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ABSTRACT

The basic objective of this study is to provide a complete analysis
of the physical and observational problems associated with the determina-
tion of the earth's albedo. There are two main results of this analysis:
One is the conclusion that, insofar as the reflectance of solar radiation
is concerned,'the earth is a nonhomogeneous body with its various regions
having different diffuse, wavelength dependent reflectance functions. The
second is a statement of the geometrical-physical characteristics of a
precise model for the calculation of earth's albedo.

The nature of the earth's reflectance is explored by means of precise
definitions, a complete survey and critical analysis of existing research
results, and new earth reflectance data obtained by radiometer measure-
ment on three high altitude balloon flights. The precise model is obtained
by careful detailed application of the precise definitions.

Pirst, the nature of the reflectance of a surface element is consid-
ered in terms of spectral bidirectional reflectance. Directional reflec-
tance and total reflectance quantities are defined. The geometrical na-
ture of zcattering is reviewed. Then earth albedo is defined precisely
in terms of the time dependent spectral bidirectional reflectance of all
areas of the earth's sunlit hemisphere. The astronomer’'s definition of
planetary albedc, Bond's definition, is considered. The Bond albedo is
then expressed as a function of the time dependent spectral bidirectional
reflectance. It is concluded that, for a rotating planet such as the
earth, the Bond albedo is not the same as the precise albedo, except for
the case of a homogeneous planet having isotropic (diffuse) reflectance.

Information about the nature of earth's reflectance is presented by
means of summaries of results in several different areas of albedo re-
search:

The classical earth albedo experiment of Danjon.

Spacecraft and satellite measurements.

Measurements of the reflectance of earth's surface features.
Theoretical studies of the scattering of solar radiation by
clouds, the clear earth's atmosphere and aerosols.

e. Estimates of earth's albedo made in connection with earth's
heat balance gtudies.

o0 oo

These summaries show that the earth is a nonhomogeneous reflector of
solar radiation. Reflectance functions for soil and rock, vegetation,
ocean, snow and ice, and scattering functions for clouds, clear air and
aerosols are complex, nondiffuse and wavelength dependent. Time varia-
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tions, diurnal and seasonal, are much in evidence. In spite of this, the
model used by experimenters for satellite data interpretation is usually
a homogeneous earth with diffuse reflectance. Wavelength dependence is
also often neglected. The need for a more precise model becomes apparent.

New data obtained with radiometers flown on high altitude balloons
is presented and discussed. The balloon flight measurement system is
described. The geometry of the measurements is shown to be precisely
that which yields bidirectional reflectance or scattering patterns.
Calibration curves are shown for the radiometers used. The method of
interpretation of data as bidirectional reflectance is explained. Data
from three balloon flights is presented.

Data froma flight on 2 June, 1962 shows the reflectance or scatter-
ing of solar radiation from low stratus clouds over farmland. The scat-
tering pattern obtained is shown to agree qualitatively with theoretical
results for single scattering from a water cloud with realistic particle
size distribution, with large backscattering, very large forward scat-
tering and indications of a fogbow at about 136°. Directional reflec-
tance calculated from the scattering pattern for varying solar zenith
angles, give a maximum total directional reflectance of 85% for zero
solar zenith angle, a minimum of 58% at 40°solar zenith angle and 63%
at 85° zenith angle, in good agreement with other experimental data,

The data also show that cloud reflectance has relatively small spectral
variations whereas under broken cloud conditions over South Dakota farm-
land in June, a rather large spectral variation is obtained, with spec-
tral reflectance at 0.55-0.75 micron being much less than at 0.2-4.0
microns.

The spectral variations of earth reflectance noted above are con-
firmed by measurements made with two radiometers on 26 June, 1963, Re-
flectance of high cumulus clouds shows a spectral variation similar to
that of low stratus.

Bidirectional reflectance data for partially snow covered earth,
under clear sky conditions on 10 March, 1965, shows large backscattering
and extremely large forward scattering for large solar zenith angles
and an almost diffuse pattern with an indication of a small specular
component for a smaller zenith angle. Directional reflectance is 55%
for 72° solar zenith angle, 36% for 67°% and 30% for 50°.

Using the above data it is shown that errors of 10% in earth's al-
bedo and 20% in directional reflectance could be produced in satellite
data obtained with incomplete geometrical sampling, analyzed under the
assumption of perfectly diffuse reflectance. Also, it is noted that
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narrow band, 0.55-0.75 micron, data cannot be used instead of wide band,
0.2-4.0 microns, data for earth's albedo without appropriate corrections.

The geometrical-physical nature of the model is indicated using the
precise model of earth's albedo with basic time dependent bidirectional
reflectance functions. The procedure for calculation of earth's albedo
is indicated and an illustrative example is worked out. It is noted
that a much more complete geographical-climatological study is essen-
tial to complete the model.

XXV



I. INTRODUCTION

It is universally accepted that an understanding of the heat budget
of the earth is fundamental for a better understanding of the world's
weather processes. Thus a very important meteorological parameter is
the earth's heat balance, which can be expressed as the difference be-
tween the incident solar energy and the outgoing radiant energy which,
in turn, is the sum of the reflected solar radiation and emitted ther-
mal radiation.

The reflected solar radiation (or albedo) which is one of three fac-
tors involved in the earth's heat balance, has been the subject of consider-
able interest, study, and conjecture. It is not only important for local
and global, short- and long-term estimates of heat balance, but for the
study of various problems in bioclimatology, light physiology, visibility,
and aerial surveying as well.

The measurement of reflected solar radiation is best done from out-
side the earth and its atmosphere, Such measurements became feasible
with the development of satellite technology, and some have already been
made.l’2 However, the methodology of these measurements has not yet been
perfected. For example, the analysis of data obtained is usually carried
out using a simple model of the earth based on three assumptions.

a. The reflectance (i.e., albedo) of the earth is isotropic (diffuse)
in nature.

b. The reflectance of the earth is independent of wavelength. This
is equivalent to the assumption that the spectral distribution
of reflected solar radiation is equal to that of the incident
solar radiation.

c. The method of sampling data from the satellite does not produce
any error or bias in the result. This assumption would be valid
only if the earth's surface were perfectly homogeneous.



It is surprising, at first that these assumptions are used. A brief
survey of the literature on the reflectance of surface features and scat-
tering by the atmosphere and clouds reveals evidence to the contrary,
i.e., earth reflectance and scattering are nonisotropic and wavelength
dependent. Also the earth and its atmosphere are obviously not homo-
geneous. A further search shows, however, that the precise model, non-
homogeneous with nonisotropic wavelength dependent reflectance has not
been formulated and studied. Thus the need for using it in applications
is not obvious and the method of applying it is not available for use.
Indeed, it is appropriate to say that the lack of validity of the above
three assumptions is obvious, but ignored, in the interpretation of satel-
lite measurements of reflected solar radiation.

This paper is a limited study leading to the mathematical formula-
tion of a precise model of the earth for albedo purposes, considering
only the first part (a) of the two parts which are necessary for a com-
plete study:

a. The geometrical-physical aspects of the reflectance of a surface,

scattering by the clear atmosphere and clouds, and the reflec-
tance of the earth as whole.

b. The geographical-meteorological aspects as a function of time
and location on the earth.

The main part of the study is contained in Sections II-V, each of which
treats a distinct phase of the subject.

In Section II, the nature of the reflectance of a surface element
is considered in terms of the spectral bidirectional reflectance. Di-
rectional reflectance and total reflectance quantities are then defined.
The geometrical nature of scattering is indicated and the definition of
scattering angle reviewed. Next earth albedo is defined precisely in

terms of the time dependent spectral bidirectional reflectance of all



areas of the earth's sunlit hemisphere. Finally the astronomer's defi-
nition of planetary élbedo,vBond's definition, is considered and is
shown to be identical to the precise albedo, for a rotating planet such
as the earth, only when the planet is homogeneous with isotropic reflec-
tance.

Section III contains summaries of results already obtained in sev-
eral areas of albedo research:

a. The classical eérth albedo experiment of Danjon.

b. Albedo measurements made from Explorer VII, the TIROS meteor-
ological satellites and the Mariner 2 (Venus) spaceprobe.

c. Experimental data regarding the nature of the reflectance of
earth surface features (soil, rock, vegetation, snow, and ocean).

d. Theoretical studies of the scattering of solar radiation by
clouds and the clear earth's atmosphere.

e. Estimates of earth's albedo which have been made in connection
with heat balance studies.

Section III is completed with a discussion of the approximate nature
of the models of earth's albedo implicitly used by astronomers, meteoro-
logists, and spacecraft experimenters. The need for a more precise model
is indicated.

Section IV is devoted to a discussion of new measurements of earth
reflectance made on high altitude balloon flights with instruments‘of
the exact same design as those flown on the TIROS and NIMBUS meteoro-
logical satellites. Instrument calibrati?ns and the interpretation of
results are considered. Possible errors are indicated. Resulting data
from three balloon flights demqnstrating the spectral dependence and non-
isotropic nature of the reflectancé of partially snow coveréd earth and
of the scattering of radiation from clouds are presented. The bidirec-

tional reflectance patterns which were obtained are shown to compare



favorably with the limited theoretical data whichare available. The
data are then used to indicate the error that might be made in values
of earth's albedo obtained by analysis of satellite reflectance data
which is assumed to be isotropic. The unique opportunity of making
measurements of reflectance with balloon borne instruments gave im-
petus to the whole investigation of albedo. Also these measurements
have been applied directly to the precise model of albedo described in
Section V.

Section V indicates the nature of a precise model of the earth for
albedo purposes. The geometrical-physical characteristics of the model
are discussed, and the method of calculating earth's albedo for a given
model is outlined. It is suggested that suitable models based on a geo-
graphical-meteorological study be made for at least one day in each
month of the year and that studies of these models be made as outlined
above. A simple approximate model of the earth, incorporating some non-
isotropic features is considered for the purpose of illustrating the
technique. Detailed calculations are made and the results are discussed.
It is hoped that the formulation of a precise albedo model may prove to
be one of the more significant outcomes of the study.

Conclusions and suggestions for further research are contained in
Section VI. Experimental techniques, methods of data interpretation,
and limitations of the results of each area of research summarized in
Section III are given in detail in Appendices A-F. Appendix G contains

a summary of the four different coordinate systems used in this paper.



II. DEFINITIONS

A. THE GEOMETRY OF SCATTERING AND REFLECTION

The geometry of scattering and reflection is illustrated by Figure
1. Q is the point at which reflection or scattering takes place. SO
is the ray from the radiation source; in this case, the sun. OR is the
reflected or scattered ray. In this example the incident ray is coming
from the east at a low elevation angle, the ray QR is going west-north-
west at a high elevation angle. The plane SQZ is called the principal
plane and the plane SQR is called the scattering plane. The incident
ray is defined by the polar coordinates (eo,¢o), where 6 is the zenith
angle and ¢o the azimuth angle measured counterclockwise from the north
direction to the extended principal plane. The reflected or scattered
ray is measured by its polar coordinates (6,¢). The angle ¥ is equal
to ¢-¢O. QS is the direction to the source: it has coordinates 90, and
Y = 180°. The direction QA to the antisource has coordinates 6 = 180—6O
and ¥ = 0. Where ¥ = 0 or 180°, for a reflected or scattered ray, the

principal plane and scattering plane coincide. B is the scattering angle.

B. REFLECTANCE

Definitions of reflectance™’

that will be used in this study are
as follows.

If ds is an element of a reflecting surface at O in Figure 1,
(90,¢o) are the zenith and azimuth angles of the incident radiation and

(6,0) are the zenith and azimuth angles of a reflected ray, then the

radiance in the direction (6,¢) is given by:



Source

Zenith
/'y Principal Plane

Scattering Plane

Figure 1.

To North

V= ($-4o)

Geometry of reflection and scattering.



N(8,,0,,0,6) = T

; -2 -1
0% p(eo,¢o,e,¢)cose H cos® p(watts ecm = ster ~) (1)

where H is the irradiance from the direction (60,¢o) in watts cm-2 and
p®0,¢0,6,¢) is the bidirectional reflectance, i.e., the fraction of radia-
tion incident from the direction (eo?¢o) which is reflected in the direc-
tion (6,9).

The total amount of reflected radiation from the element of area

ds is given by the integral over the upper hemisphere, i.e.,

2m -%
wa j J N(eo,¢o,e,¢> sin©6d46d4¢ - ds (2)
0 =0

S =
4):

The directional reflectance r(60,¢o), defined as the fraction of incident

radiation which is reflected is

r(6 ¢ ) = —odS (3)

o’'o H cos 6 ds
o

am %—
- 1 .
r(eo,¢o) = = J J p(eo,¢o,e,¢) cos 6 sin 6 d 6 4 ¢ (L)
$=0 6=0
For perfectly diffuse (Lambert) reflectance, we have:
0(903¢o,9,¢) = p = constant (5)

and from (L) above:

r(eo,¢ ) =p =r = constant (6)



Thus for perfectly diffuse reflectance, the directional reflectance
is equal to the bidirectional reflectance, and each of these quantities
is a constant.

Reflectance is a function of wavelength as well as direction. Spec-

tral dependence is indicated by the subscript A, thus:

pk(eo,¢o,e,¢) spectral bidirectional reflectance.

rA(e 0 ) spectral directional reflectance.

o '0

The reflectance without a subscript is the average reflectance over
a range of wavelengths. This quantity is also called a total reflectance.
Thus, for example the average or "total" directional reflectance over a

range of wavelength Al to A, is given by:

A
r(6.,¢) = — (7)

2
[, o
A

1

2

Ao

J rk(eo,¢o)HA an
1

where HA is the spectral irradiance, watts cm"2 micron_l.

Note that average reflectance is a function of the spectral distri-
bution of the incident radiation as well as the nature of the reflecting
surface. Thus average reflectance quantities measured with one spectral
distribution may not necessarily be used as average reflectances for another
spectral distribution.

Figure 2 shows the distribution of reflected radiation for a per-
fectly diffuse (Lambert) reflector. The quantity plotted is

1

= pA(eo,¢o,e,¢) cos 8. Note that the distribution of reflected radia-

tion is the same for all angles of incidence, i.e., pk(eo,¢o,e,¢) =p =



+P(6, .9, .6 ,¢)cos®

90° 90°

Figure 2. Distribution of reflected radiation for a perfectly diffuse
(Lambert) reflector.
constant. For this illustration, p = 0.94 and, therefore %-p = 0.3.

Figure 3 shows the distribution of reflected radiation for a nondif-
fuse reflector. %- px(eo,¢o,e,¢) cos © is plotted for three different
angles of incidence. In this case the reflector has a fairly large
specular component, and is similar to some distributions which have been
measured for glazed snow (see Appendix c).

In Figures 2 and 3, the distribution of reflected radiation has been
shown only for the plane of incidence (in Figure 1, the plane S7Q deter-
mined by the normal to the reflective surface and the incident ray) .
Complete specification of the distribution requires similar plots for

all vertical planes, i.e., the distribution over the hemisphere.
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90° 900

Figure 3. Distribution of reflected radiation for imperfectly diffuse
reflector. 1/m p(645,60,0,0) cos 6 is plotted for three angles of in-

cidence: 0°, 40°, and 60°.

Ideally such a complete hemispherical plot should be obtained for
each wavelength in the range of consideration. Then, finally a hemi-
spherical plot of bidirectional reflectance should be obtained for each

spectral distribution of interest.

C. SCATTERING ANGLE

In the study of scattering phenomena, it is the scattering angle
B (see Figure 1) which is significant.5 The angle B is related to the
zenith and azimuth angles of the incident ray (60,¢O) and of the scat-

tered ray (6,4) by the equation

cos B = sin 60 sin 0 cos ¥ - cos eo cos © (8)

where

¢-¢
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Radiation will be scattered from a scattering center (such as Q in
Figure 1) into all directions, into the lower hemisphere as well as the
upper hemisphere. Once the scattering pattern has been determined for

0 < B < 180, the radiance in any direction can be specified.

D. EARTH'S ALBEDO

The geometrical relations that apply to a discussion of earth's
albedo are illustrated By Figures lha and Lb. In Figure ba the earth is
shown with the upper hemisphere illuminated by the sun. The earth's
axis of rotation is the line NS shown in a position corresponding to
summer in the northern hemisphere. The coordinate system (GO:¢5) is
fixed by the position of the sun. 90 = 0 is a direction pointing at
the sun and ¢é is measured counterclockwise from the north direction
(as viewed from above) in a plane at right angles to the sun's rays.
(Note that ¢o in Figure 1 was measured in a plane normal to the zenith
direction.)

Figure Lb shows the difference between the angles ¢o and ¢é. Note
‘that ¢é is measured counterclockwise from north at the subsolar point é,
whereas ¢o is measured counterclockwise from north at the point of re-
flectance Q. n' is the colatitude of the point Q, GS is the declina-
tion of the sun, and hg is the sun's hour angle with respect to the point
Q.

The solar spectral irradiance at time t on a surface normal to the
sun's rays is:

B (t) watts em™° micron™

sA

The total solar irradiance is:
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Figure L. Geometry for calculating earth's albedo.
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H.(t) = J HSA(t)dA watts cm 2 (9)
0

The numerical value of Hs(t) varies inversely as the square of the dis-
tance from the sun. Its mean value over a period of a year (the solar
vconstant6) is 0.1395 watts cm_2. During the year values of Hs(t) vary
over a range of 0.965 to 1.035 times the solar constant.

The solar.radiant power fglling onban element of area ds is:

(o]

Hs(t) cos eo-ds = [ Hsk(t) cos eo'ds-dk (watts) (10)
0

The element of surface area ds on the surface of the earth is given by:
2 . ,
ds = a sin 6 _d 6_d¢ (11)
o o o

and the total power incident on the illuminated hemisphere of the earth
is:

r
2

Sy

H (t) cos 6 a2 sin 6 d6_ d¢'
s o o o ‘o

The portion of the earth's surface which lies in the area ds is
continuously changing because the earth is rotating on its axis. DNote
also that the azimuth angle of the incident ray varies with eo,¢é, i.e.,
is ¢o(eo’¢é)' Thus the spectral reflectance of the area is changing as

a function of time; i.e., we have the bidirectional spectral reflectance:



1l
p,(8,56_,8,0,t) (13)

and the directional spectral reflectance

™
¢$=0

"g
1 .
rx(eo,¢o,t) = J J pk(eo,¢o,9,¢,t) cos 0 sin 6 d 6 d¢ (1k)
9=0

The power reflected from the earth at the wavelength X is:

2m g
2 . .
J rx(eo,¢o,t) Hsk(t) cos 6 _-a”+sin 8 _+d6 -d¢! (15)
$'=0 6 =0
(@) O

The total power reflected from the earth is:

U
o 2T JQ
2
r. (6 ,0 ,t)H . (t)a” cos 6 sin 6 a6 d¢'dx (16)
A=0 ¢é=0 eo=0 A o’o SA o o) o ‘o

and the earth's albedo at time t is

LS
o0 27 2
=3 1]
rA(eo,¢o,t)HsA(t) coseO 51n60 deod¢odx
A=0 ¢!=0 6_=0
A(t) =
T J st(t) ax (17)
0

Usually it is the average value of earth's albedo over a period of

time which is of interest, i.e.,
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Note that the albedo represents an integration over many variables,

i.e., eo,¢o,6,¢,k. We can show this explicitly by the equation:

. . 1
px(eo,¢o,e,¢,t)HSA(t)s1n90cos6031n6cosed60d¢od6d¢dk

© —

(o]
o -

D —
o —

n2 J H . (t)dx

SA
A=0
(19)

In this equation (90,¢é) are measured in the coordinate system shown
in Figure Wa with the direction %)pointing towards the sun, whereas
(6,0) are measured in the coordinate system illustrated in Figure 1,
with the direction 0 = 0 pointing towards the zenith, normal to the element
of area ds.

From the above definition (Equation (19)), we see that a precise
specitication of earth's albedo requires that we know the bidirectional
reflectance p (60,¢o,6,¢,t) at every point 60,¢é of the sunlit portion
of the earth.

The average albedo of the earth over some time interval is given
by integrating (averaging) over:

1. All directions of reflectance

0<0<3 0<¢ < 2.
2. All parts of the sunlit portion of the earth
0<#®

< 0 §_¢o < 2m.

SIE]

o
3. The entire range of wavelengths of the solar spectrum
(usually 0.2y < A < 4.0n), with weighting function HsA(t)'
4. Over the desired period of time t.
In practice, a complete knowledge of px(60,¢o,6,¢,t) is not possible.

As a result, any calculation of earth's albedo is an approximation to
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the true value obtained by making some assumption about the hature of

DA(90,¢O,9,¢,t)-

Note: 1In the above, the azimuth angle ¢ = ¢ - ¢o could have been used
wherever ¢ has been used, i.e., we could have written
px(eo,¢o,6,w) instead of px(eo,¢o,e,¢) and could have integrated

over ¥ instead of ¢. Thus Equation (19) would be

. . ,
J J J J J px(60,¢o,6,w,t)st(t)s1n6Ocos6051n6cosedwded¢odeodk
¢

A8 68U
A(t) = 0] (]

m J st(t)dx
A

(19a)

E. PLANETARY ALBEDO, BOND'S DEFINITION

The work of astronomers on the determination of the albedo of
planets has resulted in a definition of planetary albedoT which is an
approximation to the definition of earth's albedo given in the last sec-
tion. This definition of planetary albedo, suggested by Bond and adopted
by H. N. Russell,8 serves for the calculation of a planet's albedo from
photometric observations of the planet from another planet.

The geometrical relations that apply to the discussion are shown
in Figures 5a and 5b. Figure 5a shows a planet illuminated by the sun.
S, p, and E represent, respectively, the centers of the sun, the planet,
and the earth, from which measurements of the planet's albedo can be
made (a similar geometry would apply for measurements of earth's albedo
from the moon). The angle a is called the phase angle.

If the reflectance of the planet in the direction a is given by
K ¢A(a), where ¢A(u), the phase function, has maximum value ¢A(O) =1,

and 1f it is assumed that the reflectance has the same value in all
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b.)

Figure 5. Planetary albedo-geometrical relations.
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directions on the cone of half angle a formed by rotating PE about PS

then the spectral albedo of the planet is given by the definition of Bond:

A, = 2k J ¢)\(oc) sin o d a (20)

The intensity of light reflected from the planet at the phase angle «
can be calculated with the help of the geometrical relations shown in Fig-
ure 5b. The planet is shown as viewed from some point in space. The
portion PCMD of the hemisphere shown is in shadow. O0S is the sun's direc-
tion, OE, the direction to the observation point. For any point Q on
the planet's surface, 6, is the zenith angle of incidence, the azimuth
angle of incidence is ¢o‘ The reflectance angles are © and V¥, a is the
phase angle of the observation,

The coordinate system which will be used for integration over the
planetary surface has the equatorial circle CESG and the meridian circle
PEM as reference circles. The meridian circle of the point Q on the
surface is PQF. The coordinates of the point Q are the longitude C and
the colatitude n.

