps 1 through 4 was discussed by Bartman
[ 2] ; however, neither the TAEA nor the usefulness of the results to the thermal
design engineer was discussed.

Figure 21 presents a portion of the cloud matrix between ±60 deg latitude
and 0 to 70 deg longitude. The values of the albedo of the clouds were assumed
according to the type and visual indications. Figure 22 presents the surface
features where water was assumed to have an albedo of 0.10 and land one of
0. 30. Several orbit paths are shown. The assumptions for the albedo of water
and for underestimating the cloud cover lead to an accumulation of 0. 10 values
in the albedo distribution for the earth-atmosphere system. This distribution
is shown in Figure 23.

For eight orbits and 400 points on the earth-atmosphere surface,
Figure 24 shows the relative frequency of the calculated TAEA for At= 0. 5,
5. 3, 16. 0, and 42. 5. The orbit was assumed to have a 50-deg inclination and
a 556-km altitude. The resulting lg and 3g limits are given in Figure 25.
The roughness of the calculation did not allow the actual 2a and 3a values

to be determined. The 3c given is the 100 percent probability limit. Figure
26 shows the same results except that the inclination is 18 deg. Because of the
lower albedo values near the equator, the mean global average is lower. The
general trend is, again, the same as from the transform results. The error
bar on Figures 25 and 26 indicates the probable error of the data points given
the assumed albedo matrices for the surface and cloud features. This is an
example of the type of data that could be extracted from satellite data.

Satellite Data Study

The general procedure to determine the thermal design parameters from
satellite data is as follows: Convert existing satellite data from selected orbits
for which both instantaneous values of the earth thermal and albedo radiation
can be obtained into data which can be easily handled. Use these data to
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Figure 23. Albedo distribution for the earth-atmosphere surface.

calculate the instantaneous values which are summed over various time incre-
ments of consecutive parts of an orbit to obtain the time average effective value
(TAEV). Determine the associated confidence levels by a statistical study of
the different TAEV' s. Analyze the accumulated data for the effects of orbit
inclination, angle between orbital plane and earth-sun line, time of year, and
orbital position. Evaluate the results and present them in a form that can be
used for design purposes.

The second generation meteorological spacecrafts of the Nimbus series,
specifically II and III, seem to provide sufficient data to deduce information on
the time average effective values. The Nimbus spacecrafts carried radiometers
which were always pointed directly toward the earth. The orbits were nearly
circular at about 1100 km and were almost polar. The angle of inclination of
approximately 80 deg provided an orbit which remained oriented along the
earth-sun line (i. e., sun-synchronous).
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The radiometers and spectrometers on board provided data on the
thermally emitted earth radiation and the reflected solar radiation emerging
from the top of the atmosphere. The experiments on board Nimbus II and III
which are of interest are listed in Table 5. The two channels of particular
interest on Nimbus II are the medium resolution infrared radiometer (MRIR)
5 to 30 pm and 0. 2 to 4 pm channels. The 5 to 30 pm channel provides the
radiance of 95 percent of the earth thermal radiation, while the 0. 2 to 4 pm
channel provides the radiance values of 99 percent of the solar reflected radia-
tion. Because the data of the MRIR on Nimbus II did not provide complete full-
earth coverage and the instrument operated only 3 months, the desired thermal
design parameters cannot be completely recovered from the data. The data of
Nimbus III should be employed for better statistical results.
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TABLE 5. NIMBUS SPACECRAFT SYSTEM

Nimbus II Nimbus HI

Activities May 15, 1966, launch Apr. 14, 1969, launch

May 22, 1966, operational Apr. 22, 1969, operational
July 26, 1966, 15 percent reduction of c
HRIR a July 22, 1969, IRIS data lost
HRIR data
July 29, 1966, MRIR data lost Aug. 12, 1969, noisy HRIR data

Nov. 15, 1966, HRIR data lost Aug. 28, 1969, MRIR c data reduced
Oct. 1-15, 1969, full coverage of earth
by MRIR
Jan. 31, 1970, MRIR pictures ter-
minated
Sept. 25, 1970, altitude control failure

