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ANGULAR DISTRIBUTION OF SOLAR RADIATION REFLECTED FROM CLOUDS
AS DETERMINED FROM TIROS IV RADIOMETER MEASUREMENTS

I. Ruff, R. Koffler, S. Fritz, J. S. Winston, and P. K. Rao
National Environmental Satellite Center

ABSTRACT

The pattern of reflection of solar radiation from clouds as
a function of angle is obtained by statistical analysis of
observations from the TIROS IV visible radiation channel (0.55 M
to 0.75 M)« Readings from the water vapor window channel (8 p
to 12 д ) were used to select cases in which clouds fill the field
of view of the sensor. The results show a generally non-isotropic
reflection pattern, which varies with solar zenith angle. The
anisotropy is greatest for large values of solar zenith angle,
the main feature in these cases being the high intensity values
of the radiation reflected at azimuths close to 180° from the sun,
and at large zenith angles.

I. INTRODUCTION

The basic energy source for the earth-atmosphere system is the net heating
represented by the difference between absorbed solar radiation and outgoing
terrestrial radiation. Both of these quantities can best be investigated from
satellites, since measurements are then made above the atmosphere, allowing,
in principle, a true determination of the energy inputs and outgo from the
earth-atmosphere system. Satellites also provide comprehensive coverage, in
both space and time, over the entire earth, which is impossible with other
measuring systems. The quantities actually measured by a satellite, however,
are usually not the desired energies themselves, but rather quantities related
to these energies. For example, a satellite cannot measure the solar energy
abosrbed by the earth-atmosphere system, but rather the energy reflected and
scattered back to space. By subtracting this reflected and scattered radiation
from the presumably known incoming solar radiation, the amount of energy
remaining in the earth-atmosphere system may be determined.

A more difficult problem arises from the fact that a satellite senses
the radiation coming from a given area of the earth at a given time at only a
single angle, regardless of the type of sensor employed. This is most obviously
true for a narrow angle sensor, such as is found in the scanning radiometers
of the TIROS satellites. However, even though a sensor with wide angular
coverage will observe simultaneously radiation emerging at many different
angles, the intensity at each angle will have originated from a different area
of the earth. Thus, in order to determine the total energy passing to space
at a given place and time, it is necessary to know the pattern of the outgoing
radiation as a function of angle.
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With regard to incoming solar radiation, clouds represent one of the most
important factors influencing the amount and distribution of its absorption,
because of their variability and their generally high reflectivity. Thus a
study of the angular reflection pattern of clouds for solar radiation will
help greatly in interpreting observations from satellites of reflected solar
radiation, and hence in determining the net heating. Moreover, the study of
the distribution of reflected solar energy is an interesting problem in
physical meteorology in its own right.

It would be preferable to know the reflection pattern of each individual
cloud observed by a satellite. This is not possible at present.
However, a reflection pattern representative of the average of a large number
of clouds may be obtained by a statistical study of the satellite data. Such
a pattern, applied to the determination of absorbed solar radiation, would be
expected to yield better results than the assumption of an Isotropie reflection
pattern for clouds.

II. DATA

The data used in this study were the values given on the National
Aeronautics and Space Administration Final Meteorological Radiation (FMR)
magnetic tapes for TIROS IV, channel 5 (0.$5-0.75ц ) and channel 3 (0.2-6.0̂ )«
The quantities which are observed are intensities (energy in a given direction,
per unit time, per unit solid angle, per unit area normal to the beam). How-
ever, values listed on the FMR tapes are in units of flux (watt m7̂ ). These
are derived quantities, based on the calibration procedure Г51 in which as the
radiometer viewed a diffusely reflecting target of known reflectivity and
with known illumination, the radiometer output wag then plotted as a function
of the total flux reflected from the target. The use of a calibration based
on a diffuse target, combined with expressing the terrestrial reflection in
units of flux, makes the implicit assumption that the terrestrial features
viewed by the radiometer are diffuse reflectors.

Relationships involved in an examination of cloud reflection may be
presented by first considering the geometry of the reflection, shown in
figure 1. A spherical coordinate system is centered at the point of reflect-
ion, having coordinates of zenith angle, в , and of azimuth, a . The azimuth
is relative to the azimuth of the solar beam, and is positive in a clockwise
direction. £ is the zenith angle of the sun at the point of reflection.
The scattering angle, (Д , is the angle between the incoming solar beam and
the reflected ray, and is defined as zero when the reflected ray is directed
toward the sun.

(Д is related to в, a, and £ by

cos f = coeCcoeÄ + einCeinÔcoea
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The relationship between intensity and flux may be examined by letting
1(6, a, 0 be the intensity at zenith angle в , azimuth a , and solar zenith
angle £ . Then the total reflected flux from a unit horizontal area, and at
a fixed solar zenith angle, in given by:

*/2f 2 f *
Fí£) = J J K0, a, £) sino coso dado (2)

For the case of diffuse reflection, Кв,а,£) = constant (for a given value of £),
and

(3)

The flux incident on a horizontal surface is given by

F:(C) - cost/ S(X)dX (U)
1 ''О

/•00
where / S(\)d\ is the solar constant, X being wavelength. Therefore, for

"0

a reflection pattern and reflection coefficient which do not depend on solar
zenith angle, the intensity as a function of solar zenith angle is given by

1(0, а, С) = 1(0, a, O) coe C (5)

Since the purpose of this study is to investigate the actual angular
reflection pattern of clouds, it is necessary to work with the observed
intensities, rather than with fluxes which assume diffuse reflection. The
intensities may be obtained from the diffuse fluxes given on the FMR tapes by
using equation (3):

, С,
 =
 utt (6)

It should be noted that the intensity obtained is a function of zenith angle
and azimuth, since the radiometer observation on which it is based was taken
in a particular direction.