The angles of incidence and reflection are related to the angles

o, £, and n by:

cos 8 = sin n cos(z-a) (21)
cos 8 = sin n cos C (22)

cos ¥ = cos 6 cos 65 - cos a (23)

sinb sin 6
o)

sin ll) - siln a4 cos n (2l})

sin 6 sin ©
o
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We can derive the equation for the Bond planetary albedo as follows.
Assuming:

1. -That the surface of the planet is homogeneous and constant
in its characteristics for the time interval required to make
measurements over all phase angles a,

2. The earth is at a constant distance A from the planet during
this time interval,

3. The planet is at a constant distance ﬁ._ from the sun during

this time interval,

the spectral albedo is:

Total reflected solar radiation at wavelength A

AA = Total incident solar radiation at wavelength A
m
and om J fx(a) 2% sin o 4 o
A = 0
A §2
E-S
T * a ’HsA -
R
p-S
. 2 TT .
2.4%.R s £ (a)
= —2——_-_—2——E—- sino da (25)
& 'Ry g Hea

where a is the mean radius of the planet
Hs is the spectral irradiance of the earth by the sun at mean
distance §ﬁ_s.
fA(a) is the spectral irradiance of the earth due to solar radiation
reflected from the planet.
Note that the equation just written agrees with the Bond definition of

spectral planetary albedo
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™
AA = 2kA Jo ¢>\(a) sina da (26)
if
02 1 (a)
k>\¢>\(a) = 2.2 n (27)
& ""ps s\

The total albedo of the planet can then be obtained from:
m
JO AA HSAdA

JO HSA da

The relation between fx(a) which appears in the expression for the Bond

albedo can be related to pA(60,¢o,6,w,t) on the planet as follows: The

. . 2
spectral solar irradiance of one cm~ of surface on the planet at a mean

distance R from the sun is:
-2
R

E-S

H cos 6
sA =2 o)

R

p-s

The spectral radiance of this area, due to reflectance of the solar radia-

tion, is:

B0

L
m

p>\(eo’¢0’e’¢’t)HS>\. cos eo cos 6

g

The spectral irradiance of one cm2 of surface at the earth (normal to

the earth-planet direction) is lg times this last quantity. Thus the
A

spectral irradiance at the earth due to the portion of sunlit hemisphere

of the planet which is viewed from the earth is:



2l

5 T
1 a2 RE—S m 2
fx(a) = ;Fﬁf HSX J J“ px(eo,¢o,6,w,t)coseocosﬁmnndnd;
p-s n=0 tTa-3 (29)

Substituting for fk(a) in Equation (26), we obtain:

SIE]

T
2 o
A == J J J pA(eo,¢o,6,w,t)cos60c05651nn51nadadndC (30)

o=0 n=0 C=a—%

and finally substituting from (21) and (22):

U
m i 2
A =2 0.(6 ;0 ,0,y t)cochos(C—a)sin3nsinadadnd§
Ao . Ao’ T
@=0 m=0 t=eg (31)

Equation (31) indicates that the Bond planetary albedo represents
a measurement to which only certain selected values of bidirectional
reflectance pA(60,¢o,e,w,t) contribute. It is obtained by integrating
over:
1. All phase angles, o.
2. That part of the sunlit portion of the planet which can be
seen from the observation points at the angles a.
3. A period of time at least as great as the time required to
achieve all phase angles 0 < o < .
Finally, we note that the Bond albedo is an approximation in that
it assumes that the reflectance of the planet in any direction at angle o
to the line 0S (see Figure 5b) is the same as that measured at the phase
angle a in the direction OE. This may accidentally be so; otherwise
this assumption is valid for a rotatihg planet such as the earth only
if the surface of the planet is homogeneous with perfectly diffuse re-

flectance, 1.e., only if pk(80,¢0,6,¢,t) =0y 58 constant. In this
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very special case, the Bond definition (31) and the precise ‘definition

of albedo (19a) will vield the same result, A, = o, and the phase func-

A

tion ‘bx( a) becomes:

sina + (m-a) cosa
T

¢>\(0L)



ITTI. A REVIEW OF RESEARCH RELATED TO EARTH'S ALBEDO

A. EARTH'S ALBEDO FROM MEASUREMENTS OF EARTHLIGHT ON THE MOON +>

Part of the moon's surface facing the earth, which is not directly
illuminagted by the sun, is illuminated by light reflected to the moon
by the earth, Although this part of the moon is only feebly illuminated,
it is visible during most of the month. Measurements of this faint
"earthlight" can be used to calculate earth's albedo in the visible
according to Bond's definition of planetary albedo. Measurements of
this type have been made and reported on by Danjon,9 Dubois,:LO Bakosll
and others.

Details of the experimental technique and the method of data analy-
sis are discussed in Appendix A. The results obtained are summarized
below in Table 1, which indicates a long-term average photometric
albedo of 0.40 and demonstrates that the proper model of the earth for
albedo purposes has the following characteristics:

1. It is nonhomogeneous as indicated by diurnal variations and a

reflectance of continental areas greater than of ocean
areas.

2. Its albedo is spectrally dependent as demonstrated by the
relatively large spectral variation over the small wavelength
range already measured.

3. Its reflectance is of a nondiffuse nature. Comparison of the
Danjon phase function with that corresponding to the ideal

diffuse rose (Figure 6) shows this to be so.
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TABLE 1
EARTH'S ALBEDO FROM MEASUREMENTS OF EARTHLIGHT ON THE MOON

Photometric Albedo (A = 0.554 micron)

10-Year average@ Ay = 0.40
Yearly averages?P 0.37 < Ay < 0.4k

Phase Function (A = 0.554 micron)®

o 0 2 0 3
o (a) - 2 512- [1.30 o5 0.19 (W) + 0.L48 (Eo') ]
\ .

Spectral Variationb

A 0.467 0.54k 0.606

AA 0.48 0.39 0.315

Seasonal Variationsa’c’d
Albedo Maxima: Spring and Fall
Albedo Minima: Summer and Winter

Diurnal and Other Variations

1. Diurnal variation with maximum albedo over Asian continent.
Probably due to higher average cloud cover over Asia.C

2. Reflectance of continental areas must be greater than that
of ocean areas.C

3. Earthshine approaches maximum as a minimum activity of the
solar cycle approaches and then decreases rapidly right after
the minimum of solar activity.

Limitations of Technique

1. Accuracy limited by light scattering in earth's atmosphere
and measurement over only a limited range of phase angles.

2. Measurements made from within 28.5° of the plane of the earth's
equator. It would be desirable to measure from other direc-
tions in space as well.

3. Measurements made over only a small portion of the spectrum
(0.467-0.606 micron) instead of 0.2-4.0 microns.

L. Telescopes used in measurements of Danjon9 and Duboisll were
located in France and their data do not necessarily apply
to the earth as a whole.l? New measures at other longitudes
are necessary.

a'Da,n,jon.g

bAngstrom,13 from Danjon's data.
c 10
Bakos.

dDubois.ll
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Figure 6. Comparison of Danjon's phase function with that of a perfectly
diffuse homogeneous earth.

B. EARTH'S ALBEDO MEASUREMENTS FROM SATELLITES AND SPACECRAFTHL_29

Measurements of earth reflectance (or earth albedo) have been made
from the Explorer VII sa’cellite,lLL the TIROS and NIMBUS meteorological

1,15 and the Mariner 2 spacecraftl6 on the flight to Venus.

satellites
The instruments used were of several types, differing in spatial

and spectral resolution, and providing measurements of different signifi-

cance. Details of the experimental techniques and data analysis problems

are discussed in Appendix B. The results obtained are summarized in

Table 2. Long-term average values of earth albedo of 32-35% are in-
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TABLE 2

EARTH'S ALBEDO MEASUREMENTS FROM SATELLITES AND SPACECRAFT

Earth's Albedo

0.35
0.322

6-Month average® A
1-Year averageD A

Phase Function

Some data in reasonable agreement with Danjon's phase function.

Spectral Variation

No data

Seasonal Variations

Albedo maxima: Springa and/or Fallb

Latitude Variations®’

Meridional profiles averaged over the globe show slight maxima
at the equator, minima at the subtropical belts and increasing
values with latitude up to 60° latitude.

Diurnal and Other Variationsc

1. Diurnal variation with bright spot in Atlantic near eastern
South America.

2. Semiperiodic 5-6 day variation.

3. Reflectance of land areas 1.41 times greater than reflectance
of ocean areas.

Limitations of the Satellite and Spacecraft Experiments

1. Isotropic (diffuse) reflectance assumed.®»P

2 An earth, homogeneous, in constant latitude belts is assumed.a’b
3. Sampling errors are ignored.®»P

L. Data limited to 60°N-60°.%sP
5

Annual albedo adjusted to fit heat balance estimated from
8-12y channel data.P

aHouse2
bBandeen, et al.

cWildey16
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dicated. Additional data supporting the nonhomogeneous nature of the
earth's reflectance is indicated, although in two of the experimentsl’2
data is analyzed as though the earth is homogeneous in constant latitude
belts. Earth reflectance is generally assumed to be diffuse in the

analysis of satellite experiments;, thus, appreciable errors may be in-

troduced into the data.

C. REFLECTANCE OF THE EARTH'S ‘SURFACE3O_LL6

Although it is possible to define the reflectance of a surface
element quite precisely in terms of the spectral bidirectional reflec-
tance px(eo,¢o,e,¢), it is an extremely rare case for which we have
sufficient information about this quantity. In order to calculate the
reflectance of a given surface element we must not only know
pA(eo,¢o,6,¢) for all values of wavelength, incident direction, and
direction of reflection but must also know the spectral and directional
distribution of the incident radiation as well. Knowledge of the latter
is often as difficult to come by as is knowledge of former.

The earth's surface is not homogeneous, it is composed of many

30) be

different types of materials which can (after Kon drat' yev
divided into four general classes, i.e.,

1. Soils and rocks

2. Vegetation

3. Water basins

4. Snow and ice

Appendix C is a summary of earth surface reflectance data. Data
on spectral dependence, angular distribution of reflectance, total re-

flection, dependence on conditions of illumination, and dependence on

other parameters, i.e., roughness, time of day, growing season, etc.,



28

have been gathered together in this appendix in the form of figures and
tables, with interpretation of the data as necessary.

A condensed summary of this data is contained in Table 3, leaving
no doubt that the earth's surface, in itself, is nonhomogeneous with

nondiffuse spectrally dependent reflectance.

D. THE REFLECTANCE OF CLOUDSLV-{-52

The reflectance of clouds is an extremely important factor in the
evaluation of earth's albedo, since as much as 75% of the reflected
solar radiation may be due to cloud reflectance. It is difficult to
obtain accurate reflectances to apply to a practical situation, since
cloud reflectance depends on so many factors, i.e., cloud type, cloud
thickness, cloud height, the reflectance of the earth beneath the cloud
and solar elevation angle.

Again detailed cloud reflectance data has been compiled. It is
contained in Appendix D. Spectral reflectance, angular distribution
of reflectance, and total reflectance are discussed. A condensed sum-
mary is contained in Table 4. As far as clouds are concerned, a proper
model of the earth for albedo purposes is nonhomogeneous with nondiffuse

spectrally dependent reflectance.

E. THE SCATTERING OF SOLAR RADIATION BY AIR MOLECULES AND AEROSOLSS3_7O

Solar radiation from the sun decreases in intensity as it passes
through the "clear" (hazy or noncloudy) sky. This decrease in intensity,
called "extinction," is due to scattering and to absorption by aerosols
and the molecular gases. The absorbed energy may appear later as thermal
radiation and is not of concern as far as earth's albedo is concerned.

Some of the scattered energy is returned to space directly after single
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scattering, or ultimately after multiple scattering by air molecules
and aerosols and/or reflection from earth surface features and scatter-
ing from clouds. It is this radiation, scattered and reflected back
out into space which constitutes the earth's albedo.

The complete scattering problem, which involves multiple scatter-
ing by air molecules and aerosols plus reflection from earth surface
features and scattering from clouds, is not solved in all of its detail
and is even difficult to formulate. However, various approximations
to the problem have been considered and a large volume of literature
discussing various aspects of the problem does exist. The results of
a search of the literature are given in Appendix E. A condensed summary,
is given in Table 5. Although it cannot be said that solutions for the
real atmosphere exist, it is apparent that such scattering is wavelength
dependent with large forward scattering effects, i.e., bright horizons
decreasing in intensity with decreasing solar zenith angle. A clear
atmosphere itself would contribute approximately 7% to the earth's
albedo.

Although the main factors determining the nonhomogeneity of the
earth are clouds, land, and sea areas, it is possible that differences
in aerosol content from one part of the atmosphere to another also
contribute to this characteristic.

The nondiffuse nature of reflectance of the earth's surface features
and clouds will be somewhat modified by the passage of the reflected
radiation through the atmosphere. In addition, the atmospheric scatter-
ing will add to the nondiffuse nature because of the basic nonisotropic

nature of the scattering process.
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The spectral dependence of the reflectance of earth surface features
will be combined with the spectral dependence of the scattering processes

to determine the overall spectral albedo of the earth.

F. ESTIMATES OF EARTH'S ALBED071-87

The information discussed above, the measurements of earthlight re-
flected from the moon, the satellite and spacecraft measurements of re-
flected solar radiation, the reflectance of earth's surface features, and
the scattering of solar radiation by air molecules, aerosols and clouds,
all contribute to our knowledge of the nature of the earth's albedo,
however, they do not serve to precisely define its value.

Attempts to synthesize available information into an average value
of earth's albedo have been made by meteorologists interested in the heat
valance of the earth. Details of some of these are contained in Appendix

71

F. Table 6, taken from Angstrom,13 with London's data added, summarizes
these attempts. Note that modern estimates of earth's albedo (since
1948) fall in the range of 0.33-0.38, compared with values estimated from

satellite and spacecraft measurements of 0.32-0.35.

G. DISCUSSION: MODELS OF THE EARTH FOR ALBEDO PURPOSES

It is apparent from the above summary, that several models of the
earth are being used for albedo purposes. Astronomers use a model which
differs from that of meteorologists. Spacecraft experimenters use s
still different model.

The measurements of the astronomers are interpreted in terms of Bond's
definition of planetary albedo. Photometric (visible) albedo only is
discussed. This definition assumes that the earth has a homogeneous sur-

face with perfectly diffuse reflectance; however, the phase function ob-
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TABLE 6

SUMMARY OF EARTH ALBEDO ESTIMATES

Ground + Planetary Photometric
Author Tear Clouds Atmosphere Albedo Albedo
T2
Abbot & Fowle 1908 0.65 0.37
Aldrich”® 1919 0.78 0.17 0.43
Simpson73 1928 0.74 0.17 0.43
Baur & PhilipsTh 1934 0.72 0.085 0.415
Fritz '’ 1948 0.47-0.52 0.17 0.347 0.39%
76

Houghton 1954 0.55 0.135 0.3k

71 ‘
London 1957 0.50 0.134-0.173 0.35

. 13 a
Angstrom I 1962 0.46 0.195 0.33 0.39

.. 13
Angstrom II 1962 0.55 0.195 0.38 0.43

aDanjon later changed this value to 0.40.
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tained and the diurnal and seasonal variations noted are not consistent
with this assumption.

The model of the earth considered by meteorologists considers only
meridional variations. Equatorial symmetry is assumed on a yearly average
basis. Seasonal variations are considered but diurnal and yearly varia-
tions are not.

The satellite measurements of House2 and Bandeenl used the meteor-
ologists model having meridional variations only, with the additional
assumption of diffuse reflectance. Seasonal variations were noted.

It seems to be quite obvious that a more precise model of the earth
should be used for albedo purposes. This model should allow for diurnal
seasonal and annual variations,and should consider the spectrally de-
pendent nondiffuse nature of the reflectance and scattering of solar
radiation by the earth and its atmosphere.

Additional new data, obtained on high altitude balloon flights, demon-
strating the nonisotropic nature of the earth's reflectance will be pre-
sented in the next section. Finally the nature of a precise model of

the earth for albedo purposes will be indicated.



IV. BALLOON FLIGHT MEASUREMENTS OF EARTH REFLECTANCE

A. INTRODUCTORY NOTES

Radiometers of the same type as the five channel radiometers flown
on the TIROS and NIMBUS satellites have been flown on a series of high
altitude balloon flights by members of The University of Michigan's
High Altitude Engineering Laboratory, as a part of a research and
development program in support of the NASA Goddard Space Flight Center's
(GSFC) Meteorological Satellite Program.

The philosophy of this ballon flight test program is the following.
Perhaps the most important factor in the interpretation of the data
measured by a radiometer (actually any instrument used for scientific
data gathering) is an intimate detailed knowledge of its operational
characteristics, a thorough understanding of which is best obtained by
frequent, careful calibrations. Ideally, the calibrations would be made
under the same environmental conditions as experienced by the instrument
when it is used for data taking, i.e., for these radiometers, under near
space conditions. Also, it is desirable to make calibrations both before
and after flight data are obtained, and indeed, if possible, during
the flight. This was not possible for the satellite-borne
radiometers during the early phases of the meteorological satellite
program and accordingly, the balloon flight program was initiated for
this purpose.

The TIROS five-channel radiometer 103A and the NIMBUS MRIR F-1 and
F-4 radiometers have been flown a number of times on high altitude bal-
loon flight tests. The results of an extensive series of calibrations
of the visible channels of these instruments are discussed in technical

reports.27’88

36
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Additional benefits have been obtained on those occasions when
measurements were made simultaneously by instruments on the balloon and
by similar measurements on a satellite orbiting overhead, since a compari-
son of balloon and satellite measurements can help in the interpretation
of the satellite measurements. Some of these results have also been
reported.22’89

Finally, the radiation measurements made by these instruments are
of great interest in themselves for what they tell us about atmospheric
radiation processes. Of particular interest for this paper are the meas-
urements of scattered and reflected solar radiation which help to show
the nonhomogeneous nature of the earth as a reflector of solar radiation
and also show the nonisotropic wavelength dependent nature of the reflec-
tance of the earth's atmosphere and surface.

The data that will be presented was obtained on three balloon flights.
The dates of these flights and the radiometers used for the measurements

on these flights are:

2 June 1962 TIROS #103A Five-Channel Radiometer

TIROS #103A Five-Channel Radiometer

26 June 1963 NIMBUS F-1 MRIR

10 March 1965 NIMBUS F-4 MRIR

B. THE BALLOON FLIGHT MEASUREMENT SYSTEM

A typical balloon flight configuration for the radiometer test flights
is shown in Figure 7. The gondola which carries the radiation measuring
instruments hangs at the end of a long load line, the length, ¢, of which
is determined by the reqQuirement that the sun shine directly on the gon-
dola at all times of the flight. Thus the length used is slightly greater

than the value of 4 given by:
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r

rrrdie tanes (min)

where es(min) is the zenith angle of the sun at local noon. Typical
values of r, h and & which have been used are 100, 92, and 250 feet, res-
pectively. In addition to the payload recovery parachute and flashing
red light shown in the figure, other balloon control equipment may be
hung on the load line. The radiometers, power supplies, control devices,
auxiliary measuring sensors, and telemetry equipment are carried in the
gondola.

Figure 8 is a photograph of the balloon gondola used on the 2 June
1962 balloon flight, shown suspended from the back of the launching truck.
The TIROS five-channel radiometer projects from the balloon gondola on the
left and a 70 mm aerial camera, boresighted with the radiometer, is on
the right. Another 70 mm camera, looking vertically downward, is in the
front of the gondola.

The TIROS radiometer and its associated camera were mounted on the
ends of a horizontal shaft. When the shaft was rotated, the field of
view of the radiometer and camera moved in a conical scan (60° cone
half angle) across the surface of the earth from horizon to horizon.

At the top of the gondola was a circular ring with a set of photo-
cells for the measurement of the azimuth of the shaft with respect to
the sun. The sun's azimuth and elevation¥are known accurately as a
function of time.

The geometry of the radiation measurements is exactly that shown
in Figure 1, so that when measurements are made, information aboug bi-

directional reflectance patterns, or scattering patterns, is obtained.
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Balloon

A |~ Load Line

< Flashing Red Light

-— Parachute

<— Gondola

Figure 7. Balloon flight configuration.

Figure 8. Balloon gondola used on 2 June, 1962 balloon flight.
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The instrument arrangements for the other balloon flights was
similar to that shown in Figure 8. When the NIMBUS MRIR was used, it
was mounted on the gondola in such a fashion that, with a motionless
gondola, it would scan the earth from horizon to horizon, in a vertical
plane. When the gondola rotates, its azimuth data must be considered
in the calculation of reflectance and scattering patterns.

The balloon gondola does not hang vertically beneath the balloon
during the ascent portion of the flight. However as it approaches its
float altitude and begins to move with the wind, it assumes a position
vertically beneath the balloon and provided its suspension system has
been adjusted properly, a well defined coordinate system is obtained.

An FM-FM telemetry system was used to transmit data to a mobile
telemetry ground station. The airborne portion of the system consists
of up to about 12 voltage controlled oscillators, a mixing amplifier,

a two watt transmitter and a crossed dipole antenna system. The
telemetry ground station is built into a bus. Antennas and a pre-
amplifier are located on the roof of the bus, and receivers, FM dis-
criminators, direct writing recorders, tape recorders, A-D conversion
equipment with paper tape punch and flexowriter print out, WWV receiver,
and standard time code generator are located inside of the bus. The
airborne unit and ground station are shown in Figures 9 and 10 re-
spectively.

The airborne antenna is mounted in a horizontal plane, beneath a
horizontal reflector, under the balloon gondola and radiates quite uni-
formly in all directions below and to the side of the balloon gondola.
The maximum range of the telemetry is determined by the horizon as

viewed from the gondola. When the balloon is at 115000 feet altitude,
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Figure 9. Photograph of airborne telemetry unit and equipment program-
ming unit.

the horizon is about 425 miles away. With the ground station built into
a bus, the length of a flight, for which data can be received, is in-
creased by moving the bus along the road in the same direction as the
balloon is traveling. Data can be received and recorded without dif-
ficulty as the bus moves over modern roads at speeds up to 50 mph. When
the bus is moving, a corner reflector, steerable in azimuth from inside
the bus, is used. When the bus is standing still, a bifilar helical
antennae can be used on top of the bus.

The accuracy of the telemetry system is about 0.5% of full scale
for low frequency signals of the radiometer type. This accuracy is
checked and maintained by two independent 5-point calibration units with
which the telemetry system is calibrated at S5-minute intervals before,

after, and throughout the flight. This 0.5% accuracy in the telemetry
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is better than the accuracy of calibration of the radiometer and thus
does not significantly limit the data accuracy.

An electrical control system for equipment on the balloon gondola,
deriving a program of electrical signals for operation of all equipment
on the gondola from a basic timing unit, is also carried on the gondola.
One of these systems is also shown in Figure 9. A typical flight program
is outlined schematically in Figure 11. The time sharing of signals on
each telemetry channel is indicated. Housekeeping functions which are
monitored are indicated in the lower portion of the figure.

The basic power supply for the balloon gondola is a number of sets
of Yardney silver cell batteries, with solid state voltage regulators
where necessary. The mobile telemetry ground station has two 5 kw, gas-
oline motor driven 60-cycle generators. Commercial power can be used

when the bus is standing still.
C. RADIOMETER MEASUREMENTS: CALIBRATION AND INTERPRETATION

1. Calibration of the Radiometers

The method of calibrating the TIROS and NIMBUS medium resolution
radiometers is discussed in Appendix B. A calibration curve is made from
pairs of values of radiometer output voltage, Vc’ and values of the
effective radiance of the calibration source, Né, where:

! -
N! JO N_, ¢, dA

Usually, the interpretation of radiometer voltage readings is made in

terms of % reflectance



PROGRAM OF FUNCTIONS AND SIGNALS FOR BALLOON FLIGHT 8

PROGRAM LEDEX WAFER POSITIONS (15 SECONDS EACH)
1 23456789101 121314151617 18 1920 2122232425 2627 28 2930 31 32 3334 35 3637 38 39 40 41 424344 45 4647489950 51 5253 54555657 5859

+,75 TO 42.50 VOLT PULSES

+.00 TO +1.75 VOLT PULSES .
[6] +0.50 TO +.00 VOLT PULSES '

-0.5 VOLTS ]

-1.5 VOLTS

-25 VOLTS

[5] JPL ANALOG SIGNAL
CALIBRATION =25 TO +2.5 V.

[B] JPL DIGITAL SIGNAL
CALIBRATION -25 TO +2.5V.

SIRS CH.1 899 CM’
SIRS MONITORS
220 CAMERA

[,] MRIR MONITORS
THERMISTOR GROUP *|
THERMISTOR GROUP *2
CALIBRATION O TO -5 V.