Orbital Data Height - 1179 by 1095 km orbit Height - 1101 km
Inclination - 79. 689 deg retrograde Inclination - 80. 1 deg retrograde
orbit Period - 107 min
Period - 108 min Sun-synchronous
Sun-synchronous

Experiments of Interest 1. MRIR Spectral Bands (Cjm) (50 km 1. MRIR Spectral Bands (,jm) (50 km
resolution) resolution)

6. 4-6. 9 atmosphere H20 and 6. 5-7. 0 atmospheric H 20 and
cirrus cloud mapping cirrus cloud mapping
10-11 surface and cloud top 20-23 atmospheric H20 and
temperatures cirrus cloud mapping



TABLE 5. (Concluded)

Nimbus II Nimbus III

Experiments of Interest 14-16 stratosphere temperatures 10-11 surface and cloud top

(Concluded) 5-30 total thermal radiation and temperatures
heat budget 14. 5-15. 5 stratospheric

0. 2-4 ,"daytime cloud mapping, temperatures
albec,;. and heat budget 0. 2-4.0 daytime cloud mapping,

albedo. and heat budget

2. HRIR Spectral Bands (pm) ( 10 km

resolution) 2. HRIR Spectral Band (jim) ( 10 km

3. 5-4. 1 nighttime cloud coverage resolution)
3. 4-4. 2 nighttime surface and cloud
cloud top temperatures and
cloud mapping
0. 7-1. 3 daytime cloud mapping

3. IRIS Spectral Band 5-20 jim ( 150

km resolution)
Atmospheric temperature profile,
03, water vapor, and surface
temperature

a. HRIR-High resolution infrared radiometer

b. MRIR -Medium resolution infrared radiometer
c. IRIS-Infrared Interferometer Spectrometer



Nimbus III did not have the 5 to 30 lim channel which provides direct

information on the total earth-emitted thermal radiation. However, one can

correlate the HRIR data of Nimbus H and III and the IRIS data of Nimbus III

with the data from the MRIR' s of both spacecraft to provide data for a procedure

to obtain satisfactory thermal data from Nimbus III. The Nimbus III data pro-

vide a longer time of observation.

A program to determine thermal environment parameters from satellite

data is under study. The program will employ the Nimbus II and Nimbus III

spacecraft experiment data obtained by the MRIR, the HRIR, and the IRIS

experiments.

Computer programs using the Nimbus data in digital format are to be

developed to allow a statistical study of the data to determine the following

near-earth thermal design parameter objectives for the earth' s thermal and

reflected solar radiation:

1. Objective 1. The probability distribution function of the time average

effective values and the 1, 2, and 3g confidence limits (i. e., the 68. 3, 95.4,

and 99. 7 percent confidence level limits) for various orbital time integration

intervals At's.

2. Objective 2. Global average value for the data maps processed under

objective 1. The global average value for each map generated under objective 1.

3. Objective 3. The effect of the variation of the orbit height and the

orbital time integration interval and their interrelationship on the TAEV sigma

values. The study will be performed by calculating the TAEV sigma value

limits for various orbital heights.

4. Objective 4. The relation of the earth-emitted thermal radiation

and the albedo values and their sigma level confidence limits for simultaneous

data will be determined by interrelating the 5 to 30 and 0. 2 to 4 gm channels of

the MRIR on Nimbus II to allow the determination of the procedures to calculate

the total thermal inputs into a spacecraft of both albedo and earth thermal radia-

tion. The interdependence will be presented to allow the design engineer to

calculate the root-mean-square averages of the heat input and specify these

procedures.

The interdependence will be in a form such that given a time average

effective albedo for At, both the high and low values of the expected earth
thermal radiation can be obtained for 1, 2, and 3or confidence levels [ i. e., for
a time average effective albedo pe (At) , the earth thermal radiation has a

no confidence of being below b 1 + b 2 exp (-b 3 At)]
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5. Objective 5. The distribution of the rate of change of the TAEV' s

will be determined for the various orbital time integration limits.

6. Objective 6. The relation of the sun-earth-spacecraft position
(phase relation) on the time average effective albedo values will be determined

for phase angles from 0 to 90 deg. This will give the dependence of the direc-
tional reflectance of the albedo on the solar zenith angle.