SIRS CH.2 709 CM™'
SIRS MONITORS
P-2 CAMERA

(7] MRIR MONITORS .
THERMISTOR GROUP *)
THERMISTOR GRouP *2
CALIBRATION O TO -5V.

SIRS CH.3 703 cM™
:::: ..ou.?‘é’.{s“" THE BASIC TIME INTERVAL IS |5 SECONDS.

[e] JPL THERMISTOR THE INFORMATION ON CHANNELS 1,7,8,9,10,11,12, 8 13 IS
JPL REFERENCE REPEATED EVERY 5 MINUTES WHILE THE INFORMATION
CALIBRATION O TO -5 V. ON CHANNELS 5 & B IS REPEATED EVERY 10 MINUTES

AND THE INFORMATION ON CHANNEL 6 IS REPEATED
SIRS CH.4 697 CM™' EVERY 15 MINUTES THROUGHOUT THE ENTIRE FLIGHT.
MRIR 10-11p

[9] MRIR MONITORS
ZERO VOLTS
CALIBRATION 0 TO -5 V.

SIRS CH.5 691 CM™
MRIR 14-16p

fi9 MRIR MONITORS
ZERO VOLTS
CALIBRATION O TO-5V.

SIRS CH.6 677.5 C™M'
MRIR 5-30k

[ MRIR MONITORS
ZERO VOLTS
CALIBRATION 0 TO -5V.

SIRS CH.7 669 CM™'
MRIR 0.2-4u

[i2) MRIR MONITORS
ZERO VOLTS
CALIBRATION 0 TO-5V.

[IS] PHOTOCELLS
CALIBRATION 0 TO+5V.

EXPLODED VIEW OF A | I I
IS SECOND CALIBRATE OR gl M |

L | |
| T J|—

MONITOR INTERVAL
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Figure 11. Instrument operation program for 10 March, 1965 balloon
flight.
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Vo ¢ = 2 (33)
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Thus it is necessary to know accurately the value of NCA of the source
over the spectral range of the channels (0.2-4.0 microns). In additionm,
the source should have uniform radiance NCA over the entire area within
the radiometer field of view. The intensity of the source should be vari-
able in magnitude, so that values of Né covering the necessary range
can be obtained. At any intensity setting, the source should be stable
for a length of time suitable for the calibration.

The sources for the calibration of the visible channels qf the
three radiometers used for the balloon flight measurements are described

27,88,90

in detail in technical reports. The sources (a,b,c,d,e) are
shown schematically in Figure 12.

Source a was developed at NASA GSFC for TIROS radiometer calibra-
tion. Source b is used at the Santa Barbara Research Center (SBRC)
for NIMBUS MRIR calibrations. Sources c¢, d, and e have been used for
calibrations at The University of Michigan, and represent a develop-
ment sequence to arrive at the most suitable source e. The character-
istics, advantages, and disadvantages of each source are given in the
technical reports noted above.

Calibrations of each radiometer were carried out several times
over a long interval of time during which the balloon flights were
made. This calibration data is given in Figures 13 to 18.

Calibration curves for the TIROS radiometer #103A are shown in

Figures 13 and 1Lk. The data was taken at GSFC in 1961 and 1962 with

source a, and at The University of Michigan in 1964 with source e.
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a) GSFC CALIBRATION SOURCE
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b) SBRC CALIBRATION SOURCE

Figure 12. Calibration sources.
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All sets of data for the 0.55-0.75-micron channel (Figure 13) agree reason-
ably well. The calibration curve is extrapolated linearly above L46% re-
flectance. The 1964 University of Michigan data for the 0.2-5.5-micron
channel (Figure 14) disagree with the data taken at GSFC in 1961 and 1962,
The University of Michigan 1964 data are thought to be more reliable and
have been used as for analyses of the 0.2-5.5-micron data. The reason
for the discrepancy in the two sets of calibrations may be due to un-
certainties in the reflectance of the Kodak white paper in the GSFC cali-
bration source.90
Calibration curves of the F-1 MRIR radiometer are shown in Figures 15
and 16. Calibrations were made over the time between November, 1962
through June, 1964k, For the 0.55-0.85-micron channel no two calibrations
agree. Inspection of the optics of the radiometer in June, 1964, showed

91

that the filter for this channel had deteriorated badly. The November
1962 calibration data was used for the analyses of data from this channel
of this radiometer. It is reasonably close to average of all sets of
calibration data. However, it should be kept in mind that the data from
this channel of the F-1 radiometer may be in error because of the de-
terioration of the filter. Calibration curves for the 0.2-L.0-micron
channel of this radiometer show excellent agreement. An average calibra-
tion curve was used.

Calibration curves for the 0.2-L4.0-micron channel of the F-4 MRIR
radiometer are shown in Figures 17 and 18. The SBRC data shown in Figure
17 are in agreement within the accuracy expected. The average of the

4 SBRC calibrations cannot be distinguished from the average of the three

University of Michigan calibrations.
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A discussion of the experimental errors which are possible in mak-
ing the calibrations is contained in Reference 27. Although the
precision should be 2% or better, possible systematic errors as
large as 8% may exist because of inaccuracies in the secondary standard
thermopiles used in the calibrations. In addition significant errors
may arise in the interpretation of the radiometer data. This topic will

be discussed next.

2. Interpretation of the Radiometer Data

The values of reflectance measured by the visible channels of the
medium resolution radiometers differ from the actual earth reflectances
which we desire to measure, as follows. Assuming normal incidence, we

want to measure:

1

p = ~ (34)
1
T IOHSA dA

We actually measure:

1 ) co .
T J Py Hsadydr J Nea®y @
0 0
b= = = — (35)
1 1
i J HsA¢AdA T J Hsk¢kdx
0 0

In addition to calibration errors, which relate to the substitution of

J N ,0, &

for
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We have the error in interpretation due to the fact that we have measured
a welghted average reflectance using the weighting function st¢x instead
of HsA'

Weighting functions for the visible channels of the TIROS #103A five
channel radiometer and the F-1 and F-4 MRIR radiometers are shown in Figures
19 to 22.

The weighting functions of the narrow band channels emphasize the
spectral range of 0.55 to 0.75 micron, see Figures 19 and 21, and especially
the narrow band channel of the TIROS radiometer which places particularly
great emphasis on the 0.58-0.60-micron region. It is apparent that the
reflectances measured with these narrow band channels cannot be inter-
preted as total reflectances (i.e., over the 0.2-4.0-micron range), as
was doune by Bandeen.l Also it is apparent that different results may
be obtained with the narrow band channels of the two tvpes of radiam-
eters Dbecause of the emphasis of the 0.58-0.60-micron region and the
additional spectral region of response (1.2-2.8 microns) of the TIROS
#103A radiometer.

The weighting functions for the wide band channels, which are shown
in Figures 20 and 22, are similar to the function st' The weighting
function of the NIMBUS F-4 MRIR places relatively greater emphasis on
the & > o micron region.

Finally, in regards to the interpretation of the radiometer data,
it is important to keep in mind that the quantity measured is a bidir-
ectional reflectance. The assumption that the surface is a diffuse re-
flector will often lead to error. It is absolutelyv necessarv to make
measurements at all angles of incidence and reflectance to correctly

evaluate earth reflectance data.
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These two important factors connected with the interpretation of
radiometer reflectance data will be discussed more completely in regard

to the radiometer data taken on the high altitude balloon flights.
D. DATA OBTAINED ON THREE FLIGHTS

1. The 2 June, 1962 Balloon Flight

The 2 June, 1962 balloon flight was launched through a layer of low
altitude clouds at 1034 GMT (OL34 CST), from Sioux Falls, S. D. (L3.L°N-
96.7°W). It floated at an average altitude of 113000 feet (34 km) for
about 13 hours above various types of cloud cover. The altitude vs.
time curve and a trace of the balloon trajectory are shown in Figures 23
and 24. The flight was terminated at 0120 GMT, 3 June 1966; parachute
recovery of the balloon gondola was successful.

The various types of cloud cover viewed by the radiometer on this
flight are shown in the four pictures of Figure 25. A summary of the
types of clouds viewed by the radiometer is given in Table 7. The re-
flectance data obtained is difficult to analyse when the clouds viewed

are nonhomogeneous as in the last three cases of Table 7. It is only

TABLE T

CLOUD COVER VIEWED BY RADIOMETER, 2 JUNE,l96é BALLOON FLIGHT

Sun's Elevation

Time, GMT Cloud Type Degree

1034-1300 Stratocumulous, 2000 ft thick 0-22
tops at about 6000 ft

1300-17kL5 Cirrus above stratocumulous 22-68

1745-2000 Broken cumulus 68-56

2000-0100 Cirrus above scattered cumulus 56-10
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when the cloud surface is quite uniform and homogeneous, as it was up

to 1300 GMT; so that the radiometer field of view is completely filled
by the same type of cloud surface, that the data is well enough defined
to plot a scattering pattern. At the same time, the gondola motion in
azimuth combined with the conical scan of the radiometer must be such
that data covering a wide range of scattering angles is obtained. Such
data was obtained in four 4O-sec intervals at 1157, 1215, 1233, and 1251
GMT. Even then, it was necessary to eliminate portions of the data ob-
tained when wispy cirrus or shadows of wispy cirrus came into the field
of view. This data, plotted as a function of the scattering angle B8,

is shown in Figures 26 and 27 for the 0.55-0.75-micron and 0.2-5.5-micron
channels of the radiometer, respectively.

Stratocumulus Cloud Reflectance

Data was obtained for scattering angles, B, of 50-1L45°. The curves
are similar in shape to the scattering patterns derived by Deirmendjian
for single scattering from a water cloud with realistic size distribution
(see Figures 100 and 101, Appendix D). There are maxima of scattering
at low scattering angles and at high scattering angles, with a minimum
at B equal to 110-120°. There are indications of a fogbow at about 135°.
There is a certain amount of scatter in the data, which is probably due
to nonuniformities in the cloud structure (i.e., composition and thick-
ness).

There is an indication of a slight increase in forward scattering
and a slight decrease in backscattering with increasing time (i.e., in-
creasing sun elevation angle). However, because of insufficient knowledge
about the exact cloud thickness and physical characteristics during this

time interval, it is premature to say that the increase in forward
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scattering and decrease in backscattering is caused by the increase in
sun elevation angle.

Average curves for each of the channels are shown in Figure 28.

They are essentially the same within the accuracy of the radiometer meas-
urements, so that it is reasonable to take an average as representative
of the scattering pattern of stratocumulus clouds, over farmland, 1000 to
2000 feet thick with top at about 6000 feet. This average of the radiom-
eter data for stratocumulus clouds is shown in Figure 29, with Deirmend-
jian's calculation for single scattering in a water cloud model for com-
parison. While the single scattering model does not produce the inten-
sity of the actual cloud scattering, the qualitative agreement of the
functional relationship should be noted, even to the existance of the
maximum of the curve at B = 136° (i.e., the fogbow). This angle is

less than the theoretical angle of 143° for A = 0.70.

Since data was obtained only for 50° < B < 145° the curve has been
extrapolated from 50° to 0° and from 145° to 180° using the theoretical
curve as a guide. This final curve, also shown in Figure 29 is a final
estimate of the scattering pattern of a stratoculumulus could for high
solar zenith angles (70-80°). A three-dimensional model of this scatter-
ing pattern is shown in Figure 30. 1In thié figure, the flat circular
disk represents the top of a flat cloud. Solar radiation is incident from
the right at an elevation angle of 20°. The spike in the scattering pat-
tern pointing to the right is backscattering. The fogbow is the next
"scallop" in the pattern. The large amount of forward scattering is shown
at the left. The truncation of this forward scattering is merely due to
the limit in the size of the model. The small bow in the center of the

pattern may possibly be due to noise. Deirmendjian's calculations show
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Figure 29. Comparison of experimental measurements of bidirectional

reflectance of stratocumulus cloud with theoretical single scatter-
ing pattern of water cloud model.
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that the bow exists at 5.5 miecrons but not at lower wavelengths.

Note that the complete scattering pattern is a figure of revolution
having the ray of incident solar radiation as axis, and that the bireflec-
tance pattern of the cloud is obtained by merely cutting the scattering
pattern with a plane, as in Figure 30, so that the correct angle of in-
cidence is obtained. Thus it is obvious, that the total directional re-
flectance of such a cloud is a function of the elevation angle of the
sun, and can be calculated by integrating over the hemisphere above the
plane.

This has been done for the scattering model shown in Figure 30 with
the result shown in Figure 31, which shows total directional cloud re-
flectance as a function of the solar angle of elevation. The total
directional reflectance has a minimum value of 58% at a solar elevation
angle of L0°, and a maximum of 85% at 0° elevation angle. These results
are in good agreement with those of other experimenters (see Section
III-D); i.e., Neiburger obtained total reflectances of T0-80% for a
1800 feet thick stratocumulus cloud (solar elevation angle not noted).

Reflectance Scatter Diagrams

Although the data for much of this balloon flight cannot be used
to plot bidirectional reflectance or scattering diagrams, it does pro-
vide some information about the spectral dependence of reflectances
measured. Values of the radiometer measurements taken simultaneously
by the two channels of the radiometer are plotted in a modified scatter
diagram in Figure 32, i.e., the ratio of the bidirectional reflectance
of the wide band channel, pl, divided by the bidirectional reflectance

of the narrow band channel, pl, is plotted vs. pl.
5 5
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The data samples were taken at L4.5-minute intervals throughout the
day, so that the diagram shows samples of data taken at different scatter-
ing angles and for different cloud conditions. The diagram shows that
for the most part channel 3 (0.2-5.5 microns) reflectances are greater
than channel 5 (0.55-0.75 micron) reflectances, with the ratio being
approximately equal to 1 at high reflectances and as high as 2 for low
values of reflectance. This diagram provides additional evidence that
the narrow band channel data cannot be used for earth albedo calculations,
and that if it is so used a value of earth's albedo which is too small
will be obtained (as was obtained by Bandeenl). Given Bandeen's data
a correction factor for his earth's albedo could be calculated from a
curve such as shown in Figure 32.

In Figure 33 the reflectance ratio is plotted as a function of
time during the balloon flight. A general description of the scene
viewed is given along the bottom of the figure for correlation with
the reflectance ratio. When the radiometer views the stratocumulus
cloud, the reflectance ratio is very close to 1. However, early in the
morning when the sun is at a very low elevation angle (< 8°), the
ratio is considerably less than 1; and late in the day, when the radiom-
eter is looking through scattered clouds at the earth, the ratio is much
greater than 1. This change of the ratio during the day is consistant
with a spectral distribution containing primarily short wavelength
scattered radiation in the morning, roughly equal intensities at all
wavelengths when looking at stratocumulus with the sun above 8°, and
increased reflectance at wavelengths above 0.75 micron when looking

at the earth through scattered clouds in the afternoon.
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2. The 26 June, 1963 Balloon Flight

The 26 June,1963 balloon flight was launched at 1057 GMT from Sioux
Falls, South Dakota. It flew over cloudless skies at a height of 112000
feet until 1730, approximately. The sky then gradually became cloudy
and at 1950 GMT the balloon flew over a large storm system with very high
clouds. The flight was terminated at 0015 GMT, 27 June; parachute re-
covery was successful. The altitude vs. time data and a trace of the
balloon trajectory are shown in Figure 34. The data has not yet been
analyzed for geometrical dependence of reflectance. However, this will
be done in the near future. A reflectance ratio study has been made.

Reflectance Scatter Diagrams

Curves of the reflectance ratio oé/pé vs. p! for this balloon

p)
flight, were plotted for both the TIROS #103A and MRIR #F-1 radiometers.

They are shown in Figures 35 and 36, respectively. They show a functional
relationship similar to that shown by the TIROS #103A radiometer on the

June 2, 1962 balloon flight, with pé > pé for low values of pé and

p! ¥ p! for high values of p The TIROS radiometer data show

5

3 P
pé/pé = 1.0 at p% = 90, whereas the NIMBUS radiometer data show the
ratio = 0.8 at this value of p!. The difference may be due to calibra-

p)

tion errors (recall that the calibration of the narrow band channel of
the F-1 radiometer is uncertain because of filter deterioration). At
any rate the data bear out the conclusion that the narrow band channel
data cannot be used to infer earth albedo values without the use of a
correction factor derived from curves such as Figures 35 and 36.
Reflectance ratios have been plotted as a function of time for this
balloon flight in Figures 37 and 38. Again the general nature of the

terrain viewed is indicated at the bottom of the figure. When the radiom-
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Figure 35. Reflectance diagram, ratio pé/pé Vs
balloon flight, TIROS #103A radiometer.
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Figure 36. Reflectance diagram ratio p!

3/pé vs. p! for 26 June, 1963
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eters view the high clouds at the end of the flight the reflectance ratio
is close to 1. However, for clear sky conditions earlier in the flight,
the ratio is as high as 3.5, due to the fact that the reflectance of the
earth is greater in the long wavelength region. The ratio for clear skies
decreases with increasing sun angle as we should expect, because of a

decrease in scattered short wavelength radiation.

3. The 10 March, 1965 Balloon Flight

The 10 March, 1965 balloon flight was launched at 1210 GMT (0610 CST)
from Sioux Falls, S. D., and floated at an altitude of 107000 feet for
about 7 hours above terrain which was 25-90% covered with wind blown snow.
The altitude vs. time curve’and a trace of the balloon trajectory are
shown in Figures 39 and LO.

The MRIR F-4 radiometer which was flown on this ballon flight had
only one channel (0.2-4.0 microns) for measurement of reflected and
scattered solar radiation. Thus reflectance ratio was not studied. However,
bidirectional reflectance patterns for this type of terrain and atmosphere
were obtained at three different sun zenith angles, T72°, 58°, and 50°,
at 0834, 0900, and 1110 CST, respectively. When the sun was at zenith
angles greater than 72°, the balloon was not yet at altitude and so data
was not obtained. During the rest of the flight, except at those times
noted, data for reflectance patterns was not obtained because of insuf-
ficient gondola rotation or nonhomogeneous fields of view (i.e., scattered
clouds in the field of view).

The reflectance patterns obtained show the sum of reflected radiance
from the snow covered terrain plus the scattered radiance from the atmos-
phere. The data is displayed in several ways for better understanding

of its characteristics.
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Figure 41 shows the coordinate system used for display of the entire
bidirectional reflectance pattern in one diagram. The geometry is that
of Figure 1, as viewed from the zenith., The angle V¥, measured from the
principal plane runs from O to 360° counterclockwise around the outside
of the polar diagram. The concentric circles are curves of constant zenith
angle, running from 0° at the center to 100° at the outside of the dia-
gram. Solar radiation is incident from the azimuth direction ¥ = 180°,
The orientation of the diagram on the earth's surface will depend on the
sun's azimuth, i.e., the time of day; for example sometime in midmorning
with the sun shining from the southeast, the direction E would lie at
¥ = 225° on the diagram, with N at 315 (i.e., ¢, = 45°). Note that the
horizon will lie at a zenith angle of 95.9° (i.e., the earth-atmosphere
interface as viewed from the balloon at 110000 feet.

The bidirectional reflectance diagram is shown on this coordinate
system by a set of contours of constant reflectance.

Figure 42 is a bidirectional reflectance pattern that was obtained
at 0832-0836 CST, with the sun at a zenith angle of 72.2-71.5°. The
balloon was still rising, and the pressure altitude varied from 20-16.5 mb
during the data taking time interval. Note that the sun's position is
not shown along the ¢ = 180° line. Although calculations were made so
that the diagram would have the sun at this value of y, the symmetry of
the results obtained indicates that the sun's position should be along
the y = 188° line, inside of the T70% reflectance contour (which represents
the peak of the atmospheric backscattering). Large forward scattering
is shown by the contours on the right hand side of the diagram. The
maximum contour shown is 99%, the maximum value allowed in the data

processing. A second pass through the data will yield higher values of
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reflectance 1n this region and thus would show more detall on the peak of
the forward scattering pattern. The reflectance pattern decreases sym-
metrically from the forward and backscattering peaks maintaining higher
values near the horizon at all azimuths with the minimum value of re-
flectance of slightly less than 25% at the zenith. For geographical
orientation note the E, S, W, and N directions of the figure.

Photographs of a three-dimensional model of this reflectance pat-
tern are shown in Figures 43a and b. In Figure 43a, the view is from
N.E., showing the backscattering peak. The arrow indicates the direc-
tion of the incident radiation. In Figure 43b the pattern is viewed
from the S. W., showing that the forward scattering is a maximum very
close to the horizon. The photographé show the generally diffuse but
slightly nonhomogeneous nature of the reflectance in directions approach-
ing the zenith.

A third method of data display for the bidirectional reflectance
pattern is to select a vertical slice of the pattern at some azimuth and
to plot the resulting data as a function of zenith angle. Such a plot
of the 0834 CST data in the principal plane is shown in Figure Lb,
showing thé forward and backscattering with a rather uniform diffuse
scattering toward the zenith.

The total directional reflectance for this pattern has been cal-

culated by numerical intergration. A value of 35.0% was obtained.
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The three different displays of the bidirectional reflectance pattern
obtained at 0855-0909 CST on this balloon flight are shown in Figures
4L5-47. The sun was approximately 5° higher, i.e., 68.3-66.0° zenith angle.
Inspection of the figures shows a pattern similar to that obtained at
the earlier time. However, now the backscattering is less intense, but
covers a slightly broader range of angles. The forward scattering is
less intense and not as broad in angular range. In Figure LT it can be
seen that the forward scattering has dropped to T3% at 6 = 90° whereas
at the earlier time, with the sun 5° lower in the sky, the reflectance
was still saturated at 6 = 90°. The directional reflectance, obtained
by numerical integration of this data was 36.2% which is in agreement
with the earlier value within the experimental error of measurements.

Figures 48-50 show the bidirectional reflectance pattern with a
much higher sun, i.e., a zenith angle of 50°. The pattern is signifi-
cantly different from that obtained earlier in the day. The high in-
tensity forward and backscattering is not a feature at this high sun
angle. There is a small peak at the proper angle for backscattering and
a general maximum at almost all azimuths near the horizon. There is
another peak at a zenith angle about 8° greater than that for specular
reflection. This is consistent with surface measurements of the mirror
component of reflection from snow. The directional reflectance, obtained
by numerical integration of this reflectance pattern, was found to be

30.1%, about 5% lower than the values obtained earlier in the day.

E. DISCUSSION OF DATA OBTAINED
From the above data, it is apparent that the assumption of isotropic-
wavelength independent reflectance usually employed in considerations

of the earth's albedo obviously leads to a very poor approximation to



oL




95

90UB}09TJoL TBUOTFOITPTA LSO 6060-

*00°99-€°89 =
GGQ0 JO Tepowm JO soj3oyd

*M°S-°S WOIJ MSTA Anrv

°if *N= °H WOIJ MITA Amv

(o]

6

9

*uxajqyed
f 2JIn3Td




96

06

‘0099
-€°g9 = °9  *3UBTTJ uooTTEq G96T ‘yoaey 0T “suerd Tedroutad ut aaayd
-SOW3E PUB [3JIES PIISAOD MOUS JO 90UBJOSTJOJI TBUOTFOSITIPTE ° Ly 2JInITd

319NV HLIN3Z

08 OL 03 0OS O Og 02 O O O 02 o0 O OS 09 OL O8 O6

_ _ ] _ _ I [ [ T T _ _ [ T I I [
008Il=4 00 =4

— Ol

—10¢

Oo00

(01

(0)%

(0]

09

0L

013

06

0]0]]

lld

3ONV1O3143y



o1

PN

|
\O wm
—~ O
— &
.I_.p
o g
O O
— O
— —
53
< Q2
Lo Y

[ON(e]

[<Ne]
o~ o

Q@ O
FERTEN
Q1

[oJNTaN

mo

n

&~

a0 Il

]
o (o]
T ©

[}

g

[t
+

13}

(D)
—
G

[

&
—

[

=}

(o]
o
L

CST on 10 March,1965 balloon flight.
sure altitude = 8.5-8.3 mb.

Figure 48. Bidirec



98

90UB}O9TJoX TBUOTIOSITPTA LSO 9TTT

(¢]
*00°06-5°05 = 0
60TT JO TSpowm JO sojoyd

‘UInog woxy MOTA  (q)

*H°N Woxy MaTA (®B)

*uxaqqed
6t 2INITA




*60°06-6°06 = °0  *3uSTTs uooTTEq Go6T‘uoxen o1 ‘suerd Tedroutad ur axsyd
—SOWQB PUBR YJJIBD PIJISA0D MOUS JO S0UBQIOSTISI TBUOTFOSAIPII 0§ 9an8Td

JT1ONV H1IN3Z
06 08 0OL 09 0OS O O 02 OI O ol

02 0g Oy OS 09 0L 08 O6

| | _ _ [ | | l T ] [ ] | [ ] I [
b Oom_ = s’ Oo = \’
o oo V00 ©.0°0
MRS 00% T
<o Oo o
° o
o “o0
o o° o
© o2 %%, 0 0° 000
o © o ° 0o  —
° ¢ o 090
Lo 00 00
¥
o
NNS _ 000°
NOILO343Y
4vINd3dS

o

Ol

o2

og

ov

09

oL

108

06

0]0]]

AONVLI343Y ‘0



100

the characteristics of the solar radiation reflected and scattered back out

into space by the earth.

1. DNonisotropic Earth Reflectance

The balloon flight measurements of the bidirectional reflectance
patterns of the low altitude stratocumulus cloud and the partially snow-
covered earth under clear sky conditions are two examples of the extre-
mely nonisotropic nature of the earth's reflectance. The departure from
isotropy is greatest at low sun angles, when the very large forward and
backscattering peaks put most of the reflected radiation into near-hori-
zontal directions. With increasing sun elevation the departure from
isotropy becomes smaller. Although the reflectance patterns for con-
ditions of clear skies and water basins, or clear skies and bare soil
or vegetation covered earth have not been measured from balloon flights,
the reflectance patterns for these cases should show the same type of
nonisotropy because of the large forward scattering of aerosol contain-
ing atmosphere and the forward and backscattering of soils and vegetation
noted in Section III-D. The reflectance patterns may be nonisotropic
to a smaller degree than noted above, but qualitatively they should be
the same with greatest nonisotropy for greatest solar zenith angles.

The magnitude of error which might be obtained in the interpretation
of satellite radiation measurements can be demonstrated by application
of the calculation technique of Bandeenl to the balloon flight measured
reflectance patterns. Recall that in Bandeen's work the maximum solar
zenith angle was T70° and the maximum nadir angle of the radiometer optical
axis was 45° for the data used in the study.

If we apply these conditions to the reflectance pattern for strato-

cumulus clouds, that is assuming that the directional reflectance can be
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obtained as the average bidirectional reflectance for nadir angles from
0 to 45°, we will obtain the results indicated in Figure 51. For sun
elevation angles > 45°, the apparent directional reflectance r' is greater
than r, for sun elevation angles < 45°, r' < r. The average, A', of r'
for sun zenith angles of 0-70° is 54.9% whereas the true average A of
r over all zenith angles is 61.4%. Thus the assumption of isotropic re-
flectance combined with Bandeen's limitations for radiometer sampling
would produce an earth albedo 89.4% of the true value.

Application of Bandeen's conditions to the three reflectance patterns

measured for clear sky, partial snow cover gave the following results.

6o r r' v/
T2.2-T1.5° 35.8 29.3 1.22
68.3-66.0° 36.2 30.8 1.17
50.5-50.0° 30.1 26.7 1.13

Thus in this case a lower directional reflectance would be obtained for
all three sun zenith angles.
These results are especially significant in the light of the fact

that Bandeen's albedo was low by perhaps as much as 60%.

2. The Wavelength Dependence of Earth Reflectance

The balloon flight measurements made with the TIROS and NIMBUS radiom-
eters also demonstrate the wavelength dependence of earth reflectance.
Figure 52 shows three smooth curves obtained from Figures 32, 35, and 36
which show plots of the ratio pé/pé vs. pé. These demonstrate that
the reflectance in the 0.55-0.75-micron region of the spectrum can be

different from the average reflectance over the entire range of the solar
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spectrum 0.2-4.0 microns.

The experimental data has been supplemented with theoretically cal-
culated data points obtained from selected spectral reflectance curves
of various types by calculating the true average reflectance and predicted
instrument measured reflectances for the spectral response regions of
the two channels of the F-1 MRIR radiometers. The results are shown in
Table 8, and the ratio of the predicted measured reflectances are plotted
in Figure 52. The calculated data are in agreement with the curves
measured by the radiometers.

It is quite clear that the spectral dependence of the reflected
solar radiation varies considerably with the scene viewed, and that meas-
urements with the radiometer narrow band channel (0.55-0.86 micron) cannot
be used for earth albedo without the application of a correction factor.
The correction factor however cannot be calculated without a detailed
knowledge of the narrow band readings so used.

In addition an inspection of Table 8 shows that for spectral dis-
tributions typical of vegetation, +the narrow band channel does not

measure the true average reflectance over the 0.55-0.75-micron range.
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TABLE 8

THEORETICAL F-1 MRIR REFLECTANCE MEASUREMENTS

0.5-0.86 Micron 0.2-5.0 Microns

Spectral Reflectance Curve p;/p'
! [] D L_)
P o Pa 04

Middle layer clouds (Fig. 99) 71.0 71.h 65.9 6k.5 .90
Green leaf (Like Fig. 84 curve L) 26.1 15.6 26.4 27.3 1.75
Dry sand® (Like Fig. 82) 13.5 13.4 11.8 12.2 .91
Pinus strobus® (Like Fig. 86) 18.0 10.9 18.1 19.6 1.80
Clear sky®’® (Fig. 53) 8.6 6.9 1L.0 16.0 2.32

aReflectance curves modified by HQO absorption bands.

bSpectral reflectance curve measured over South Dakota on 26 June, 1963 with
clear sky.
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V. A MODEL OF THE EARTH FOR ALBEDO PUI'POSES

A model of the earth for albedo purposes must be based on the precise

definition of earth's albedo which is contained in Equation (19a) i.e.,

. ) '
JA Je J¢'Je Jw DA(90,¢0,9,W,t)HSA(t)51n60c056051necosedwded¢odedx
o "o

A(t) =
2
T JHSA(t)d)\

\ (19a)

A. GEOMETRICAL CHARACTERISTICS

The coordinate system (60,¢é) which is used for integration over the earth's
surface is that shown in Figure 4a, i.e., one determined by the position of the
sun. Now the portion of the earth's surface which lies at any position of this
coordinate system continuously changes because of the changing sun's declination
and the earth's rotation on its axis. Even though this information is implicitly
specified by t, for practical purposes we will indicate that we must know
pA(60,¢o,6,w,c;n;t) where 7' is longitude west of the Greenwich meridian and
is the angular distance south of the north pole (colatitude).

The relations between t and (z',n') can be calculated with the help of

Figure 4b. From the law of sines of a spherical triangle, we have

cos § sin © . )
S - (¢} - sSin n (36)
-sin ¢ sin h -sin ¢!
o s o
From the law of cosines:
[ I - s _ + '
cos n cos (90 68) cos 6 _ + sin (90 GS) sin 90 cos ¢! (37)

107
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If we specify the bidirectional reflectance pA(eo,¢o,e,w,c;n;t) for every
point on the earth's surface, we can perform the integration for earth's albedo
indicated by Equation (19a) using the following procedure.

1. Specify t (day of year and GMT).

2. Find 6g and GHA (of sun). (Tables from the Air Almanac are quite
suitable.)

3. For a given (eo,¢é) calculate n‘,'hs, ¢', and ¢,» in that order from:

L - s - 2 1
cos n cos (90 ds) cos 8 _ + sin (90 68) sin 6_ cos ¢! (37)
-sin 60 sin ¢é
sin h, = (38)
sin n'
¢! = GHA - h_ (39)
sin hS cos GS
sin ¢O = (ko)

sin 6
o)

4. 1Integrate px(eo,¢o,6,w,c;n§t) over 6,y.

5. Repeat the process for all eo,¢é to obtain the integral for A(t).

B. PHYSICAL CHARACTERISTICS

The physical characteristics of this model of earth's albedo are specified
by px(60,¢o,6,w,c§n§t). Although it is not possible at the present time to
specify ° in fine detail for all of the earth's surface it appears that an
initial rather precise model could be set up as follows.

Divide the wavelength range into four intervals: 0.2-0.4-0.7-2.0-5.0
microns, containing 9, 40, 45, and 6% of the solar energy, respectively.
Bidirectional reflectance functions pk1(90,¢0,9,W) would be estimated for

each wavelength interval for at least eight basic earth features:
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1. Sandy and/or rocky areas - clear sky.
2. Soil and/or vegetation - clear sky.
3. Ocean - clear sky.

L. Snow - clear sky.

5. Low clouds over ocean.

6. Low clouds over land.

T. Low clouds over snow.

8. High clouds.

With the aid of a careful geographical-climatological study a resultant

bidirectional reflectance model:

DA(905¢O,9a¢,C§n§t> = g u.(C?nﬁt)pA.(eo,tboa@,w) (hl)

where
I ooleinit) = 1 for any (zinit) (42)
i

would be set up for each of approximately 100 areas on each hemisphere of the

earth. The (c',n') areas might be arranged as follows in each hemisphere:

Latitude An" A’
O 10° 20°
o 10° 200
0 150 200
5 150 200©
_ 17.5° 30°
1.5 22,5° ks
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For a complete study models should be made for one day in each month of
the year, although four days, 21 March, 21 June, 20 September, 20 Decem-
ber could be studied first. With each model, diurnal variations of albedo
could be revealed by making calculations at 4-8 evenly spaced values of
time on each day. The directional characteristics of the reflectance of
radiation out into space could be calculated to help in the interpretation
of satellite experiments and earth based experiments such as those of Dan-

Jjon.

C. ILLUSTRATIVE EXAMPLE

The following simplified example is provided to illustrate, in part
but not in comprehensive detail, the type of calculation which can be
made with the model proposed. Both the model and calculation have been
greatly simplified in this example, as follows:

1. The value of albedo, but not the directional characteristics
of radiation reflected back out into space, is calculated for
23 December at 0000 GMT and 1200 GMT.

2. Diffuse reflectance is assumed for all earth features except
the ocean and clouds. For these two features directional
reflectance data is used.

3. The basic reflectance values are assumed to be averages over
the entire solar spectrum.

We can write the precise definition of earth's albedo, Equation

(19a), as:

1 ] '
J [ r(eo,¢o,an,t)31n6o cosg d6_ d¢! (43)
5 ¢



111
where the directional reflectance is given by:

JA Je J¢ px(eo’¢o’e’w3¢2”it)HsA(t)sinecosededwdA

r(90,¢o,Cln§t) =

n_J st(t)dk (41)
A

substituting from (41), we have:

r(eoa¢o,C;n;t) =

H
o~
Q
e
Y
3
o
-
=
D
Q¢
S
o
=
\n

and thus we have

R 1 : - | ' yb Vo 1
A(t) = = Je J¢' Z ai(c,n,t)ri(60,¢o)s1neo cosf deo dg! (L6)

The basic reflectance models used for this simple calculation

1. Sandy and/or rocky area - clear sky, r = 35

l’

2. Soil and/or vegetation - clear sky, r, = 15

3. Ocean - clear sky, r (Go) (see Figure 96, curve 2)

3

L. Snow - northern hemisphere, r) = 80 (new snow)

5. Snow - antarctic region, r_ = 83

5

6. Cloud cover, r6(60) (see Figure 51, curve r)

7. Cloud cover over snow, r (60) = r6(6o) + 10

7
Note that none of these reflectance models are a function of ¢o. The

integration over eo,¢o was obtained by numerical summation over areas

with
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' = (S n i
A¢O 20 9 radians
- o = L ]
Aeo = 10 T8 radians

9
' 1 4 1
Z_ Z ai(gjk,njk,t)ri(ek) sinf, cosekAekAej (L47)
k=1 i

This can be written differently to indicate the order in which the sum-

mations were carried out:

9 18
=1 1 b .
A(t) = 8 kzl 18 jzl.{g ai(cjk,njk,t)ri(eki} sin26 (L48)

The earth was then divided into (1) land, (2) ocean, or (3) snow-covered
areas as shown in Figure 54. The global cloud cover assumed was based

92

on a map of mean cloudiness for the month of November” and is shown
in Figure 55. In Figure 54, where a given (z!n) area contains more than
one type of earth surface feature (1,2) or (2,3) they were assumed to
be equal in area. Values of the a, for each (z!n') area are shown in
Figure 56.

Values of 55 = -23.4366° and GHA of 180.3° (at 0000 GMT) and 0.23°
(at 1200 GMT) were obtained from the Air Almanac.

Then calculations proceeded as follows:

1. For each ¢%,6k area,n!

|l .
ik and Cjk were calculated from:

R _ : - : l
cosn jy cos(90 Gs)cosek + sin(90 Gs)sn_nek cos¢j (L9)
-sineksin¢{
. . _ J
sin h_(J,k) = (50)
sin n!

ik

[
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cjk = GHA - hS(J,k) (51)

2. The values of Cjk and n!

3k thus obtained made it possible to

calculate the sum over i:

! !
g a; (23 on ]y t)r; (8))

3. and the sum over j:

1 180
B jzl ﬁ\g ai(Cjk’njk’t)ri(ek)j

4. Finally A(t) was obtained by summing over k.
Values njk, c3k’ and the sum over i are shown in Tables 9 through 13.
The result obtained showed no diurnal effect, values of A(t) of
L1.04 at 0000 GMT and L41.26 at 1200 GMT were obtained. The values of

the sum over j are plotted as a function of 6, in Figure 57. In this

k
figure the increase of refléctance at high solar zenith angles is ob-
vious. Recall that directional effects were included only for ocean
and cloud, but since the earth is nearly 80% ocean and average cloud
cover is better than 55%, the directional effect is seen in the final
results.

Diurnal effects were minimized by the fact that the calculation
was made for a day on which the sun was farthest south, thus emphasiz-
ing the large ocean areas of the southern hemisphere. It is expected
that a diurnal effect would be noticeable when the sun was farther
north, and a diurnal change from mainly ocean area to mainly land area
would occur.

An additional factor which would serve to minimize diurnal varia-

tions, is the smoothing effect contained in the cloud cover distribution
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chosen, i.e., an average over a month. Thus most (z!n" areas contained
about 50% cloud cover, with a few showing as low as 15% and a few as
high as 85%. Actually on a given day some areas would have 0% and others

100% cloud cover and diurnal variations would be much more noticeable.



VI. CONCLUSIONS AND SUGGESTIONS FOR FURTHER RESEARCH

A. CONCLUSIONS

The above study has been carried out with the ultimate objective
of creating a precise model of the earth for albedo purposes, to replace,
on a practical basis the isotropic, wavelength independent homogeneous
earth model which is usually employed in the analysis of satellite meas-
ured relectance data. To this end the following results have been ob-
tained.

1. A precise definition of earth's albedo has been formulated
in terms of the distribution of bidirectional reflectance
over the surface of the earth (including clouds and the at-
mosphere) .

2. This definition was compared with the Bond definition of
planetary albedo which has been employed by astronomers in
the interpretation of measurements of photometric earth
albedo. The Bond definition was shown to represent earth's
albedo only if the earth is homogeneous with perfectly dif-
fuse reflectance.

3. A review of research related to earth's albedo was used to
demonstrate that, insofar as albedo is concerned, the earth
is obviously nonhomogeneous with wavelength dependent, non-
isotropic reflectance. However, in the application of Bond's
definition, in the analysis of satellite radiation data, and
in general heat balance considerations, these characteristics

are usually ignored.
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New data obtained from outside the earth's atmosphere on

three high altitude balloon flights was shown to confirm

both the spectral dependence and nonisotropic nature of earth

reflectance as follows.

a.

Curves of the ratio of wide band (0.2-4.0 microns) reflec-
tance to narrow band (0.55-0.75 micron) reflectance were
shown to be a function of narrow band reflectance. Thus
the narrow band channel data cannot be used for earth al-

bedo data over the 0.2-5.0-micron range, as it was by Ban-

deen, et al., without the application of an appropriate cor-
rection factor. Correction factors, obtained from the bal-
loon flight data, were verified by theoretical calcula-

tions.

Bidirectional reflectance data for a stratocumulus cloud
was shown to verify that cloud reflectance is a scattering
process, consistent with theoretical results of Deirmend-
jian for an approximate cloud model. Using this data. the
total directional reflectance was calculated for all solar
zenith angles and the results were shown to be consistent
with measurements by Neiburger. These results were then
used to demonstrate the kind of error which could result
in the analysis of satellite radiation data based on the
assumption of isotropic earth reflectance combined with
satellite radiometer data sampling for a limited range

of solar zenith angles and radiometer nadir angles.
Bidirectional reflectance data for partially snow covered
earth at several solar zenith angles showed pronounced

forward scattering for low sun angles and less forward
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scattering with a specular reflectance component for a
higher sun angle. The reflectance patterns obtained
agree qualitatively with surface measurements of snow
reflectance.

5. The characteristics of a more precise model of the earth for al-
bedo purposes were discussed. The model would have nonisotropic
wavelength dependent reflectance and a nonhomogeneous earth:
and would be based on the exact definition of earth albedo
formulated in Section II of this paper. The procedure for
setting up a first approximation to this model and for cal-
culating earth's albedo from this model was outlined.

6. An illustrative example was carried out with a simplified
model of earth reflectance. The example did not have the
characteristics of the precise model of the earth. It served
only to illustrate the calculation procedure and not the
comprehensive detail that can be obtained from the precise

model.

B. FURTHER RESEARCH

The precise model of the earth for albedo purposes should be
studied more completely.

A geographical climatological study of the earth should be made
to determine the number of characteristics of basic bidirectional re-

flectance patterns and the coefficients ai(gln;t) that are needed

Pai
for the model.
Additional measurements of bidirectional reflectance patterns should

be made of various earth surface features from outside of the earth,

and these measurements should be supported by theoretical calculations
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of scattering in a real atmosphere including the effects due to multiple-
scattering processes, absorption and nonisotropic reflectance at the
earth's surface.

The results of the study of the more precise model of the earth
should be applied to the planning and analysis of satellite measure-
ments of earth's albedo, to all other albedo experiments, and to

theoretical calculations of earth's albedo.



APPENDIX A

EARTH'S ALBEDO FROM MEASUREMENTS OF EARTHLIGHT ON THE MOON

1. THE WORK OF DANJONY

9

The measurements of Danjon’ were made with a double image photometer.
Using this photometer, two images of moon are observed as shown in Figure

58. The two images are arranged so that region B of the sunlit crescent

of one image is adjacent to region A of the earthlight of the other image.

Figure 58. Images in cat-eye photometer.

Image I, passes directly through the photometer, but image I passes
through the photometer after two reflections from prisms between which

is located and adjustable diaphragm. The intensity of B is reduced to
that of A by the diaphragm which is calibrated to give the ratio of
intensity of the two images. In this fashion, many measurements of the
ratio E/C of earthlight to the sunlit crescent were made for phase angles

of the moon (n) from about L0 to 165°. This ratio is usually expressed
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in stellar magnitudes, i.e., Mg-Mz = 2.5 log %. The brightness of the
sunlit crescent is also measured relative to the brightness of the sun,
i.e., the ratio C/S is measured. The ratio E/S is then calculated from
the data and expressed in stellar magnitudes Mp-Mg = 2.5 log %’ The data

Mp-Mg are plotted vs. @, the phase angle of the earth, where:
a = 180 - q

Danjon found that the function:
Mg - Mg = 9.99 + 1.30 <1%‘6>+ 0.19 (%) ® 4.8 (Ig_c) ?
(52)
was a good fit for data obtained in the photometric region of the spectrum
(N = 0.554 micron) during the years 1926-1935. The constant term is
Mox = 9.99, equal to the magnitude difference of the apparent brightness
of earth at full phase as viewed from the moon and the brightness of the
sun at 1 AU (astronomical unit).
If we change the constant term to Rg)\, the magnitude difference of
the apparent brightness of earth at 1 AU and the brightness of the sun
at 1 AU we have Ro\ = 22.94 (magnitude).
The Bond albedo is then given by:
Ron 180 .
M o= 2202 f ¢7\(a)51n ada = Dy (53)
o)

where ¢ = a/R = radius of earth/distance of earth from sun.
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Thus we have:

R
_gl = 22,94 - 21.85 = 1.09 (magnitude)
g
and
Ro% 1.0
B = == = (2.512)70% - 0.366
180 NERE T, 2 3
5 - gdf 2.512 [1.20(@/100) + 0.19(a/100)% + 0.48(/100) ]Sin i
(0]
(54)
= 1.095

A = ppr@y = 0.366 ¢ 1.095 = 0.40

Note that A) = L0% is the mean albedo, 1926-19%5, in the visible
region of the spectrum (i.e., A = 0.554 micron, approximately).

The accuracy of the method is limited by several factors. Some of
the light from the sunlit crescent is scattered by the atmosphere and
therefore interferes with the measurement of the ratio C/E. This scat-
tering has greatest effect just before or after full meon, when the
earthlight results from a very narrcw earth crescent, whilie the scattered
and reflected light is very strong. Dahjon states that the double image
photometer measurement, with regions A and B on the same diameter, elim-
inates the effect of scattered light. However, Bakos'! notes (after
Whipple) that the sky background still affects the measurement, because
although the background is the same for both regions A and B, it adds

the same amount to both numerator and denominator of the ratic and there-

for changes the ratio.
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Neither ratio C/E or C/S can be measured for all of the necessary
phase angles. In the work of Danjon, C/E was measured for L0° < n < 165°,
and C/S for 11° < n < 156°. The data is extrapolated to 0° and 180°,
respectively.

Fritzl2

notes that, since the measurements of Danjon and Dubois were
made from western Europe, they do not necessarily apply to the earth as
a whole.

Danjon notes that his measurements and those of Dubois are not suf-
ficient to establish variations of the phase function (i.e., diurnal,
seasonal, etc.). If the phase function is assumed to be constant then
each observation yields a value of magnitude at full phase. With this
assumption, the observations show seasonal variations from the mean value
9.99, with albedo maximum in spring and fall and minimum in summer and
winter.

Angstroml3 has derived values of photometric albedo from Danjon's
data for the years 1926-3L4, as follows:

Year 1926 1927 1928 1929 1930 1931 1932 1933 193k

Photometric

Albedo 0.41 0.4k 0.40 0.39 0.39 0.k0 0.38 0.37 0.38

2. THE WORK OF BAKOSll

During the International Geophysical Year an attempt was made to cor-
relate fluctuations in the earthshine with cloud conditions on the sur-
face of the earth. Six Danjon-type photometers were installed at the

satellite tracking stations of the Smithsonian Astrophysical Society (see
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Table 14). Measurements were made from 1957 until 1960 and have been re-

ported on by Bakos .1t

TABIE 14

EARTHSINE PHOTOMETER STATIONS

Station Longitude Latitude
Arequipa, Peru yhoug 1™ -16.4°
Yerkes Observatory

Williams Bay, Wis. 50 5l oM +42.6°
Organ Pass, N.M. 7 06.2m +32 . 14°
Haleakala, Hawaii 100 25.1m +20.7°
Woomera, Australia 148 10,87 -31.1°
Shiraz, Iran 201 29.8m +29.,6°

Measurements of the ratio C/E, as described above, were made with
red, green, and blue filters, as well as without any filter. Systematic
differences between data taken at each station were found by plotting
the earthshine observations as a function of phase angle. When these
plots were compared to that for Yerkes (Williams Bay, Wis.) a vertical
shift was found. These vertical shifts were eliminated, thus making all
observations consistant with those of Yerkes. Also morning observations
were found to be brighter than those made in the evening, because of dif-
ferent reflectivities of the two parts of the lunar surface. Observa-
tions made with the green and blue filter were reduced to clear observa-

tions by the same technique of eliminating systematic differences. The
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"red" observations were excluded.