7. Objective 7. The effect of inclination on the sigma value confidence
limits will be determined.

The Nimbus II MRIR and HRIR data will be analyzed for various numbers
of orbits, and the Nimbus III MRIR, HRIR, and IRIS data will be analyzed to
provide the correlation between the four thermal radiation channels of 6. 5 to
7. 0, 20 to 23, 10 to 11, and 14. 5 to 15. 5 of Nimbus III MRIR and HRIR channels.
The correlation will provide a procedure to determine the total earth thermal
radiation from Nimbus IlI data.

Using the above correlation, the Nimbus II and III MRIR data will be
transformed by integrating the data over areas of 160 km by 160 km into grid
maps for the earth-emitted thermal radiation and albedo radiation levels. A
grid map is a matrix of elements for which the location in the matrix is given
by earth latitude and longitude and the value of the matrix element is the average
value of the Nimbus data over an earth-atmosphere area of approximately 160
km by 160 km. Each grid map is representative of the values obtained during
a 24-hour period over the entire earth. Conversion for geometry and spectral
band approximations are to be given. The earth is assumed to be a Lambert
reflector for the solar radiation. Each grid map will be representative of the
Nimbus data obtained for i 24-hour period covering the entire earth. The days
considered will be separated in time as equally as possible over a typical year
or portions allowed by the lifetime of the experiments. For portions of the
earth not covered by the Nimbus data during a specific day, appropriate inter-
polation values will be estimated using data obtained on consecutive days or
adjacent areas. These grid maps will model the earth albedo and thermal
radiation for the various days.

The constructed grid maps (i. e., a matrix of albedo and thermal values
of the earth-atmosphere system) will be employed to calculate the time average
effective values of both the albedo and earth thermal radiation. The orbital
node angle will be randomly distributed to average out any effects which it might
introduce. The TAEV' s will be calculated using a set of orbits covering the
entire modeled earth per grid map. The second half of the consecutive orbits
should be displaced by one-half of the longitude displacement for one orbit.
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For At = 0 the TAEV will be calculated at 30-sec intervals for determin-

ing the other TAEV values and the effects of height, inclination, and orbital motion.

The sigma level confidence limits will be calculated from the distribu-

tion of the TAEV. The upper and lower confidence level limits of 68. 3, 95.4,

and 99. 7 percent for each orbital time integration interval given in objective 1

will be determined.

The results of the confidence level limits study will be presented in a

tabular form giving the earth thermal radiation and albedo values at which the

three confidence level upper and lower limits lie for each of the 100 days and

the values for the average of the results for 3-month periods. A parameterized

function of C+ C(u,l) exp[ -C(u,1 )At] , where C1, C 2, and C 3 are param-

eters and (u, 1) specify the upper or lower limit parameter, will be fitted to

each confidence level for the values of At. The display of the result will be

in a form similar to Figure 20.

The results of the global average per grid map and the total global

average will be tabulated for the earth' s thermal and albedo values obtained

from the study.

The effect of the orbital height on the effective time integration limit

will be given in a parameterized form so that, given the sigma level, confidence

limits for any height can be determined from the results of a specific height.

The parameters can be given in the form:

a = - [p e (At)] A tS Z[e t]At

a 2 = a- [p (At)

a - Z [p (At) ]a3  8 At e -h=h0

a4 - t z [p (At) h=haAt e h=hO

These parameters will allow an increased height in orbit to be related to an

increase in the time increment.
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Since the bidirectional effects have been averaged out and the earth is
assumed to be a Lambertian reflector, the effect of solar position is to be
included. The limb darkening effects for thermal radiation will also be included.

The rate at which pe (At) and IR(At) can change with respect to time

is important in creating various theoretical heat load inputs which are allowed
under the given parameters. These distributions will be presented in the
results.

The relation between the thermal and albedo values will be included.
This is a result of the fact that cloud cover increases the albedo but decreases
the IR received because the radiating layer seen is higher in the atmosphere.
This will affect the root-mean-square procedures employed by the designer.

The specular ocean reflections will be included as singularities at the
appropriate conditions.