Statistical errors were evaluated by comparison of "filter" and "no

filter" observations after they were reduced to a common base, i.e., to

Yerkes magnitudes. Also comparison of readings made by different ob-

servers on the same instrument checked the consistancy of the data. It

was concluded that the mean error of a single observation was *0.20 mag-

nitude.

The data obtained was prepared for analysis as follows:

@]

A curve of mean values (uncorrected for systematic or other er-
rors) vs. phase angle was prepared.

llno

A curve of best values (the mean of observations reduced to
filter" and Yerkes magnitudes) vs. phase angle was prepared.
The difference between best and mean values was computed. This
is called the 0-C reading and contains errors as well as fluc-
tuations of earthshine dvue to varying conditions on earth.
Cloud cover informaticn for a time close to the time of an ob-
servaticn was piotted on a globe and the area of the earth which
would reflect light tc the mocn was photographed. Of 196 such
weather maps, only 17 contained cloud cover distribution for

more than 70% of the area of interest.

Estimates of snow cover were added to each of the maps.

Following are some results obtained from analysis of the data:

0-C readings showed no obvious correiaticn with cicud cover.
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The earthshine shows a slow and continuous fluctuation with a
periocd of one day, resulting from the earth's rotaticn. The
author attributes this fluctuation to a "bright spot" on the
earth in the Asian hemisphere. Average mean cloud cover for
five longitudinal areas of the earth are compared with mean
values of C-C in Table 15. For Asia the cloud cover is about
10% higher than for the other longitudes and the earthshine
brighter by about 0.5 magnitude.

Changes of the earthshine during the year are shown by the
monthly means of the 0-C data taken in 1957, 1958, and 1959
(see Table 16). These data show that the earthshine is the
brightest in March through June. Bakos reasons that because,
statistically, the cloud cover doces not change substantially
during the course of a year, this phenomenom must be due to the
difference in reflectance of continents and oceans. During
March through June, the earthshine is primariiy from the northern
hemisphere and thus reflectance of the continents would be dom-
inant. The reflectivity of continents must therefore, in gen-
eral be greater than the reflectivity of the oceans.

Finally the data was used to calculate the average albedo of
the earth for 1958 and 1959. The equation used for earth's
albedo was that due tc Kazachevsky:

A2 180
A = = e\jp Qla)sin ada (55)
)
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TABLE 15

LONGITUDINAL VARIATION OF CLOUD COVER

(After Bakosll)

Longitude Area 0-C Cloud Cover
0°W Africa 0.1k mag. 30%
90° America 0.04 -
150° E. Pacific 0.10 29%
180° W. Pacific 0.09 31%
2L0° Asia -0.32 41%
TABIE 16

MONTHLY VARIATIONS OF THE BRIGHTNESS OF THE EARTHSHINE

(After Bakosll)

Month - 0-C
1957 1958 1959
January -0.03%
February -0.10
March -0.16 +0,1k
April +0.02 -0.36
May +C.03 +0.07
June -0.13 -0.49
July +0.01 -0.01
August +0.12 +0.05
September +0.11 +0.21
October +0.10 +0,08
November +0.30 +0.17 +0.16
December -0.02 +0.,09
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where:
A = earth's albedo
A = the mean distance of the moon from the earth
a = the radius of the earth

The function Q(a) is of the form:

Aa) = = BFn) = K1) (56)
la N1
where
T /I _ intensity of earthshine
1/-2 intensity of sunlit portion of moon
ng/n _ reflectance of sunlit area
= reflectance of earthshine area
F(n) = 1lunar phase function
n = 180 -«
fla) = proportional to the earth's phase function

Using Danjon's phase function, Bakos found:
A = 0.368K = 0.368 Seox

Next, Bakos applied the idea of a "normal” brightness of the earth-
shine. This is the value of earthshine at o = 115° or 245°, used be-
cause other writers have found, that for different phase functions con-
sidered all had essentially the same value at these values of o. At
a = 115° and 245°, F(n) = 0.192, and f(a) = 0.345. Therefore, the albedo

is given by:



A - 0.368 Lnnz E(n) (57)
2 1 f(a)
= 0.205 11 n2
Iz ma

where %l %3 is the normal brightness of éarthshine, i.e., at a = 115°
2 M1
or 245°,
Each value of earthshine measured by Bakos, et al., was converted to
a normal brightness using a correction factor obtained from a plot of all
observations vs. phase angle. A mean value was then cbtained after ad-

justments for systematic errcrs were made. The yeariy mean values of

earth's albedo obtained in this way are:

No. of
\ d
Year Albedo Observations
1958 0.l 219
1959 0,42 158

These values agree nicely with Danjon's average albedo of O.L4 for 1926-

1935.

3. THE WORK OF DUBOISLO

Dubois has made measurements similar to those of Danjon, using blue,
green, yellow, and red filters. He notes that the brightness of the
earthshine varies with phase, color, and also the hour of the observa-
tion, because a diurnal variation is caused by the dissimilarity of the
albedos of oceans and continents. He has reported on data taken between

1940 and March, 1945.
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He has studied the seasonal variation of the earthlight, using the
green-filter observations near 0.53 micron, for phase angle o = 115°,
taken around 1900 GMI'. These brightness curves are shown in Figures
59a and 59b for the years 1946-1948 and 1949-195k4, respectively. Max-
ima of brightness (minima of Am) occur in April-May-June, and October-
November-December.

In addition, the yearly variations were studied. Relative lum-
inances for 3Q June of each year 1940-1954 are shown in Figure 59c. The
figare shcows that the earthshine approaches a maximum as the minimum
activity of the solar cycle approaches and then decreases rapidly right

after the minimum of the solar activity.
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APPENDIX B

EARTH'S AIBEDO MEASUREMENTS FROM SATELLITES AND SPACECRAFT

The instruments used for these measurements are of two basic types;
the low resolution instrument with broad field of view and wide spectral
response and the medium resolution instrument with a narrower field of
view and wide (sometimes not wide enough) spectral response. The meas-
urements with the low resolution instruments will be discussed first,
those with the medium resolution instrument next. The Mariner 2 measure-
ments which are different from the satellite measurements in that they
were made from a deep space probe (and, indeed, are most like the meas-

urements made by Danjon) will be discussed last.

1. THE LOW RESOLUTION MEASUREMENTS

The low resolution measurements are made with instruments which are
an extension of the design of the Suomi-Kuhn "economical' net radiometer.
In the idealized instrument, a small spherical shell sensor of low heat
capacity, exposed to radiation from the earth and the sun, shielded from
satellite radiated energy and isolated from the satellite by insulators
of very low heat conductivity, will assume a temperature determined by
its radiative heat balance. For the ideal experiment, the radiative heat

balance equation is usually written in a form similar to:

Og:m-Rg + Qg+B-Ry + agB-Ry = bmey.0.T* (58)

140



141

where:
Ry = Direct radiation from the sun, watts/cm®.
Ry = Radlation reflected from the surface of the earth, watts/cmE.
Ry, = Thermal radiation emitted by the earth and its atmosphere,
watts/cmg.
g = The absorptivity of the shell for solar radiation.
a, = The absorptivity of the shell for thermal radiation.
€) = The emissivity of the shell for thermal radiation.
B = The solid angle subtended by the earth as viewed from the
satellite.
0 = The Stefan-Boltzmann constant.
T = The sensor's temperature, °K.

Different forms of the experiment have been discussed, by:
a. V. Suomi, R. J. Parent, and co-workers at the University of
XtJiscomsin..lLL
b. R. A. Hanel, F. Bartko, and co-workers at Goddard Space Flight
Centerol7’18
c. F. B. House at the University of Wisconsino2
Two excellent papers which discuss theoretical and practical aspects of
the experiment are those by K. J. Bignelll9 and M. S. Malkevich, et gl.eo
In the form of the experiment originally proposed by Suomi, several
sensors with different coatings, providing wavelength discrimination,
were used and some were shielded from the direct radiation of the sun.
In this case each of the sources of radiation can be determined from the

temperatures of the several sensors. For example, if the values of

absorptivity were as given in Table 17, we could write the following
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equations.

TABIE 17

VALUES OF ABSORPTIVITY FOR VARIOUS COATINGS

Coating Qg ay
Black paint 0.95 0.95
White paint 0.05 0.95
Tabor coating 0.90 0.10

For the dark side of the earth (for any sensor):

OlzBRg = Ll-T[GﬂG‘T“L'
€
R, = b €4 opa
B ay

If B, €y, and o, are known R, can be calculated from measured values of T.
On the sunlit side of the earth:

Black Sphere:

0.95 nRg + 0.95 PRy + 0.95 BRy = Lx-0.95-0TH
White Sphere:

0.05 nRg + 0.05 BRy + 0.95 BRy; = Ln:0.95-0Tf
Tabor Sphere:

0.90 nRg + 0.90 BRy + 0.10 BR; = Mn-O.lO-GT%

Shielded Tabor Sphere:

0,90 BRy + 0.10 BR, = Un:-0.10-0T%
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Combining the equations for the Tabor and shielded spheres:
Rs = 22 (T4-T%) (59)
S = 9_ T +a 59
From the equations for the black and white spheres:

Ry + BRy = 380 (T-T3)

9
thus
R, = 280 (14-1%) - £ 9% (14.1%) (60)
9 B 9B S
also
R, = g%’l(l%%-i‘%) (61)

Now Ry is the solar constant. It is probable that its value is known
more accurately than can be obtained from Equation (59). The accepted
value can be used instead of the data obtained from the Tabor and shielded

sensors. In this case

R, = 28

v & % R (62)

(Tg-18) - L B,

Sensors of this type were constructed by the University of Wisconsin
group under Suomi for one of the Vanguard satellites which was not
orbited successfully. Other sensors of a different design were flown on
Explorer VII, TIROS III, TIROS IV, and TIROS VII. In the new design
hemispherical sensors were used. They were thermally isclated from the
satellite by being mounted on insulating rods above & highly reflective
mirror surface. Thermal isolation was nct complete, however, and so it

was necessary to add terms to the radiation balance equation to account
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for heat conducted from the satellite to the hemisphere along the in-
sulating rod. Data analysis also required consideration of the heat
capacity of the sensor. Thus the heat balance equation for & sensor is

changed to:

agnRg + OgBR, + QyBR; = Lme,oT*- H g-% - K(Tp-T) (63)

where the factors involved are:

H = Heat capacity of the sensor.
g% = Time derivative of the sensor's temperature.
K = Conductivity of the hemisphere support rod.
Tp = The mirror temperature.

Papers written by Suomi indicate that it is not possible to calculate
daily heat balance from the satellite because of restrictions imposed on
data sampling by the satellite orbit. Results from Explorer VII data
were a series of long-wave radiation loss maps derived from data taken
by the white hemispherical sensor at night. Daytime measurements of
earth reflectance were not obtained (not published).

R. Hanel and F. Bartko have discussed low-resolution sensors of a
different design, i.e., thermister detectors mounted on an insulating
bage at the bottom of a highly reflecting truncated cone. The detectors
were assembled in pairs with one white thermister and one black thermister
for wavelength discrimination. This design was flown on TIROS II, TIROS

III, and TIROS IV. Some data have been published, however, Bartko, et
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3£0,18 indicate that the value of this instrument for heat balance and
earth albedo measurements is limited because of the data acquisition
limitations of TIROS.

The only study of albedo and long-wave radiation based on measure-
ments with the lcw resolution instrument is that of F. B. House, using
data from TIROS IV. This study is unique in that data from only the
black sensor was used, and that constants in the equation were determined
from in-flight data, i.e., in part, in-flight calibrations were made.

The sensors on TIRCS IV were hemispheres mounted above mirrors which
prevent the hemisphere from "seeing' the satellite. Two systems of sen-
sors and mirrors were mounted on opposite sides of the satellite, each
system having one black and one anodized sensor. When the satellite,
rotates on its axis, at some point of the rotation a part or all of one
sensor may be eclipsed from direct view of the earth. However, at this
time, the matched sensor on the opposite side of the satellite starts
viewing the earth. The sensors are connected in series, so that the aver-
age temperature of the two sensors is measured. When the satellite spin
period is short compared to the sensor's time constant, the measured
average temperature can be taken as the temperature of a severed sphere
which views the earth.

The radiaticn balance of this spinning sensor is written as:

2
Eas
a
0
€3]
Q
™
=
]
+
™
=
=
]

bn SL 0Tt - CpeoTE + Cor(T-Ty) + Cyed(oT*)
e (64)
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where the terms on the right hand side of the equation represent:

a. The energy emitted by the sensor to the mirror and to space.

b. The energy radiated to the sensor by the mirror.

c. The energy conducted to the sensor along the mounting post.

d. A thermal lag term involving the heat capacity of the sensor.

Sensor temperature measurements were taken on the satellite every
29.16 seconds. If Ty and To are two consecutive sensor temperature ob-
servations and T and Th are average sensor and mirror temperatures, then

the radiation balance for the sensor can be written as:

Q (04 € — — —_
7S xRg + 2 R, + PR, = hr —L oT* - C0TE + C(T-T,) + Cy(oT2-0TY)

R oL o (65)
The constants Cy, Co, and Cy were evaluated from in-flight data and lab-
oratory tests, as follows. Laboratory measurements by Sparkman on in-
struments similar to the ones flown on the TIROS IV satellite yielded

the relation:

Cy, = 30Ce

A study of sensor and mirror temperature changes (%350 cases) in the 3-
min. period after the satellite entered the earth's shadow (see Figures
60 and 61) with the assumption of constant thermal radiation PR, during

this time gave the result:

Ct = KEC + KS

c



1h7

Finally a study of senscr and mirror temperature changes cover a 25-min
interval while the satellite was in the earth's shadow, for many orbits
over a precessicnal period of the satellite, resuited in a value of Cg.

The radiaticn balance equation could be written as:

e, — — .
BR, = Ln &i oT* + 0.[(T-T,,) - KyoT* + Ka(oTS-oT%) ]
i

+ Ka( 0TE-0T7) (66)

BR; = A+ C.'B +C

In each orbit the equation is evaluated at position a at the beginning
of the 25-min. interval and pcsition b near the end of the interval (see

Figure 61). Summing over all crbits considered we have:

) (BR)e = ) ()g * ) (B)g +) (O

1

Z(aw)b = Z<A)b + CCZ(B)b +Z(c)b

assuming

we find

| (67)
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Values of the ccnstants obtained were:

Cc = 0.010 + 0.0005
Cyp = 0.300 + 0.015
Cy = h3t2.15

Thus, the radiation balance equation becomes

a Q € — _
S Ry + &% BR, + BR; = lr &% oT* - 0.150T% + 0.010(T-Ty)+L3.0( 0T a-0TT)

e (68)

The data from the black senscr was then analyzed as follows. At night,

we have
€ =4 L
(BR))7 = |4 == oT" + corrections (69)
At the time of transition to earth shadow,

/Q €) _
<—S nRg + BRQ = Em LA correctionﬂ (70)
Oy IT % I

On the sunlit side of the earth,

€, _
Eﬂ'{ 4Ty correctiong] (71)
IIT
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Then also, assuming

I

(8R,); = (BR)r

Qg Qg
25 1R = (25 xR, + PR - (BRy) (72)
(051 s S>II <a£ S Z>II 11
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Assuming

a Q Qs Q
<§ BR, + BRZ> = <a—s nRg + &-} BRy + BRI> - <a§ nRs) (73)
IIT 2 1T ! T

The mean thermal radiation loss at a latitude cver a precessional period
n

is: N
Z_J (8R,)
GR)p - 2 (74)

n

The mean daytime radiation loss (reflected sclar plus emitted thermal

radiation) at a given latitude over a precessional pericd is:

n
Qs
Z:(az BRr+BRl)III
Gg
(a— PRy * BBg)III (75)
yi n
The mean of the reflected solar radiation is taken to be:
a Q
(25 8R).— = (¥ @R, +pR - (BR 6
\ 7 B I‘)III (Olll B T B [)III (B [)I (7 )

The incident solar radiation is Rg cos*@, where cos*¢ geometrically
weights the solar radiation which is incident tc the area viewed by the
satellite. Assuming perfectly diffuse reflection, the mean albedo at a

given latitude over a precessional cycle is:

I

1000(a£ BRr) 111

|
1l
Q
~J
Ry
~—

s
; % Rgcos*d)

(

Q



152

(04
where a% S-Rs cos*@ is a term which represents the mean reflected solar
radiation which would be received by the sensor if the earth's reflect-

ance were 100% and perfectly diffuse. This term can be calculated from:

S == “RS)III cos*¢g
Oﬁ _B_ Rscos*¢ = T (78)
Ofl T n

Results were obtained by House for four months of TIROS IV data, 8
February, 1962 to 11 June, 1962. The method of sampling over the earth's
surface, and limitations in coverage in time and geographical area should
be noted. Factors which result in sampling limitations are: the in-
clination of the satellite orbit and the precession of the orbit with re-
spect to the sun, data storage capability, and the location of data read-
out ground stations. Hcouse has discussed the problem briefly, more com-
plete discussions of the problem are those of Widger and Wood,21 and in
the TIROS IV Radiation Data Catalogue and Users Manual.®® These dis-
cussions can be summarized as follows:

The geographical area of sampling by TIROS IV was limited by the in-
clination of the orbit to the earth's surface area between L8°N and 48°S
Further limitation in the latitude of data coverage is imposed by the
need for solar illuminaticn of the earth's surface. The TIRCGS IV orbital
plane had a precessional mction of -4.43°/day. As a result of this pre-
cession of the orbital plane and the movement of the earth in its orbit,
a complete cycle of the precession cof the plane of the satellite orbit

occurred in about 66 days. The TIROS IV launch was made on 8 February,
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with the northern part of the orbit over the sunlit portion of the earth
(see Figure 62). On 23 February, the orbital plane was located in such
position that TIROS IV viewed sunlit earth in both northern and southern
hemispheres, with sampling at the equator at about high noon. On 11
March, the southern hemisphere portion of the orbit was sunlit with noon
sampling corresponding to the southernmost portion of the orbit. Since
the albedo varies as a function of solar elevation angle; it is necessary
that samples be obtained at all solar elevation angles if a proper albedo
value is to be obtained. For any geographical area it is necessary to
sample over the entire precessional cycle to obtain samples at all times
cf the day.

It is obvious that the weather (and even the season) is different
for days early in the cycle when morning samples are being obtained in
the northern hemisphere, as compared to dsys later in the cycle when the
afternoon hours are being sampled. The distribution of samples cb-
tained shculd be studied carefully to see that a bias is not introduced
intc the data. House did not consider this problem except to say that
it could be expected that samples are obtained with equal frequency in
clear and cloudy situations and therefore weighting of the result due to
storm systems would not occur.

Averaging pericds were selected for twc almost ccmplete precessional
cycles, 8 February to 10 April, and 11 April to 10 June. Meridional pro-

files of outgoing thermal radiation, albedo, and net radiation were pre-
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Figure 62. View of the earth and the precessing TIROS IV orbital plane
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sented. Limitations in the data due to sampling techniques were not fur-
ther discussed.

The meridional profiles of albedo obtained by House are shown in
Figures 63 and 64. In Figure 63 the results for the two precessional
periods are compared. Both periods show siight maxima in the tropical
regions, minima in the subtropics, and increasing values tcwards the
poles. The albedos in the subtropical regions are 1-5% higher for the
second period. In Figure 64, the data for March, April, and May are com-
pared with estimates, by London25 (see Appendix F), of albedo for spring
and fall seasons. House's data indicate a lower albedo in tropical
latitudes of 4-6% and higher values of 5—5% in middle latitudes. A global
albedo of 55% was obtained after extrapclating the prcfile linearly to
61% at the pole.

In summary, the only albedo measurements obtained with the low
resolution instrument are those of House. Assumptions made in the anal-
ysis were:

a. The earth's reflectance is assumed tc be isctropic.

b. The term which represents thermal radiation received by the

sensor is the same in the transition region as it 1s on the

dark side of the earth, i.e.,

(BRE)I = (BRZ)II
¢, The term which represents the direct scolar radiaticn received
by the sensor is the same in the transition region as it is on

the sunlit side of the earth, i.e.,
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OCS Og
( a; HRS) = < a[ T[Rs>
' II III

d. The mean value of the thermal radiation on the dark side of the

earth 1s equal tc the mean value of the thermal radiation on

the sunlit side of the earth, i.e.,

(BRI)I = (5R1)111

e. Averaging the samples at a meridian which are available over a
precessional cycle produces the average daily meridional value

of albedo, i.e., there is no sampling error.

2. THE MEDIUM RESOLUTION MEASUREMENTS

Two types of medium resclution instrument have been used for satel-
lite measurement of earth reflectance or albedo to date. The TIROS 5-
channel radiometer2t was flown on TIROS IT, TIIT, IV, and VII. The
NIMBUS Medium Resolution Infrared Radiometer (MRIR),25 also a 5-channel
instrument but of a different design, has been flown cn the NIMBUS IT
satellite.

The principle of the TIROS 5-channel radiometer is illustrated
schematically in Figure 65, showing the basic compcnents of a single chan
nel of the radiometer. The field of view of each channel is about 5°
wide at the half power-point (the field of view down to 5% of maximum
response is 8 to 9°). The chopper disk-prism arrangement causes the

radiometer to look alternately in copposite directicns. During flight and
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during calibration, a reference target is viewed in one direction, and
the earth or calibration target in the opposite direction. The ref-
erence target for the visible channels is outer space during flight and
is a dark cavity during calibration. As the half mirror-half black
shopper disk rotates, the radiation reaches the detector alternately
from opposite directions. The resulting chopped signal is amplified and
rectified to produce a d-c signal, which in the ideal instrument is pro-
portional to the difference in energy flux received from the two direc-
tions. The two viewing directions are called "wall" and "floor" side of
the radiometer according to their location in the TIROS satellite, i.e.,
one view is through the wall side, the other through the floor side of
the satellite.

The nominal characteristics of the two visible channels, channels
5 and 5, with which we are concerned, are given in Table 18. The effec-

tive spectral response of each of the channels is given in Figure 66.

TABLE 18

NOMINAL CHARACTERISTICS OF TIROS RADIOMETER CHANNELS 3 AND 5

Channel number: 3 5
Purpose of "Reflected' solar Comparison

measurement: radiation with TV photos
Wavelength

(nominal): 2-6 micron .55-.75 micron
Optics (lenses): Al205 AngB

BoFy 5100

Filters: Interference and

chance glass
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CHANNEL 3

0.6

04

0.2 —-(JI

¢)‘ , EFFECTIVE SPECTRAL RESPONSE

| | I ! | |
1.0 2.0 30 40 5.0 6.0 7.0

>\ » WAVELENGTH, MICRONS

0.6

CHANNEL 5

0.2 -

EFFECTIVE SPECTRAL RESP.
o
»
1

¢ .

| 1 1 1 1 !
1.0 2.0 30 40 5.0 60 70

A, WAVELENGTH, MICRONS

Figure 66. Effective spectral response of channels 3 and 5 of TIROS five-
channel radiometer.
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The radiometer is mounted in the satellite with its optical axis at
L5° from the satellite spin axis. It revolves around the spin axis in
a double cone with 45° half angle. The scan over the earth varies from
a circle to two alternating quasi-hyperbolic branches, as shown in Fig-
ure 67.

The NIMBUS MRIR is a five-channel scanning radiometer designed to
measure the flux of thermal radiation and the reflected and scattered
solar radiation from the earth and its atmosphere.

The optical design of the radiometer is illustrated schematically
in Figure 68. Incoming radiation is reflected by the scanning mirror
into the five Cassegranian telescopes and then passes through the chopper
into the collecting optics, filter, and bolometer detector.

The associated electronics consists of preamplifiers, mixer cir-
cuits, power amplifiers, synchonous detectors, output filters, and power
supply.

The relative characteristic response ¢i of the two visible channels
of the F-1 (flight model 1) radiometer are shown in Figures 69 and 70.
The response of the one visible channel of the F-L4 MRIR is also shcwn in
Figure 70. This data was supplied with the radiometers by the Santa
Barbara Research Center.

Other characteristics of the visible channels are illustrated by
those of the F-4 MRIR visible channel, given in Table 19.26 The field
of view contours of the 0.2-4.0 micron channel of the F-4 MRIR are shown

in Figure T1.
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Figure 67. The scan Batterns of the TIROS medium resolution radiometer
(after Staff Members22).
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Figure 69. Relative characteristic response, ¢', of 0.55-0.85-micron
channel of F-1 MRIR.
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02-04 MICRON CHANNEL DATA 7-3l-63.
—— VERTICAL FIELD OF VIEW
-——=— HORIZONTAL FIELD OF VIEW
100 —
80
w
n
P
(@)
a
W
o 60—
w
>
>
1 40—
w
o
20+
0 |
-1 0o +]
ANGLE FROM HORIZONTAL AXIS
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Figure T1l. Field of view contours of the 0.2-4.0-micron channel of the
F-4 MRIR.
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TABIE 19

NOMINAL CHARACTERISTICS OF F-4 MRIR
(0.2-4.0-Micron Channel)

Spectral region (5% points) 0.2-4.8 microns
Field of view (-6 db points) 2.8°

Optical entrance aperture 1.72 in. dia
Effective system f/no. 0.93

System input noise 0.59 wuvolts rms
System gain 3.9-107 (rms to de)
Responsivity 1.6-10° volts/watt/cm?
NEPD 1.52.10°0 watts/cn®
Time constant 0.02 sec

Target range 0-80% albedo

Output impedance 5.8°K

Output voltage range 0 to -6.4 volts

The MRIR is installed on the NIMBUS satellite so that its rotation
mirror scans at right angles to the plane of the satellite orbit. The
field of view gives each channel a resolution of about 25 miles on the
earth's surface. When the orbit is at the proper altitude, slightly over-
lapping scans of the earth, extending to the horizon on each side of the
orbital path, are obtained.

The visible channels of the medium resolution radiometers are de-
signed to obtain a measurement of the fraction of incident solar radia-

tion which is reflected or scattered back out into space from the sur-
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face of the earth, the clouds and the atmosphere. Thus the attempt is
made to interpret the radiometer readings in terms of an equivalent aver-
age "reflectivity" or "albedo" of that portion of the earth and its
atmosphere lying within the radiometer field of view.

The interpretation is made as follows.2T Recall that the solar con-
stant 1s defined to be the amount of solar radiaticn received at normsel
incidence (i.e., on a plane surface normal to the sun's rays) outside of
the atmosphere at the mean earth-sun distance. The value used is 2.0
langleys min-1 (2 cal cm"'2 min~1 or 0.1395 watt cm'g)° Recali that the
solar constant can be expressed as:

0
Hy = f Hg )\ dA (9)
0
where

Hg is the solar constant (irradiance).

2 1

Hg\ is the solar spectral irradiance in watts cm™ micron™.

If one solar constant of radiation at normal incidence is reflected
from a perfectly diffuse reflecting surface with spectral bidirectional
reflectance % the radiance of the reflecting surface will be:

00
f p7\HS7\d7\

(0]

Ny =

A

and the bidirectional reflectance of the surface, averaged over all wave-

lengths will be:
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l [e0]
7 f PaHgpAA
(0]

p = 1 b (79)
I oo ,

0

This average bidirectional reflectance is a weighted average with
weighting function taken to be the spectral distribution of the solar
radiation.

When the surface is viewed by the visible channel of the radiometer,

28

the radiometer voltage will be:

Vo, = R'AQN. (80)

where
R' is the responsity of the detector
Ay is the area of the radiometer aperture
0 is the solid angle viewed by the radiometer
Né is the effective radiance of the reflected solar constant, i.e.,
o
v o= [ epho (61)
0

For py = 1 (i.e., 100% reflectance), we would have:

NL(100%) = -Tl; / Hg ) fpdA (82)
0

For N £ 1, we may calculate an "effective" average bidirectional re-

flectance of the surface
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l o]
= f OAHAPAGA
o)

= f Hop$ndA
0]

The average reflectance p' thus obtained is a weighted average with
weighting function taken to be the product of spectral distribution of
the solar radiation multiplied by the instrument response function.

The instrument readings cannot actually be interpreted at all unless
suitable calibrations have been made. Problems typically encountered in
making such calibrations are discussed in detail in Reference 27. Briefly,
the method used for the calibration is referred to in the literature20
as the "near extended source method.” A diffuse source larger than the
radiometer aperture, which will completely fill the radiometer, so that
the transmissivity of the medium between the source and the instrument
is essentially unity. The calibration procedure consists of the follow-
ing four steps:

a, Vary N, the radiance of the diffuse calibration source for
which the distribution of spectral radiance N,) is known, over
the desired range of amplitudes.

b. Record corresponding values of radiometer output voltage V.
and source radiance Ng..

c. For each value of N., calculate the corresponding value of NE

by the equation

N, = k/1 NepgpdA

@)
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d. Plot the calibration curves of V. vs. Ng.
This calibration procedure must be carried out for all instrument tem-
peratures at which the instrument will be operated.

The calibration curve of the visible channel of the radiometer may
be given in terms of percent reflectance by taking that value of Ng equal
to Ny (100%) as representing 100% reflectance, for radiation normally
incident upon the surface viewed. Further a radiometer voltage reading
Ve corresponding to a value of Np = 0.5 Ng (100%) represents a reflec-
tance of 50% for normally incident radiation. Similarly, in general,
we define the percent reflectance of solar radiation, as measured by the
visible channel of the radiometer by:

o

f NepgpdA
N& ()

NL(100%) 1 P”
S
Ek/1 Hs%¢%d%

0]

Finally, to correct for angles of incidence other than 90°, it is
necessary to divide the value of reflectance obtained by cos ®, where ©
is the zenith angle of the incident radiation.

To summarize then, the interpretation of radiometer readings as per-
cent reflectance is made by changing the radiometer calibration curves
to the form of N&/Ng (100%) vs. Vo. For normel incidence, a given
radiometer reading corresponds to a reflectance equal to the value of
Né/Né (100%) obtained from this curve. For other angles of incidence of

the solar rays it is necessary to divide by cos ©®, where Z is the solar
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zenith angle. Thus:

N
N5(100%) +cos ©

[ mNc7\¢7\d7\
(85)

o]
cos O %-\/q HgnopndA
0

One final correction tc be made is & correction for variation in
values of Hg). Values of Hg) used in drawing calibration curves are
values for the sun at its mean distance from the earth. Variations of
values of Hg) during a year are as great as ij,B% and should be cor-
rected for.

The only study of earth's albedo based on medium resolution measure-
ments from a satellite is that of Bandeen, et gl.,l using data obtained
with the TIROS VII 5-channel radiometer. The albedo study was only a
part of a general radiation balance study using the TIROS VII data. Re-
sults have been obtained for a two-year interval, June 1963 through May
1965. The first years results were published in Reference 1 and the
second year's data were included in a paper presented at the L7th Annual

Meeting of the American Geophysical Union.2? Only the first year's re-

sults are discussed herein.

Although ideally a study of heat balance and albedo would be made
with data obtained by the "total” thermal and solar radiation channels,
8-30 microns and 0.2-6 microns, these channels were not used by Bandeen,

et al., because of engineering problems, Instead data from the 8-12-
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micron and 0.55-0.75-micron channels were used.

The albedo results were obtained as follows. Values of reflectance
calculated by Equation (65) were used, assuming isotropic, i.e., per-
fectly diffuse reflection. The reflectance was also assumed to be inde-
pendent of wavelength. The maximum allowable solar zenith angle allowed
was 70° and the maximum nadir angle of the radiometer optical axis was
L5° for the data used in the study. With the satellite orbital inclina-
tion of 58.2°, this resulted in coverage between 63.5°N and S. This
area was called the "quasi-globe.” A square mesh grid having 2376 ele-
ments was superimposed on a Mercator map of the "quasi-globe," and
averages were made of measurements accumulated in each grid square over
a period of about seven days. Averages of all individual measurements
for the week were also calculated. Seventeen of these averages were
plotted vs. time for the first years data (see Figure 72). A least
squares linear curve fitted to these data were taken to represent an ap-
parent degradation of the instrumental response as a function of time.
The individual reflectance readings were then corrected for the degrada-

tion by the factor h(t), i.e., a corrected reflectance value becomes,

" = h(t)-p (86)

The weekly grid averages were then recomputed using the correction factor
for degradation. Grid averages of four weekly maps, each separated by

approximately 19 days, were averaged to give a grid average for a season.
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Meridional averages were then computed for each season, as shown in Fig-
ures 73 through 76. The meridional averages for the season were ex-
tended beyond 63.5°, up to 90° by reference to the work of London,25
i.e., the curve was extended in a direction parallel to the data of
London.

Meridional integrations were then made using a planimeter to inte-
grate over the curve, thus weighting the albedo contributions according
to land area of the various latitude zones. The annual albedo of the
earth was then found by averaging the results for the four seasons.

When this was done, it was found that the annual planetary albedo
required to balance the annual long wave flux determined from the 8-12
micron channel was %2.2%, whereas the value obtained from the calcula-
tion was 20.1%. Assuming that radiation balance exists on the average
over the year, there is a glaring inconsistancy between the two types
of data. Since it was felt that the long wave measurements were more

precise than the solar radiation reflectances, all reflectances were

multiplied by a factor of Z§°§ = 1.6. Thus finally we have for TIROS

VII reflectances:

P! = 1.6°h(t) p (87)
The final values obtained are given in Table 20. The annual meridional

values of albedo are shown in Figure 77. Data from London are shown for

comparison.



17T

(%) 0Q387Y AMVLIANVd

*(Tusspueg JI94J®) £96T IsSnany

-£Tnp-sunp ‘opaqre ToUUBYD UOIOTW~G),*0-GG° 0 :ITIA SOMIL ‘€L SaIn3t4g
N (S33493Q) 3ANLiLy] S
060,09 0G Ob 0O 02 ol 0 ol 02 08 Ot 0S 09 QLO6
GIT T 11 _ 1 | _ _ _ _ T T _ T T T 1
ozl .

~S\ 4020

Ser N\ e .\ /./ 7]
/ —~7 "\ / \ 4220

Om - \. /. . ./ \\l.
. N 7/ . /dpzo

sef / — \ /T
M (TINNVHO  7520-650) \. {920

obI \ 0Q3gnv N, 7
~ 820

St ia —
\ N —0€0

ost ° (TINNVHD 7z2i-8) // 1
NOILVIAVY 3IAVM-ONO \j2e0

ssh \
/ —~t£'0

09 ..\\ .
/ 49¢0

cot |
-8’0

oL} :
ot'0

(1-NIN A7) NOILVIAVY JAVM-9NOT 9NIO9LNO



178

(%) 00387V AMYVL3NVd

Gl
0o¢

G2

og

G¢

10) %

1°) 4

os

GG

09

G9

0oL

N
060L09 OS5 Ob

" ({usspurg I93J8) €96T I9QWSAON-ISG03I0

-zaqueqdag ‘OpeqTe TSUUBYD UOIDTW-G).'0-GS'0 :IIA SOMIL ‘Hl 9dn8Td

(S334930) 3aniiLvi
og 02 ol o) Ol 0o¢ og

S

Ot 0OS 09 0L 06

[

—

I

!

I

/

I | I _ | I 1 [ T

(T3INNVHD 7 G20-GS0)
0a3glv

(T3NNVHD 721-8)
NOILVIAYY IAVM-ONOT

—10¢0

1220

/P20

1920

1820

—0€0

-12€0

1P€0

—-19€0

-18€0

0)40)

(.-NIA A7) NOILVIAVH 3AVM-ONOT 9NIO9LNO



179

(%) 04387V AYVL3INVd

(Tusspueqg I99Je) H96T Arenaqsg—-Lrenuep

—€96T I°qwedS(Q ‘OPSQTEe TOUUBYD UOIDTW-G)*0-GS°0 :IIA SOYIL °GJ) San3td
N (S33¥934) 3dnlilv1 S
060L OO OGS Ot oge (074 0] 0] Ol (014 og Ot 0OSG 09 0L 06
GIT T T _ 1 _ S _ _ 1 | 1 | T 11
/ \
Ocr /A
ser / \ : TN 1°e°
\ / ../..\ N / 1220
1\
alh - v \ )
/ ‘ (T3INNVHO 7G/.0-GG0) . 120
SEr N 0a3gv /./ 7
\ ~920
ob [ e
cb 7~ 4820
osL —0€0
- l
cole” (T3NNVHO 721-8) +2g0
ool NOILVIAVH 3AVM-9NOT dveo
/. i 9¢0
SOt N
os- Ndsgo

ov 0

( |-NIW A7) NOILVIAQVY 3AVM-ONOT 9NIOSLNO



180

(%) 04387V AYVL3NVd

* (Tuespueg I9338) H96T LeW

S

O YA

22o

veo

920

ONO 9NIO9LNO

820=

0¢o
2eo
teo
9¢'0

8¢'0

~TTXdy-UdIB ‘OPSqe T[IUUBRYD UOIDTW-G) 0-$G°0 :IIA SOMIL ‘9L oIn8T4g
N (S33493Q) 3dANLILYT
060,09 0S Ob O 02 ol o) ol 02 0 Ot 0S 09 0L06
GI[T T 7T _ _ _ T/ ~_ | _ 1 _ T _ _ 1
/N
oz . \
/ \ .
Ger / . ~ =
/ N——T -
O¢ : N =
/ . >
SeT . . 7
N \.\ (T3NNVHO 7620-G50) N S
ob N\ : 0a3gv \ .
\ . —
Shr -
OSt _
ol (13NNVHO 721-8) i
i NOILVYIQVY 3IAVM-9ONOT \ _
o9F | . -
/ S
GOt ~J
, =
/ —
oLt.,”

o+o

(\-NIW A7) NOILVIQVYH 3AV



181

N

" (Tuespueg I93J®) 96T LB
-£96T ounp “OpaqTe TOUURYD UOIDTW-G) 0-66°0 :IIA SOYIL ‘L. °insStJ

(S334934Q) 3ANLiLvT

)

06 09 0S O og¢ 0¢ Ol o) Ol 02 og ot 0OS 09 06

T 1

[ [ I | I [ I I

TIVANNY

(LS681) NOONOT
P961 AVW - €961 3INNCT

(F3INNVHO G620-6S0)
IIA SOdIL

T

02

G2

o¢

°}

ov

St

oS

GS

09

S9

0L

(LN3243d) 00387V AYVLINVd



182

IARAY L-onée 619 ¢ L2lT Tenuuy
¢ TS 2 hée 0°96.L G ohLT W-V-I
6°2¢ 86092 L 6Sg ARAVAL g-r-a
9°G¢ 8- tLGe ARAAS) 2 Gelt N-0-8
f1°ge Q- LGHe 0° 669 2 Gelt v-r-pr
(%) ({-UTw T8> (10T) (T-utw TEd (10T) (p-UTW T8> (0T) (suzuoy)
opaqTy 19UBTd UO JUSIPTIUT pa3oaTIay I5MOJ JUBTDPBY uosaog
LaByausTg uoT3BIpEY JIBTOQ aABM-JUuOT AIelaUBTJ

({Uespueq I193JV)
NOILVIAVE HAVM-IMOHS ONV -DNOT A0 SENTVA TVANNY ANV TVNOSVES TYNIL

NS HIdVL



183

The author assumes that the additional unexplained factor of 1.6
for reflectances, which is necessary to provide radiation balance over
the year, may be explained by some combination of the following factors.

a. Error in the original calibration.

b. Error due to the assumption of isotropic reflectance. (In this
regard, recall that reflectance samples used were restricted to
solar zenith angles of less than T0O° and radiometer nadir angles
of less than 45°.)

c. Error due to unobserved deterioration before the first orbit on
19 June, 196%.

d. Error due to the assumption of reflectance independent of wave-
length. (Related to this is use of the 0.55-0.75-micron chan-
nel reflectances for total solar albedo.)

Examination of the method of data analysis indicates two other pos-

sible sources of error.

a. A bias due to the geographical sampling technique.

b. Error in the method used to obtain planetary albedo from the

meridional albedo curves.

3. THE MARINER 2 MEASUREMENTS

Some information on brightness variations of the earth as viewed
from relatively large distances was obtained from measurements made with
the earth tracking system on board the Mariner 2 spacecraft on its flight

to the planet Venuse16
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The measurements were obtained by the photometer which was one part

of the Long Range Earth Sensor (LRES) on this spacecraft. In addition

to signals which provided information for altitude correction of the

spacecraft, the instrument output included a signal which indicated the

amount of light being sensed.

This signal was calibrated photometrically

before the flight, however no in-flight calibration was made.

The brightness of the earth as seen from the spacecraft was com-

outed from the photometer signals by means of the following equation:

[f@m-gévm«dx-f £ (M) (M) N

0 I@

vhere

f f$(A)'¢SII(7\)dA'f £o(N) By (N)an
¢} 0]

the response function of the eye.

the response function of the SII photo emissive surface
multiplied by the transmission function of the objective
lens.

spectral energy distribution of the standard source.
spectral distribution of the earth radiation.

photoelectric current produced by the standard source.

photoelectric current produced by the earth radiation.

response at 70°F
response at T°F

footcandle output of the standard source.

the earth brightness in footcandles.
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The spectral distribution of earth radiation was assumed to be con-

stant and equal to

£o(N) = £1(N)-f2(N)-f3(N) (89)
where
f1(A\) = +the empirical solar continuum according to Minnaert.
fa(N) = 1-F.
F = the Fraunhdfer line blanketing. coefficient according to
Michard.
fa(A) = an assumed wavelength dependence of the overall reflec-

tivity of the earth, based on three color observations
of Danjon. The assumed curve is linear with a value of
1.47 at 43308 and 1 at 55L40A.

Data were obtained for a 52-day period, from 29 September to 22
November, 1962. The space probe distance from the earth varied from
8.,6°106 km to 55.&0106 km during this time. During this time, the earth's
phase angle as viewed from the space probe varied from 45° down to 11.3°
and then back to 24.4°. After this time, the temperature, which had been
rising rapidly, was too high for temperature correctiocns.

It was found that the data obtained did not agree with absolute
values obtained by Danjon. The following conclusions were drawn:

a. The part of the data obtained for increasing phase did not agree
with the data for decreasing phase angles. It was assumed that
the temperature corrections were incorrect for high temperatures.

b. Danjon's phase curve, normalized to fit the Mariner 2 data at

minimum phase angle, was found to agree well with data taken

for decreasing phase angle.
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Diurnal brightness variations and a semi periodic variation of
5-6 days was observed.

Since the latitude variation of the Mariner 2 suborbital point
did not very greatly, being approximately at the earth's equa-
tor, variation with latitude was not measured.

The diurnal variations indicated most pronounced relative maxima
corresponding to a point in the Atlantic above the eastern ex-
treme of South America, and most pronounced relative minima
corresponding to the center of the Pacific Ocean. A calcula-
tion, considering the percent 1and/ocean area in each case, in-
dicated a reflectance of land forms 1.41 times as great as that
of ocean area.

A possible explanation of the greater reflectivity of land rela-
tive to ocean is that clouds may tend to concentrate over land

rather than water.



APPENDIX C

REFLECTANCE OF THE EARTH'S SURFACE

1. SPECTRAL REFLECTANCE
a. $Soils and Rocks

The spectral reflectance of soils and rocks is illustrated by
Figures 78 to 83, taken from References 31 to 36. Although all of
these figures yield information concerning the spectral dependence
of reflectance, care must be taken in using the data, because dif-
ferent quantities have been measured.

In Figures T8, the quantity measured is the bidirectional re-
flectance: pA(h5°,,O, 0, 0), i.e., the incident radiation has zenith
angle 45° and the reflected radiation is measured normal to the re-
flecting surface (at zero degrees zenith angle).

Figures 80, 81, and 82 are measurements of the directional re-

flectance:

rx(eo,¢o) = %- J J px(60,¢0,6,¢)cose sin® ded¢ (90)
=0 6=0

The zenith angle of incidence eo will not necessarily be the same for
all three cases, since it has not been noted in the papers, however,
it is probably close to zero degrees.

The quantity indicated in Figure 79 was measured under conditions
of natural illumination, so that the source is direct sunlight plus
the diffuse skylight. We can indicate this measurement by the follow-

ing definition:
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NON-SALINE DRY PLAYA

GRANITE PEDIMENT\V /./ .
BRUSH & WINDBLOWN SAND ) |

. LAG SURFACE OF
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e tas __—— = T

— =~ ALFALFA—, e

0.0

[ [ ;| T
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Figure 79. Diffuse reflectance of representative types of desert sur-
faces (after Ashburn, et al.3?).
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Figure 80. Spectral distribution of reflected energy for minerals and
rocks (after Gerharz, et al.33),
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hSIE]
(SIE]

px(eo,¢o,9,¢)°HA(60,¢o)c05651n9coseo s1neoded¢d60d¢o

=

HA(60,¢O)coseo-sineod90d¢o (91)
It is a weighted average directional reflectance, with the weighted aver-
age taken over all directions of incidence. The zenith angle of the

sun was not specified for this figure and so the amount of diffuse in-
cident radiation is not known (for low sun angles, it may be as much

as 10% of the direct sunlight). This quantity is called the albedo of

the surface element by the author.

The data of Figures 83a and 83b, show the bidirectional reflectances
OA(53°, 0, 6,4)for desert sand and OX(TB'SO’ 0,8,¢) for black loam soil.
The measurements are taken in the principal plane so that ¢ has the
values o, 180° as shown.

All of the above measurements show an increase of reflectance with
increasing wavelength up to at least 1 micron, and a decrease of re-
flectance with increasing wavelength beyond 2 microns.

The data of Figure T8 indicate that wetting a crust clay surface
decreases its reflectivity, and Figure 81 indicates that powdering a

rock material may increase its reflectivity.

b. Vegetation

The spectral reflectance of various types of vegetation is il-
lustrated by Figures 84 to 86 taken from References 31, 37, and 38.
Again the figures represent different quantities. Figure 84 shows the
bidirectional reflectance pA(h5°, 0, 0, 0), Figure 85 represents meas-

urements made under conditions of natural illumination, i.e., the



O N o
O O O
T T T

]

9T REFLECTANCE

o
1
|

0 | | | | l 1 1 1 1
80 60 40 20 O 20 40 60 80

¢=0° ¢=|80°
NADIR ANGLE, (°)

a) DESERT SAND.

T T T T I T T T T

@®
o O
T T
] 1

10250 A

7T REFLECTANCE
H
5 835 &8 8 3
| I I I T I
|

© o
T

80 60 40 20 O 20 40 60 80
¢ =0° ¢ =180°
NADIR ANGLE, (°)

b) BLACK LOAM SOIL.
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soil (60 = 78.5°) at different wavelengths (afteF Coulson3©).
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Figure 85. Spectral albedo of different vegetation: (1) sudan grass;
(2) maize; (3) clover; (L4) lucerne grass (June), (5) lucerne grass
(July) (after Kondratier, §£.§£.37).
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quantity rk(eo’¢o) defined above (sun's zenith angle not given), and
Figure 86 shows measurements of directional reflectance rx(6°,0).