APPLICATION PROCEDURES

In the past, the thermal design engineer has dealt mainly with slow
response systems and systems which could be overdesigned, but now there are
many thermal design applications in which the tolerances cause the uncertainty
in the thermal evaluation to approach significant magnitude. For large-scale
environmental control systems in spacecrafts, a 5 to 80 C (10 to 150 F) uncer-
tainty in the albedo and IR effects has significant impact.

Figure 27 shows the temperature of a shell versus orbital position with
the surface density as a parameter. The thickness Ax necessary for a sur-
face density ps is given by:

PvV Pv [ 7rr - 7r(r - Ax)3

s S 47rr 2  • (32)

Table 6 gives the thickness for a 1-meter radius shell for aluminum and gold.
It is seen that a small surface density corresponds to thin elements such as
detectors and solar cell elements. As shown in Figure 27, as the mass of the
surface increases, the temperature excursion in orbit decreases [ 15]. Also,
as the surface density increases, the calculated mean temperature increases to
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Figure 27. Temperature history of an orbiting shell [15].

TABLE 6. SHELL THICKNESS AND DENSITIES

Ps P Ax - Al Ax - Ag

(lb/ft 2) (kg/m 2) (vAl= 2700 kg/m 3 ) (p Ag= 19 300 kg/m 3)

10.0 237.0 36.7 cm 5.1 cm

3.0 79.0 12.2 1.7

1.5 39.5 6.1 0.85

0.75 19.8 3.0 0.43

0. 25 6.58 1.0 0. 14
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the limiting temperature which is given by

4T4 + T 4

T = max min
mean limit 2 (33)2

Table 7 gives the mean, maximum, and minimum temperatures shown in

Figure 27 [ 151.

TABLE 7. MINIMUM AND MAXIMUM TEMPERATURES FOR SHELL

p (WT + T )/2
Ps Mean Max Min min max

(kg/m z ) [oC (OF)] rC (OF)] [0 C (oF)] [oC (oF)]

6. 58 6.7 (44) 67. 8 (154) -71.1 (-96) 22.0 (72)

19. 8 16.7 (62) 59.4 (139) -35.0 (-31) 23.3 (74)

39. 5 19.4 (67) 47.8 (118) -10.0 (14) 23.1 (74)

79. 0 21.7 (71) 37.8 (100) 6.7 (44) 23.5 (74)

237. 0 22.2 (72) 28.9 (84) 19.4 (67) 24.3 (76)

The reaction of a system to the environment depends on the environment
and on the design of the system. The albedo and IR criteria should be given
so that they are independent of the system but are capable of being combined
with the parameters of the system to give its thermal history. The significance
of the time average effective albedo can be seen in this context by introducing
a function called the "thermal time constant of the system. " The temperature
is assumed to be of the form

T = Toe (34)

where 7 is the thermal time constant [16]. If it is near equilibrium, the
thermal time constant can be defined as
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me

S= 16A (35)

then

T= Ps 400 sec m 2/kg . (36)

Hence, for the shells considered earlier,

7 = 26..3 hr p = 237 kg/m 2

= 8.78 = 79

= 4.39 = 39.5

= 2.11 = 19.2

= 0.7311 = 6.58

For the lowest surface densities, the values of 7 are approximately equal to
the time necessary for a half revolution. Hence, the time average effective
albedo for At - 30 min would be of particular importance. For a shell with the
following parameters:

e = 0.0

i = 33 deg

h = 250 n. mi. (463 km)

Ps = 1. 5 lb/ft2 (39. 5 kg/m 2 )

S = 1396 W/m 2 (443 BTU/hr/ft2 )

o = 1.0

E = 1.0

a /E = 1.0 ,

the minimum and maximum values of the temperature for various albedos are
given in Table 8.
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TABLE 8. MINIMUM AND MAXIMUM TEMPERATURES FOR
VARIOUS ALBEDOS

Maximum Temperature Minimum Temperature
Albedo [oC (OF)] [oC (OF)]

0. 20 29.4 (85) -35.6 (-32)

0. 35 33.9 (93) -38. 9 (-38)

0. 50 37.8 (100) -42.2 (-44)

0.80 47.8 (118) -49.4 (-57)

The probability function for the time average effective albedo would indi-
cate the chance of seeing albedos such as those in Table 8, or, equivalently,
the chance of having those maximun and minimum temperatures. For a partic-
ular daytime pass, the instantaneous average albedo can be any value between
the limits given by the probability function of TAEA.