The data show low reflectance starting at 0.4 micron with a small
maximum in the region 0.5-0.55 micron, followed by a minimum in the
chlorophyll absorption band at 0.68 micron. There is a sudden increase
in reflectance at 0.7 micron to a higher value which is maintained up
to a wavelength greater than 1 micron; the reflectance then decreases
in the infrared.

The change in reflectance with growing season is shown by curves
4 and 5 in Figure 85 and by Figure 86; the chloryphyll absorption at
0.68 micron is most noticeable when the leaf is green, the reflection
above 1 micron is a maximum for young plants, decreases as the plant

matures, and increases again as the plant looses its green color.

c., Water Basins

The spectral reflectance of a smooth water surface is illustrated
by Figure 87 (from Reference 37), which shows the quantity rA(eo’¢o)
measured under natural illumination (sun's zenith angle not given).
These measurements agree quantitatively with calculations based on the
Fresnel formula for spectral reflection from a smooth surface, i.e.,
a decrease of reflectance of water depends on the backscattering of
radiation in the water as well as by reflection at the surface, and thus
depends on the water turbidity. In addition the surface reflectance
depends on the surface roughness and conditions of illumination. De-
tails of the spectral reflectance of water for various turbidities and

surface conditions are not presently available in the literature.
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Figure 87. Spectral albedo of a water surface (measured over a lake with
depth of 60 to TO cm) (after Kondratiev, et al.>3T).
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d. Snow and Ice

The spectral reflectance of snow is illustrated by the data of
Figure 88. The quantity measured is ;;ngjEZT, under conditions of
natural illumination. Data have been taken at different times during
the day. The spectral reflectance is a maximum in the 0.7 to 0.8
micron region and slightly less at lower and higher wavelengths. The
reflectance of snow shows great variability, dependence on dryness,

purity, surface roughness and conditions of illumination.

2. ANGULAR DISTRIBUTION OF REFLECTANCE
a. Soil and Rocks

The angular distribution of spectral reflectance for various soils
is illustrated by the curves of Figure 89, taken from references 36 and
39. As the data shows, the reflectance is not perfectly diffuse, al-
though for small zenith angles it approximates this ideal case. Each
set of data shows backscattering of an amount which increases with in-
creasing zenith angle of incidence. In addition, as the zenith angle
of incidence increases, forward scattering develops. For large zenith
angles of incidence the forward scattering becomes greater than the
backscattering for both types of sand, whereas for red clay and black
loam the backscattering is greater than the forward scattering. For
black loam the forward scattering is almost nonexistant. The back-scat-
tering property is referred to as ""black gloss' by those interested in
visibility problems.

Additional data on bidirectional reflectance characteristics are
contained in Table 21, taken from Reference 40. The data in this table,
taken under conditions of natural illumination, show forward and back-

scattering for both hard packed dirt and sand dunes, the data for podsol,
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Figure 88. Spectral albedo of the snow cover in clear weather, 28 March,
1963. The Leningrad Region. Dry snow (after Kondratiev, et al.>').
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TABLE 21

BIDIRECTIONAL LUMINOUS REFLECTANCE OF TERRAIN BACKGROUNDS
FOR MODERATELY HIGH SUN

(After Duntley, et a_l-uo)

Azimuth
of the path
Sun  of sight

Zenith angle of path of sight
zenith relative to nith angle of path of sigh

Description angle the sun 180 1685 150 135 120 105 100 95
1. Pine trees, small, uniformly spaced. 41.5 0 0.0333 0.0241 0.0214 0.0214 0.0261 0.0379 0.0463 0.0859
Data are for unresolved terrain 45 0.0222 0.0202 0.0194 0.0210 0.0303 0.0387 0.0549
over which atmospheric data 90 0.0315 0.0311 0.0317 0.0317 0.0337 0.0387 0.0463
given in Sec. VI were collected. 135 0.0335 0.0382 0.0392 0.0387 0.0438 0.0463 0.0572
180 0.0402 0.0444 0.0578 0.0640 0.0711 0.0758 0.0825
2. Grass, thick, rather long, pale green, 41.5 0 0.088 0.081 0.076 0.077 0.088 0.094 0.096 0.094
dormant, dryish, little ground 180 0.098 0.119 0.146 0.150 0.1563 0.153 0.160
showing.®
3. Asphalt, oily, with dust film blown 42.0 0 0.061 0.057 0.058 0.060 0.068 0.090 0.104 0.127
onto oil.® 180 0.067 0.080 0.101 0.090 0.086 0.086 0.088
4. “White” concrete, aged.* 42.2 0 0.266 0.263 0.25¢4 0.254 0.266 0.298 .0.3‘20 0.374
180 0.289 0.313 0.343 0.367 0.350 0.343 0.320
5. Calm water, infinite optical depth’  41.5 0 0.0222 0.0234 0.0297 0.0569 0.139 0.267 0.461
45 0.0230 0.0240 0.0272 0.0357 0.107 0.199 0.325
90 0.0221 0.0222 0.0234 0.0293 0.0711 0.121 0.214
135 0.0213 0.0212 0.0220 0.0270 0.0665 0.113 0.203
180 0.0214 0.0212 0.0216 0.0267 0.0718 0.125 0.254
6. Grass, lush green, closely mowed 40.4 0 0.100 0.096 0.098 0.108 0.120 0.149 0.168
thick lawn.¢ 39.6 90 0.103 0.110 0.121 0.138 0.159 0.168
39.6 135 0.107 0.125 0.148 0.166 0.178 0.178
39.9 180 0.109 0.109 0.119 0.122 0.125 0.125
7. Macadam, washed off and scrubbed.* 48.5 0 0.113 0.115 0.119 0.128 0.148 0.194 0.229
60.1 90 0.110 0.109 0.116 0.122 0.139 0.147
46.0 180 0.126 0.141 0.156 0.166 0.172 0.176
8. Dirt, hard packed, yellowish.c 53.2 0 0.243 0.230 0.229 0.239 0.252 0.300 0.330
56.5 90 0.243 0.258 0.260 0.276 0.300 0.304
51.1 180 0.272 0.313 0.370 0.422 0.432 0.434
9. Mixed green forest, deciduous (oak) 39.0 0 0.0360 0.0325 0.0291 0.0205 0.0205 0.0342
and evergreen (pine).? 37.0 180 0.0410 0.0493 0.0493 0.0820 0.263
10. Pine forest.? 33.5 0 0.0385 0.0385 0.0308 0.0246 0.0246 0.0200
11. Grass, dry meadow, dense, mid- 45 0 0.0955 0.0897 0.0960 0.0952 0.108 0.129
summer.* 45 90 0.0778 0.0890 0.101 0.111 0.130
45 180 0.116 0.131 0.143 0.153 0.170
45 270 0.107 0.121 0.134 0.137 0.132
12, Ilyas, sparse and dry, yellowish 40 0 0.231 0.320 0.342 0.356
grass on sand at end of summer.* 40 90 0.163 0.176 0.198
40 180 0.295 0.353 0.359
40 270 0.262 0.237 0.229
13. 8and dunes, sharply expressed micro- 40 0 0.288 0.183 0.337 0.353
relief, dry. 40 90 0.284 0.329 0.306
40 180 0.246 0.259 0.276
40 270 0.278 0.410 0.281
14. Podsol, ploughed, moist.* 50 0 0.0600 0.0680 0.0646 0.0555
50 90 0.0662 0.0953 0.0715 0.0614 0.0761
50 270 0.149 (0.180) 0.168 0.168 (0.189)

Se; 'l“,hlue terrains were measured on the ground by means of a goniophotometer, beneath and during the collection of the data in

* Computed from equations by Duntley (1952) for the lighting condition prevailing for items 1 and 2 in this table,

¢ Data taken with a goniophotometer, 10 October 1956.

¢ Data taken with a photoelectric telephotometer from a helicopter at 300 ft (91.4-m) altitude, mountain forested area near Julian,
Chalifornia, 23 September 19569,

¢ Luminous directional reflectance for terrains 11 through 14 were computed from spectrophotometric data by Krinov (1947) using
C.LE. llluminant B. Disparity between data for azimuths 80° and 270° “is explained apparently by the direction of shallow furrows
in relation to the sun”, (Krinov-Belkov, 1953, p. 75).

/ Puarentheses indicate estimates based on incomplete spectral data.
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ploughed, moist, shows only backscattering.

b. Vegetation

The angular distribution of reflectance of vegetaion of various

types is illustrated by the curves in Figure 90 for green grass turf

and in Table 21 for several kinds of grassy and forested areas. The

data all show pronounced backscattering (black gloss) and a small amount

of forward scattering for very high angles of incidence.

c. Water Basins

Table 21 has angular reflectance data for calm water calculated

according to Duntley, for a moderately high sun angle. Similar cal-

culated data for calm water and low sun angle, and measured data for

ocean water, under wind speed of 5 m/sec and high sun angle, are given

in Table 22 (Reference 41). Calculated data for calm water and over-

cast conditions are given in Table 23 (Reference L42). The data for

these four cases have been plotted for the principal plane in Figure

91. The sun's angle is shown for each figure. The calculations in-
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Figure 90. Bidirectional reflectance of green grass tgrf at different
angles of incidence. X\ = 0.643 micron (after Coulson” ).
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TABLE 22

BIDIRECTIONAL LUMINOUS REFLECTANCE OF TERRAIN FOR LOW SUN ANGLES
(After Boileau and Gordonul)

Azimuth
@ of
path
Sun  of sight Directional reflectance for zenith angle 6
genith relative -
Description angle tosun 0 = 180 165 150 136 120 105 100 95
1. Ocean water, infinite optical depth, 77.3 0 0.0230 0.0288 0.0390 0.055 0.132 b 0.384 0.358
wind speed 5m/sec® 45 0.0246 0.0329 0.0417 0.065 0.087 0.104 0.158
90 0.0242 0.0266 0.0297 0.0373 0.061 0.076 0.093
135 0.0264 0.0280 0.0309 0.0384 0.072 0.096 0.116
180 0.0266 0.0288 0.0325 0.0449 0.072 0.099 0.125
2. Calm ocean water, infinite optical 77.3 0 0.0152 0.0177 0.0219 0.0408 0.140 ¢ 1.03 1.03
depthe 45 0.0188 0.0200 0.0181 0.0371 0.107 0.190 0.345
90 0.0139 0.0139 0.0156 0.0388 0.132 0.154 0.243
135 0.0133 0.0141 0.0160 0.0267 0.0823 0.149 0.345
180 0.0158 0.0206 0.0425 0.108 0.508 0.823 1.03
3. Snow, with surface hoar* 74.0 0 0.69 0.69 0.73/  0.78/ 0.89 1.20 1.39 1.73
90 0.64 0.65 0.69 0.72 0.73 0.73
4. Snow, with rain crust (a crust formed 74.0 0 0.73 0.73 0.74/  0.79/ 0.91 1.47 1.81 2.44
by falling rain which does not freeze 45 0.71 0.71 0.69 0.67 0.62 0.60 0.58
upon falling)® 90 0.73 0.73 0.71 0.72 0.71 0.69
135 0.71 0.74 0.77 0.82 0.89 0.9
5. Snow, with glazed rain crust (rain crust 74.0 0 0.80 0.80 0.88/ 1.13/ 1.90 5.6 8.4 10.9
completely covered by a slightly un- 45 0.75 0.77 0.72 0.68 0.65 0.61 0.56
dulating sheet of ice formed by freez- 90 0.75 0.75 0.75 0.74 0.72 0.70 0.65
ing rainfall followed by warm rain, 135 0.76 0.77 0.80 0.81 0.85 0.84 -

subsequent freezing temperatures but
no further precipitation)e

6. Dirt, flat desert road, freshly bulldozed 77.8 90 0.230 0.243 0.264 0.275 0.314 0.380 0.426 0.458
to remove encroaching sage?

@ Data are from Flight 105.

b Value not available, near to direct reflectance from sun.

¢ Computed from equations by Duntley? for the lighting condition prevailing for Item 1 in this table.

4 Value not computed since sky luminances near sun are poorly defined.

¢ Data taken with a telephotometer April 1960 of simulated snow having reflectance characteristics reported by Middleton and Mun-
gall.* The photometry was done in the natural lighting simulator, using the sky luminance distribution from Flight 105.

/ Data interpolated graphically.

¢ Data taken with a goniophotometer at Naval Ordnance Test Station, China Lake, California, in July and August 1962. The spec-
tral reflectance of a sample of the dirt was measured with a Hardy spectrophotometer. Using CIE illuminant B, chromaticity coordi-
nates were z = 0.370, y = 0.361, z = 0.269; dominant wavelength = 580 my; excitation purity = 109,
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TABLE 23

BIDIRECTIONAL LUMINOUS REFLECTANCE OF TERRAIN BACKGROUNDS UNDER OVERCAST

(After Gordon and Churchug)
1
* | Omitted (see Gordon and Churchue)
10
Azimuth
of path
:::jltl.h :l::ﬁ’: Zenith angle of path of sight
Description angle tosun 180 165 150 135 120 105 100 95
11. Calm water, infinite optical 51 0 0.0206 0.0314 0.0336 0.0287 0.053 0.197 0.356 0.57
depth* 51 45 - 0.0302 0.0313 0.0287 0.058 0.229 0.376 0.55
51 90 -_ 0.0306 0.0272 0.0294 0.064 0.229 0.340 0.51
51 135 — 0.0273 0.0239 0.0264 0.057 0.182 0.260 0.425
51 180 — 0.0273 0.0254 0.0238 0.0421 0.145 0.234 0.459
12. . Snow, with surface hoar?4 51 0 0.69 0.68 0.66 0.66 0.67 0.67 0.70 -
51 45 — 0.66 0.65 0.65 0.66 0.67 0.68 —
51 90 — 0.66 0.65 0.66 0.67 0.68 0.69 —
51 135 _ 0.67 0.65 0.66 0.67 0.69 — —_
51 180 —_— 0.68 0.64 0.65 0.66 0.68 0.69
13. Snow, with rain crust (a crust 51 0 0.67 0.67 0.67 0.67 0.67 0.67 0.67 0.67
formed by falling rain which 51 45 — 0.67 0.66 0.66 0.67 0.67 0.67 0.68
does not freeze upon falling)? 51 90 —_ 0.66 0.67 0.67 0.68 0.68 0.68 —
51 135 —_— 0.65 0.66 0.67 0.68 0.68 0.67 0.69
51 180 —_ 0.67 0.64 0.65 0.67 0.68 0.68 0.69
14. Snow, with glazed rain crust 51 0 0.74 0.76 0.76 0.76 0.77 0.77 0.77
(rain crust completely covered 51 45 —_ 0.76 0.76 0.76 0.76 0.77 0.78 —
by a slightly undulating sheet 51 90 —_ 0.74 0.76 0.76 0.76 0.78 0.77 —
of ice formed by freezing rain, 51 135 — 0.74 0.76 0.77 0.77 0.79 0.78 —
subsequent freezing tempera-~ 51 180 — 0.74 0.74 0.75 0.75 0.76 0.77 —
tures but no further precipi-
tation)4
15. Calm water, infinite optical 52 0 0.0236 0.0278 0.0359 0.0393 0.095 0.287 0.438 0.69
depth’ 52 45 _ 0.0249 0.0249 0.0262 0.069 0.247 0.405 0.66
52 90 —_ 0.0239 0.0229 0.0239 0.061 0.212 0.343 0.58
52 135 —_ 0.0216 0.0210 0.0218 0.054 0.194 0.314 0.462
52 180 — 0.0216 0.0214 0.0223 0.057 0.201 0.331 0.414
16. 8now, with surface hoar/ 52 0 0.65 0.62 0.63 0.67 0.66 0.70 0.71 —_
52 45 _ 0.65 0.685 0.67 0.68 0.70 0.70 —_
52 920 _ 0.65 0.65 0.65 0.85 0.68 0.68 —
52 135 _ 0.64 0.63 0.64 0.67 0.68 — —
52 180 —_— 0.65 0.64 0.63 0.65 0.66 0.66 —_
. . 52 0 0.85 0.62 0.63 0.63 0.68 0.67 0.67 0.68
17. 8now, with rain crust (a 52 45 — 066 066 067 068 066 0.68 068
crust formed by falling 52 90 — 066 066 066 067 067 0.66 067
rain which does not freeze 52 135 — 066 066 067 060 070 0.70 0.73
upon falling/ 52 180 — 065 065 067 067 068 0.67 0.69
O T T B BT G
(rain crust completely covered 59 90 — 075 075 075 075 076 076  —

by a slightly undulating sheet 5o 135 — 074 073 074 077 078 0.78 —
of ice formed by freezing rain, 52 180 ' ' ' ’

subsequent freezing tempera-
tures but no further precipi-
tation)/

s Directional luminous reflectances of terrains 1 through 10 were computed from spectrophotometric data taken by Krinov using C.I.E.
Tlluminant B.

¢ The zenith angle of the path of sight is 115°.

¢ Computed from equations by Duntley for the luminance distribution measured by Hood on 21 May 197.

¢ Data taken with a telephotometer (April 1960) of simulated snow having reflectance characteristics reported by Middleton and
Mungall. The photometry was done in the natural lighting simulator, using the sky luminance distribution measured by Hood on 21
May 1957.

* Computed from equations by Duntley for the luminance distribution measured by Hood on 24 May 1957.

/ Data taken with a telephotometer (April 1960) of simulated snow having reflectance characteristics reported by Middleton and
Mungall. The photometry was done in the natural lighting simulator, using the sky luminance distribution measured by Hood on 24
May 1957.
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clude scattering in the turbid sea as well as reflection at the surface.
All of these data show a very large amount of scattering at low angles,
in both forward and backward directions. The experimental data for low
sun angles also shows a large amount of scattering in the forward direc-
tion with a rather small amount of backscatter. The possibility of a
mirror component of reflection is also indicated by the experimental

data.

d. ©Snow and Ice

The measured luminance of snow cover indicated in Figure 92 (Ref-
erence 43) shows a diffuse reflectance component plus a specular component
which becomes larger for large angles of incidence. The Tive types of
snow may be listed in order of increasingly large specular component
as follows, surface hoar, settling snow, new snow, rain crust, wind
packed snow, and glazed rain crust. These results have been confirmed

for low sun angles by the results of Kondratyev and Manolova.h
3. TOTAL DIRECTIONAL REFLECTANCE

a. Solls and Rocks

The total reflectance of various types of soil, shown in Figure 93
(Reference 30), range from 5-43%. From this data we see that the total
reflectance of soil is decreased by 5-20% by the addition of moisture.
The dependence of surface conditions is illustrated by the data of
Figure 94. 1In general, the smoother the surface, the higher the total
reflectance.

If we refer back to Figure 89, we note the increase in bidirectional

reflectance for large angles of incidence. This effect appears for all
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Figure 93. Total reflectance of various types of soil.
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wavelengths and thus implies a diurnal effect in the total reflectance

of soil, with maximum value for low sun angles.

b. Vegetation

Figure 95 shows the range of typical values of total reflectance
of different types of vegetation. Note that the range of values is
not as great as for soils. The maximum value of total reflectance of
vegetation appears to be about 25%. Again there is a diurnal variation
(as can be inferred from the curves of Figure 90) with maximum value

for low sun angles.

c. Water Basins
The reflectance of a smooth surface of pure water can be calculated

from the Fresnel formula.

. 24, 2,

= %_ 51n2(1—r) + tane(l-r) (92)

sin“(i+r) tan” (i+r)
where E%E—i = n = 1.33
sin r

i = the angle of incidence

r = the angle of reflectance

n = the index of refraction.

Figure 96 (Reference 30) compares experimental data with data calculated
according to the Fresnel formula. The decrease in total reflectance
for small solar angles is due to the increase of scattered radiation
relative to the direct sunlight. In part, the disagreement between
experimental and calculated data is due to the influence of waves, water

turbidity, and experimental error.
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Figure 96. Total reflectance of water basins (after Kondratiev3o) .
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Figure 97. Variation of total reflectance of sea surface ﬁs a function
of sun angle under stratus clouds (after Neiburger, et al. 2).
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The total reflectance of water basins is dependent on cloud cover
conditions. Neiburgerhs has studied the reflection of the sea surface
under overcast conditions. He observed total reflection of the sea
surface for radiation transmitted below stratus clouds to be 10.5%.
The observed variation of total reflectance under stratus clouds
reproduced in Figure 9T, indicates that the radiation under stratus

clouds is not perfectly diffuse.

d. ©Snow and Ice

The total reflectance of snow varies over wide limits, depending
on purity and surface conditions. Figure 98 (from Reference 30) shows
this variability very clearly, with a range of values of 25-80% at one
location. The mean value of total reflectance in the antarctic3o is
about 84%. Data by A. F. Spanoh6 show 83% total reflectance for the
antarctic polar plateau and T4% for the Ross Sea area for winter ice.
Measurements by Kuz'min-C indicated a total reflectance of 30-L0% for

sea ice in the White Sea area.
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Figure 98. Change in total reflectance of snow cover with time
(after Kondratyev>0).



APPENDIX D

THE REFLECTANCE OF CLOUDS

1. SPECTRAL REFLECTANCE

Perhaps the earliest comprehensive study of cloud reflectance is
that of Hewson,h7 who studied fogs of particles of fixed diameter and
density. According to Hewson's data, the spectral reflectance is con-
stant up to about 1.3 microns; in the longer wavelength regions there
is a decrease of spectral reflectance with dips due to absorption by
water vapor. A calculation by NovoseltsevhB yielded similar results,
see Figure 99. The spectral reflectance is constant to about 0.8
micron, with dips mainly due to water vapor absorption bands. Note
that this curve is only a very approximate result for cloud spectral
reflectance, since it has fixed size diameter and considers only
water particles and not ice particles.

08

0.6

o4

0.2
(o 1 I TN TP AN VO O T |
02 06 10 14 18 22 26 30

A ,microns

Figure 99. The spectral albedo for middle layer clouds (after
Novoseltsev™©).

2. ANGULAR DISTRIBUTION OF REFLECTANCE

The angular distribution of scattering from a water cloud with

218
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realistic particle size distribution has been calculated by Deirmendjian.
Results for A = 0.45 and 0.70 micron are shown in Figures 100 and 101
respectively. The figures show the intensity functions for parallel

and perpendicular polarization as a function of scattering angle, i.e.,
the intensity of scattering of both polarizations for a small volume
element of the cloud. The curves show a pronounced peak for scattering
angle B < 5%, much brighter in the blue than in the red. As B increases,
intensities fall, reach a minimum at 80 < 8 < 101°. The intensity then
increases as B increases, showing a fog how at 143° (with a hint of a
smaller fog bow at 122° for A = 0.7 micron). Finally the intensity has

180° (backscattering). Although this

a secondary bright spot for B
calculation does not represent cloud reflectance for a specific real
type of cloud, we might expect to observe the salient features of this

scattering pattern in cloud reflectance measurements.

3. TOTAL DIRECTIONAL REFLECTANCE
The classical measurement of cloud total reflectance is that of

Aldrich.”?

He measured the total reflectance of a stratus cloud over
land from a captive balloon. The cloud base varied from 1000-2000 feet
during the measurements and the cloud top remained at 2600 feet. Aldrich
reported a measured total reflectance of 0.78 independent of cloud thick-
ness.

Measurements by LuckieshSl from an airplane indicated that the total
reflectance varied from 0.36 for thin clouds to 0.78 for dense clouds
of extensive area and great depth.

Neiburger52 made measurements from a blimp over coastal stratus

and obtained the results shown in Figure 102, showing the variation of

total reflectance with cloud thickness. The maximum value of about 0.80
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Figure 100. Intensity functigns for water cloud illuminated by 0.45-micron
radiation (after Deirmendjian™?).
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for very thick clouds agrees well with previous estimates, the variation
of total reflectance with thickness is greatest for thin clouds.