A question that arises is, how long can a specific value pe (t, At= 0)

be seen assuming a certain Kro value (K = 1, 2, 3)? The period of time is
just the value of At which gives

Pe (t, At) = Pe(t, At = 0)* . (37)

For example, if K= 3 and pe (t, At= 90) = 0. 35, then one could have

pe(t, At= 45) = 0.474 for 45 minand pe (t, At= 45) = 0. 226 for 45 min as

long as these values are within the 3or limits for the distribution. Further-
more, the value during 15-min intervals for p e(t, At= 15) could flip-flop

between 0. 508 and 0. 192. This example represents a hot case for 3a since
e (t, a, ) = 0. 35. Figure 28 represents various ways that such a hot case for

a pass could be introduced into a thermal design program for thermal analysis.
Each segment is such that if extended it would give an 0. 35 average over a
period of time.
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The instantaneous change is not necessary. A finite slope up to a maxi-
mum of 1. 6 x 10- 3 sec could have been introduced for a 463-km orbit.

The general limitations in parameterized form for the time history of
the albedo are summarized in Figure 29. In this figure an example of a time
history is given which considers those limitations. In generating 6riteria,
various "hot" and "cold" examples of time histories can be generated as guide-
lines for the thermal designer. The albedo, though, must be correlated with the
thermal radiation. The parameter of the time average albedo could be displayed
as in Table 9. Alternately, since for a specified o- limit

-b. ( u ' ) A t -c.(U'l h/R
p (t, At) = p (t, At= c) + a e eu, 1)-- -. e

Z=Kcr e

(38)

where (u, 1) are the upper and lower limits and al and au have opposite
signs, the values for a., b., c. could be tabulated for season, inclination, and

1 1

sigma limits. Similar results would be obtained for the thermal value. Then
the thermal designer, knowing the system and expected orbit, could find the
albedo and IR values and range that would be encountered by the system.

CONCLUSION

In summary, the variation of the earth thermal and albedo radiation
received by a near-earth orbiting space vehicle or space payload as a result
of temporal variations of earth-atmosphere has been discussed. The term
"time average effective value" was introduced and defined as the average of the
effective value of the albedo or thermal radiation affecting a thermal system
in orbit over a given orbital segment defined by an increment in time. These
are the important values to the thermal designer. The values are independent
of the spacecraft and dependent only on the character of the earth-atmosphere
system. The time average effective values have a probability distribution that
is dependent on the time increment. A statistical study of current satellite
data can give this probability distribution. With this distribution, the thermal
designer can define confidence levels on predicted temperature ranges which
are compatible with engineering models for use in design, failure probabilities,
and spacecraft cost estimates.

54



1.0
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Figure 29. The limitations on the TAEA and an example of using
these limitations to form a time history of the TAEA.
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TABLE 9. TIME AVERAGE EFFECTIVE ALBEDO

Sphere: At = 30 min Season= July Inclination = 35 deg

Altitude (km) 1 2 3

+0.13 +0.22 +0.33
500 0.30 0. 30 0. 30 19

-0.10 -0.17 -0.19

+0.12 +0.20 +0.25
750 0.30 0 1 2  0.30+ 0 . 20  0. 3 0+ 0 . 2 5

-0.09 -0.16 -0.18

+0. 11 +0. 19 +0. 23
1000 0. 30 0. 30 19  0. 3 0+ 0 2 3

-0.08 -0.115 -0.14

The parameters for the thermal design engineer in the area of thermal
and albedo radiation are summarized below:

1. Probability distribution functions for the time average effective
albedo and thermal radiation and the time rate of change distributions.

2. The global albedo and thermal radiation averages.

3. The functional dependence of the probability distribution functions of
the variation of height, time increment, and solar zenith angle.

4. The correlation function between the thermal infrared and albedo
radiation.

5. The separation of the radiation into specular and diffuse compo-
nents, and surface and atmospheric components.

Before the particular parameter studies can be undertaken, the probability
distribution function for the time average effective values must be determined
in a meaningful manner. It is proposed that these functions are highly desirable
and necessary for future spacecraft thermal design studies.
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