Observations of N. I. Cheltsov30 also show the dependence of cloud
total reflectance with cloud thickness (see Figure 103). His data show
reasonable agreement with that of Neiburger, and also show that cloud
form has an influence on the total reflectance of clouds of a given
thickness. Again, maximum values of about 0.80 were measured.

The dependence of total reflectance of clouds on the nature (re-

flectance) of the underlying surface is illustrated by the data in Table

o, 30

TABLE 2k

DEPENDENCE OF CLOUD TOTAL REFLECTANCE ON UNDERLYING SURFACE

Total
10/10 (st, sc, ns) Reflectance
Over ice clearings 0.70

Over water openings 0.32
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APPENDIX E

THE SCATTERING OF SOLAR RADIATION BY ATR MOLECULES AND AEROSOLS

1. MOLECULAR SCATTERING
Scattering by air molecules has been called Rayleigh scattering,
after Lord Rayleigh who was first to successfully consider its theory.53

More specifically Rayleigh scattering is the case of single, independent

scattering by an agent satisfying the condition that the size parameter:

o = -2—;-5 < 0.1 (93)

where r = the radius of the scattering particle and A = the wavelength
of the radiation. The angular distribution of radiation scattered from
an incident beam of radiance NA is described by a phase function p(cosB),

where B is the scattering angle. The radiance of the scattered energy

in the direction R is given by53:
dNA(B) = -K Ei%%Eﬁl.Nx dm watts cm ° ster ' micron T (94)
where: kl = the mass scattering coefficient
dm = the mass of a scattering element

25

For Rayleigh scattering in the atmosphere””:

3/,.2 .42
8 -1 6+38
kg, = Sriacl) o, &3 (95)
32 N -p T-36
3 2
p(cosB) = E—(l + cos“B) (96)
where n = +the index of refraction of air
N = the molecular number density
p = the air density
§ = 1is the depolarization factor of air
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The total loss of radiance is given by integrating dNA(B) over

the Um solid angle, i.e.,

a, = | an(e)an
L
= - kANAdm (97)
since
Jr i%—T-(1+c<yseg)<m =1 (98)
L

This theory provides a qualitative description of the brightness of the
sky. Since the scattering coefficient is inversely proportional to the
fourth power of the wavelength, the sky is blue. The angular distribu-
tion of scattered light is symmetric and for B = 90°, the scattered
light amounts to one half of that scattered forward or backward. The
brightness of the sky is determined by the angular distribution and the
increase in scattering air mass near the horizon as compared to the
vertical. However, for an accurate description of sky brightness,
multiple scattering, and aerosol scattering must be considered.

A quantitative explanation of some of the observed features of the
sky brightness was made possible by the development of the exact solu-
tion of the equation of radiative transfer, in a medium scattering ac-

54

cording to Rayleigh's law, by Chandresekhar. The extensive series

56 57,58

of computations by Chandresekhar and Elbert, Sekers and co-workers,

59,60

and Coulson explained the main features of the radiation transmitted
and reflected by a nonabsorbing, homogeneous, plane parallel atmosphere
of moderate optical thickness 1, with Rayleigh scattering, and diffuse

(Lambert) reflection at the surface. Calculations were made for the
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entire upward and downward hemispheres for

,_‘
]

0.002, 0.05, 0.10, 0.15, 0.25, 0.50, 1.0

cos = 0.10, 0.20, 0.40, 0.60, 0.80, 0.92, 1.0
A = 0.00, 0.25, 1.00
where T = optical thickness = J kx(z)'p(z)dz (99)
z
o
kA = mass scattering coefficient
p(z) = atmospheric density
60 = sun's zenith angle
A = total reflectance (albedo) of surface
z = altitude

These calculations clearly show the horizon brightening in the outgoing
radiation (see Figure 104) and the dark part of the sky at about 90°
from the sun. An integration of the upward flux over the entire hemisphere
for incident radiation having the spectral distribution of the sun's
radiation, for radiation wavelengths 0.32 < A < 0.8 micron, corrected
by estimates of scattered radiation for A < 0.32 micron and A > 0.8
micron, yields a value of 7.6% for the earth's planetary albedo due to
scattering by the clear atmosphere, decreased to 6.9% when corrected
for ozone absorption.

Further studies of this same molecular scattering problem include
those of Sekera6l and Fraser62 with Fresnel (specular) reflection at
the surface and the work of Coulson, gﬁ_g;.,63 using experimentally
determined reflectance characteristics of red clay soil and white
quartz sand for surface reflectance. Fraser's results include curves

of surface total reflectance (albedo) vs. optical thickness (Figure
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105a) and the ratio of upward flux (Fresnel case) to upward flux

(Lambert case) vs.

optical thickness (Figure 105b).

The figures show

that, for solar zenith angles < 65°, the surface albedo is < 0.1, and

the ratio is essentially unity.

For larger zenith angles and for

optical thickness < 0.5, the surface albedo increases and the ratio

decreases.

From Table 25 (after Coulson60

), we see that normal optical

thickness of the earth's molecular atmosphere < 0.5 corresponds to

wavelengths > 0.6L44 micron.

Thus the decrease of the ratio noted above

applies only for wavelengths > 0.64L4 micron.
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TABLE 25
WAVELENGTH DEPENDENCE OF NORMAL OPTICAL THICKNESS

OF EARTH'S MOLECULAR ATMOSPHERE ABOVE SEA LEVEL
(After Coulsonéo)

T

1.00 0.50 0.25 0.15 0.10 0.05 0.02

A, microns

0.312 0.3715 0.4365 0.495 0.546 0.64h  0.809

Coulson, EE.2£'=63 uses the surface reflectance data for white quartz

sand and red clay soil (Figures 89a and 89c) in similar calculations.

The results for red clay soil are shown in Figures 106a and 106b. The

figures show relative intensities of five components and their sum, as

a function of nadir angle in the principle plane. The components are:

I
s

DD

Dd

dab

dd

radiation backscattered by the atmosphere, never reaching
the earth's surface

radiation transmitted directly through the atmosphere, re-
flected at the surface, and transmitted directly back
through the atmosphere

radiation transmitted directly through the atmosphere,
reflected at the surface, and transmitted diffusely back
through the atmosphere

radiation transmitted diffusely through the atmosphere,
reflected at the surface, and transmitted directly back
through the atmosphere

radiation transmitted diffusely through the atmosphere,
reflected at the surface and transmitted diffusely back

through the atmosphere
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At 0.492 micron, the limb brightening of IS dominates at large nadir

angles, but for & < 62°, I__ is > Is' At 0.693 micron, the limb brighten-

DD

ing of I still is evident, but I is > I, for 6 < 80°. 1In both cases

DD
the integrated upward flux is dominated by I

DD’

Figures 10Ta, b show results for the white quartz and case. At
0.492 micron, limb brightening is still evident, at 0.643 micron the
limb brightening only occurs in the forward direction (¢ = 0), the domin-
ance of IDD is complete for 6 < 80°. The maximum at 6 = 85 would be
less pronounced in a spherical atmosphere. For eo = 0, the nadir is
brightest, with a gradual decrease of intensity with increasing nadir
angle.

The program of calculations of this type is a continuing one,
results for other types of surface reflectance are promised by the
author. Results published so far indicate a pronounced dependence of
outgoing radiation intensity on surface reflectance characteristics with

a dominant role played by the I__ component.

DD

2. AEROSOL SCATTERING

The solutions for molecular scattering problems do not completely
describe scattering in the real atmosphere. For example, the bright
region immediately surrounding the sun, which is always observed in
the clear sky, is not accounted for by molecular scattering theories
and although the polarization of skylight is accounted for mainly by
molecular scattering, details of polarization patterns indicate that
real atmospheric scattering is governed by a law more complex than that
of molecular scattering. In extremely clear atmospheres, at high al-

titudes, measured scattering patterns agree better with the molecular
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scattering patterns, than they do in the case of haze atmospheres near to
the ground.

The deviations from molecular scattering are caused by aerosol scat-
tering; for example, the bright "aureole" surrounding the sun is due to
the very strong forward scattering of aerosol particles. Characteristics
of the aerosol in the atmosphere, which must be known, are the size
distribution, their distribution in space and the nature of the particles.
The scattering process, i.e., angular dependence of scattered light must
then be calculated.

The theory of scattering by spherical dielectric or absorbing par-
ticles has been developed by Mie.6h The nature of the scattering process
depends on the ratio of particle radius, r to radiation wavelength i.e.,
for o = E%E < 0.1, we have Rayleigh scattering: for 0.1 < o < 40, the
Mie theory indicates sharp forward scattering. As O increases the in-
finite series which describe the scattering function converge more slowly,
and only the advent of high speed computers has made solutions feasible.
A large number of scattering functions for specific particle sizes and
index of refraction now exists.5

The aerosol is composed of a mixture of particles. Junge65 found,
by direct measurements of the number and size of particles, that a

continuous size distribution, from ions to giant nuclei up to 10 micronms,

exists. He described such a distribution with the formal relation:

dn(r) = N(r) « dr = cer " d)log r) cm_3

or

v¥+])

O.h3h-c'r_( dr (100)

dn(r)
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where the constant c depends on the number of particles per cc, and
values of v* are usually in the range 2.5 < v¥ < L. Symbols in this

equation are:

n(r) = number of particles with size in range r to r + dr
ar(r) -k
Nr) = &£
(r) e , cm
v¥ = g constant.

Also, Volz66 has shown by measurements of sky radiation, that the
index of refraction for atmospheric aerosol was 1.5 instead of 1.33,
the index of refraction of water, which had been used previously in the
early computations.

The angular distribution of scattering of aerosol particles of a
given size distribution must be found by integration over particle size.
Rayleigh scattering is then added to the result. Many such scattering

67).

patterns have been computed (see Bullrich Strong forward scatter-
ing is due to many large particles, whereas small particles cause in-
creased scattering at right angles.

For an explanation of sky brightness, an integration over wave-
length must also be made. In addition multiple scattering and reflec-
tion from the earth's surface must be included in the calculations.
Bullrich67 considered single scattering with the change of scattering

pattern with wavelength. Fiegelson, gz_gi.,68’69

considered multiple
scattering, but at fixed wavelength only. The work of Bullrich is
summarized in an extensive three volume set of tables published by the
Air Force Cambridge Research Laboratories.7o Results of Fiegelson's
work are illustrated by Figures 108a and b. Figure 108a shows the

brightness around the sun and the dark zone stretching from the anti-

solar sky to the part of the sky below the sun. Figure 108b shows a
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bright horizon in the forward direction, with a dark area in the region

where a specular reflection could occur.

3. SUMMARY

The problem of scattering of solar radiation in the real atmosphere
is not yet solved in all of its aspects. A complete solution must con-
sider molecular and aerosol multiple scattering processes, aerosol par-
ticle size distribution as a function of altitude, selective absorption
by air molecules, and the nature of reflectance at the earth's surface
for all wavelengths of the incident solar radiation. Some soiutions
for problems considering a few of the above parameters have been made

as described above.



APPENDIX F

F. ESTIMATES OF EARTH'S ALBEDO

Fritz(D has attempted to evaluate the mean albedo of the entire earth,
as well to establish how it isvderived from various reflecting and scat-
tering sources. The incoming solar radiation is divided up into three
spectral ranges; ultraviolet (0.2 < A < 0.4 micron), visible (0.4 <A < 0.75
micron), infrared (0.75 < A < 4.0 microns), containing 9%, 45%, and L6%
of the incoming energy, respectively. The reflectance of the earth's
surface, the atmosphere and clouds, in each of these three spectral re-
gions is then calculated, so that, finally, values for a table such as
Table 26a are obtained. The subscripts e, a, and c¢ stand for earth sur-
face, atmosphere, and clouds, respectively, and u, v, and i stand for
ultraviolet, visible and infrared, respectively. The results were ob-
tained in five steps, as follows:

1. Estimate 2% of solar radiation absorbed by ozone, in the ultra-

violet. Therefore solar radiation reaching below the ozocne
layer arrives in the ratio T7:45:46 for the three spectral
regions.

2. Use Abbot and Fowle's estimate of 2.3% of total radiation re-

flected back into space by earth surface features, i.e.,
Ae = 2.3, Divide Ag in the ratio T:45:46, i.e., Agy =

0.1, Agy = 1.1, Agq = 1.1.

238
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3. Assume 1L4% of incoming solar radiation scattered back into space
by cloud free atmosphere, and 5% by atmosphere above clouds,

thus

Ag = 1Lk(1l-c) + 5-c

where ¢ is the % cloud cover of the earth. Assuming ¢ = 0.5,
we have Ag = 9.1%. Divide this up in the ratio 2:L4:1. Thus
Agy = 2.6, Agy = 5.2, and Ay = 1.3,

L. Assume Danjon's value of %9% for photometric albedc. Then

Ay = 0.45-39 = 17.6 and
Acy = Ay - Aey - Agy = 11.3
On the basis of cloud spectral reflectance

0.9 Aey = 10.2

1l

AcI

Aay T/45 Aey = 1.8

5. Thus we obtain the data of Table 26b. The earth's albedo is
55%, with an ultraviolet reflectance of 50%, visible reflect-
ance of 39% (Danjon's photometric albedo) and infrared re-
flectance of 27%.
It is interesting to summarize this work in symbolic form, see Table
26c. Each of the nine basic quantities is given in terms of Ag, Ay oOT

Acv. Ag 1s estimated to by 2°3%, and Ag and Aqy are given by:

Ag 14 (1-c) + 5¢ = 14 = 9c

Aoy = Ay - 45/98 A, - /7 Ag
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TABIE 26

REFLECTION OF SOLAR RADIATION, %
(After Fritz(D)

Ultraviolet Visible Infrared Total
Earth's Surface Aey Aev Aei Ae
Atmosphere Agy Agv Agy Aq
Clouds Aoy Aoy Ani A,
Total Ay Ay A A
Solar Energy 9 45 L6 100 _
Earth's Surface 0.1 1.1 1.1 2.3
Atmosphere 2.6 5.2 1.3 9.1
Clouds 1.8 11.3 10.2 23.3%
Total 4.5 17.6 12.6 3,7
Solar Energy 9 L5 L6 100
Reflectance 50 39 27 35
Earth's Surface 7/98Ac 45 /98Ae 46/98A¢ Ae
Atmosphere 2/7Aq L/7A4 1/7Aq Ay

Clouds 7/45Acv Aoy 0.9A. 2.056A0y
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where ¢ is % cloud cover (in decimal form) and Ay = 0.45 D; where D is
Danjon's photometric albedo. Thus A = Ag+Ag+2.056 A,y substituting
from above

A .O56Ae - 0.175A5 + 0.925D

or (101)
A s056A¢ + 0.925D + 1.575¢ - 2.45

I

In the final analysis, Fritz's estimate of mean earth's albedo can be
written as a function of A, D, and c. With A; = 2.3, D = 39 (Danjon)

and ¢ = 0.54, we obtain
A = 0.129 + 36.073 + 0.851 - 2.45 = 3L.6

His estimate thus is determined primarily by the Danjon value, with minor
corrections due to the other factors. With Danjon's new estimate of
D = L0%, we have for Fritz's A = 35.5%.
Hough’con's'l76 estimate of earth's albedo was obtained as a part of
a calculation of the annual heét balance of the northern hemisphere.
The computétions were based on the following data:
1. Annual means, for North America; of total solar and sky radia-
tion received at the surface (pyrheliometer data).
2. Smithsonian Astrophysical Observatory,77 atmospheric transmis-
sion curves for clear sky scattering and absorption.
3., (Cloud cover data by C.E.P. Brooks,78 and C. F, Brooks,79 Haur-
witz and Austin,SO and the Preliminary Climatic Atlas of the

Worldo81
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L. Surface reflectance data from Buttner,82 Richardson,85 Bartels,BA
Angstrom,85 and many others.
5. Cloud absorption data by Fritz,86 Neibeuger,52 Hewson,”7 and
Haurwitz.87
For each 10° latitude circle, albedo was calculated by a procedure which

can be expressed by the following equation:

| HgH)H
Hg
. Hg-Hj-H§ R(c)(1-pg) (102)
Hg
where
Hg = incident solar radiation outside of the atmosphere.
HA = radiation absorbed in the atmosphere with normal cloud cover.
Hg = golar radiation at the surface with normal cloud cover.
Hé = solar radiation at the surface with clear sky.
R(e) = H%/Hé, a function of cloud cover, c (derived from data for
North America, applied world wide).
¢ = weighted cloud cover.
Pg = surface albedo.

Houghton's data is summarized in Tables 27a and 27b. His average albedo
for the northern hemisphere shows remarkable agreement with Fritz's 55.5%.
Iondon's ! estimate of earth's albedo was obtained as a part of a

study of atmospheric heat balance based on a rather detailed "realistic

physical model" of the atmosphere. Vertical and latitudinal distribu-
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TABLE 27

DATA USED TO OBTAIN ALBEDO OF NORTHERN HEMISPHERE
(After Houghton76)

(a) Computed values (ly/day) of disposition of solar
radiation incident on a clear atmosphere

Latitude (deg. N)
0 10 20 30 40 50 60 70 80 ]
. Outside atmosphere 892 879 839 771 682 573 446 305
Spring Direct beam at surface 509 508 505 485 425 354 259 159
equinox Diffuse at surface 93 90 83 72 66 61 53 43
Absorbed by atmosphere 198 190 169 142 123 99 82 61
Outside atmosphere 791 873 934 973 992 989 978 1010 1058 1076
Summer Direct beam at surface 434 495 545 588 608 609 600 593 609 609
solstice Diffuse at surface 89 93 95 95 98 97 98 110 124 128
Absorbed by atmosphere 182 195 201 195 192 189 184 198 203 211
Outside atmosphere 883 871 830 764 675 568 441 302 174 60
Fall . Direct beam at surface 504 497 477 445 387 318 232 137 60 4
equinox Diffuse at surface 92 92 87 78 72 65 55 44 30 10
Absorbed by atmosphere 196 192 182 162 143 122 100 78 60 4
. Outside atmosphere 842 731 603 461 318 175 49
Wlnter‘ Direct beam at surface 462 398 331 256 164 78 12
solstice Diffuse at surface 95 83 69 52 42 27 9
Absorbed by atmosphere 194 170 135 100 n 45 19
Outside atmosphere 850 838 801 743 668 576 469 406 369 353
Annual Direct beam at surface 477 475 465 444 396 340 270 225 197 176
mean Diffuse at surface 93 89 83 74 70 62 55 51 48 48
Absorbed by atmosphere 193 187 172 150 132 114 95 82 81 81

(b) Disposition of solar radiation (ly/day) with normal cloud cover.

Solar rad. at Solar rad. at Solar rad. Absorbed in
Lat. surface with Weighted surface with Surface absorbed at normally Total Planetary
(deg N) clear sky cloud cover normal cloud albedo surface cloudy atmos. absorption albedo
0 570 0.54 410 .071 381 192 573 326
10 564 0.50 429 .080 395 183 578 310
20 548 0.44 452 .098 408 166 574 283
30 518 0.42 438 110 390 142 532 284
40 466 0.49 359 .102 322 122 444 335
50 402 0.57 277 .092 252 100 352 .389
60 325 0.63 204 .091 185 76 261 443
70 276 0.67 161 .168 134 58 192 527
80 245 0.65 148 .36 95 52 147 .602
9% 224 0.59 150 .56 66 51 117 .669
Mean
0-90 475 0.52 361 .100 325 136 461 34
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tions of temperature, pressure and relative humidity were prepared for
each of the four seasons, as were latitudinal distributions of cloud
cover of each of six types and of total cloud cover. The albedo cal-
culations included consideration of ground reflectance; cloud scatter-
ing and absorption; the depletion of radiation due to scattering by

air molecules, water vapor and dust particles; the absorption of the
direct solar beam by ozone, water vapor, and dust; and the absorption

of scattered radiation by water vapor and dust. Dust scattering and
ground reflection data were based on Houghton's work all other calcula-
tions were new estimates by London and co-workers. The results, the dis-
tribution with latitude and season of planetary albedo in the northern
hemisphere, is shown in Figure 109. The figure shows a minimum albedo

of 27% in the subtropics in winter shifting poleward about 10° and in-
creasing to 29% in summer. The higher aibedos at high latitudes are due
to increasing cloudiness and higher reflectivities in polar regions. The
total planetary albedo averaged overall latitudes and seasons was about
%25%, only a small variation with season was shown (35.6% in winter and
36.3% in summer). The contributions to the average total albedo were
earth 4%, atmosphere 7%, and clouds 24%. With a mean cloudiness over the
northern hemisphere of 51%, the mean albedo of clouds was 47%, and albedo
of clear sky conditions (ground reflectance plus atmospheric scattering)

was as shown in Table 28.



LATITUDE, °N

Figure 109.

2Ls

L | | 1 I
0
WINTER SPR'G. SUMMER FALL WINTER

The seasonal distribution of the planetary aluveuu 7y
(after London'l).

TABIE 28

SEASONAL DISTRIBUTION OF PLANETARY AIBEDO COMPONENTS
DUE TO ATMOSPHERIC SCATTERING AND GROUND REFLECTANCE

(After London't)

Ground

Atm, Scattering

Total

Winter Spring Summer Fall

9.0 7.4 5.0 6.0
8.3 1.6 85 7k
17.% 15.0 13.5 13.4

Angstrom‘sl5 determinations of albedo are based on measurements by

Drummond of the natural illumination of the sun and sky in South Africa.
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After deriving a formula, from these data, to express the global illumina-
tion at sea level as a function of air mass and turbidity, he proceeded
as follows:

1. He derived a photometric loss factor E, for the effect of the
atmosphere on the incident solar flux, and then obtained average
values f, which were equal to 0.32 at the equator and 30° lati-
tude, with a slight increase to 0.34 at higher latitudes.

2. A correction, for absorption, of 0.07 was applied, and an esti-
mated factor of 0.035 was added for reflected energy reaching
outer space. Thus the albedo in the photometric band, for clear
sky, of 0.32-0.07+0.%2 = 0.285 was found.

3, Another correction, adjusting for the difference in land and
ocean reflectance, brought the photometric albedo to 0.295.

This clear sky albedo is assumed to apply for the whole earth
at 0.555 micron.

4. Using Danjon's photometric albedo of 0.39 for the earth and

taking ¢ = 0.52 in the relation
0.39 = (1-¢)0.295 + c-Aqy
gave Aqy = 0.48. Applying Hewson's spectral dependence of cloud

albedo, gave A, = 0.46 for the total spectral range.
5. From Danjon's photometric albedo measurements at three wave-

lengths, i.e.,
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>
"

0.467 0.543 0.606

Ay, = 0.48 0.39 0.315

the relation Ax = 1,0%3-1.19\ was found, and the photometric

albedo for the range O to O.7 micron was found to be

0.7
A\Hg) AN

AO-O.7 = 0'5 5 = O.Nl
-7
JF Hgy dN
0.3

The value of photometric albedo for clear sky Ab_0.7 was found

from

(1-c) +cAe = 0.41

80-0.7

with ¢ = 0.52 and A, = 0.46. Thus:

Ay_o,7 = 0.355 -
6. An estimate of 15% more scattered energy for the entire spectral

range was made, and the total clear sky albedo was found to be

0.355 - 0.940 . 1.15
1.98

A

where 0.940 is the incident solar energy in the range 0-0.7
micron at 1.98 is the solar constant.

7. The planetary albedc under average conditions of cloudiness was
then

A = (1-0.52)0.195 + 0.52 = 0.46 = 0.333
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The second calculation made by Angstrom was a modification of Hough-
ton's work. If we take 0.195 (instead of 0.135) as the albedo of the
cloud free atmosphere, and use Houghton's cloud albedo of 0.55, we obtain
a planetary albedo of 0.38. This implies that Danjon's photometric
albedo should be 0.43 instead of 0.39. This second result 1is favored

by Angstrom.
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