Even if the angular reflection pattern remains constant with solar zenith
angle, it will be seen from equation (£) that the magnitude of the reflected
intensity will decrease as the solar zenith angle increases. In order to
facilitate comparison of patterns at different solar zenith angles, an adjusted
intensity was defined from equation (5>):

I.!...) - IW...O) .
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Since the TIROS radiometer observations are made through a filter, having

filter function ф( X ), where X is wavelength,
ч

CO
К0,а,С,Х)Ф(Х)<|Х

О

1(0,a,£,X) being the total intensity, and 1(0,a,£) being the intensity as
seen by the radiometer. In order to determine the reflection coefficient from
the observations, the outgoing flux found from equation (2) must be divided,
not by the total incoming flux given in equation (Ц), but by a filtered incoming
flux:

F,.(C) = CO«C/ S(XWX)dX

where S( X) is the solar constant as a function of wavelength. This step
assumes that the spectral distribution of the reflected energy is similar to
the spectrum of the incident energy [lî, and will be explained further in the
discussion of equation (15), below.

III. DATA RESTRICTIONS AND RELIABILITY

In order to restrict the data to energy reflected from clouds, it is
necessary to determine for every observation whether or not clouds fill the
field of view of the sensor. Because of the large number of observations
being processed, it is not practical to examine each situation individually.
It is therefore necessary to use an indirect criterion, preferably information
already on the FMR tapes. Such a criterion can be obtained from the outgoing
radiation in the water vapor window (8-12 ц ) observed by channel 2 of the
TIROS radiometer. Most of the energy emerging to space in the window region
originates at the surface of the earth or at a cloud top, and is comparatively
little affected by the intervening atmosphere. Since the eraissivities of
fairly thick clouds and of the earth's surface are close to one, both clouds
(except thin clouds) and surface may be treated as blackbodies. Thus the
energy received by channel 2 is closely related to the actual temperature of
the emitting surface. For these reasons, a channel 2 observation is usually
expressed as an "equivalent blackbody temperature", T

e
. This is the tempera-

ture of a blackbody, which if viewed by the channel 2 radiometer, would result
in the same radiometer output as was the case for the actual observation.

Since the large-scale temperature structure of the troposphere shows a
monotonie decrease with height, except in the vicinity of the surface, the
temperature of a cloud top (and thus the equivalent blackbody temperature)
which is more than a few thousand feet high is generally lower than that of
the surface. Situations in which clouds fill only part of the field of view
of the sensor, or in which the clouds are thin, usually have an equivalent
blackbody temperature intermediate between the temperatures of the surface
and of the cloud top. It is thus possible in principle to select some value
of channel 2 equivalent blackbody temperature, and to state that all lower
temperatures indicate middle or high overcast, and that higher temperatures



indicate clear conditions, partly cloudy conditions, or the presence of a
lower-level overcast. High-latitude winter observations having low surface
temperatures provide one clear exception to this. However, TIROS IV observed
only at latitudes less than 60°, and in the spring, thus largely eliminating
this source of error. Two types of errors result from the use of a single
value of T

e
 as a criterion. If a very low channel 2 temperature is selected,

only high, cold clouds will be included, and the sample size will be consider-
ably reduced; although for cases so selected, there will be a high probability
of clouds filling the field of view of the sensor. Choice of a high temperature,
on the other hand, while yielding a larger and more varied sample of clouds,
will permit partly cloudy or even clear cases to be included in the sample.
On the basis of case studies [2, 3], a value of T

E
 <255°K. for channel 2 was

chosen as being a reasonable criterion for selection of observations of pre-
dominantly cloudy conditions.

For the chosen observations, the method of analysis consisted of determining
the joint frequency distribution of the four variables в , a , £ , and Ia.
A median value of Ia was then calculated for each joint interval of the three
variables в, a , and £ from the corresponding frequency distribution of Ia.
These determinations were made separately for three samples of satellite data:
Passes 127-612 (February 17 - March 23, 1962). 662-1053 (March 26 - April 22,
1962), and 1061-15U8 (April 23 - May 27, 1962).

Each radiation channel on TIROS consists of a sensor which receives
radiation alternately from directions at angles of U5° and 13?° with the optic
axis of the cameras. The U5° direction is termed the "floor", since it views
through the baseplate of the satellite. Similarly, the 135° direction is termed
the "wall". Details of the arrangement of the radiometers may be found in the
TIROS IV Radiation User's Manual [51 .

Figure 2 is a histogram of the number of observations made by channel 5
Curing passes 127-612 of TIROS IV. The abscissa is scattering angle, and the
number of observations is plotted separately for the floor and wall directions.
The satellite is kept oriented such that the cameras point toward the earth
during daylight. Consequently, moat of the observations of solar reflection
are made in the floor direction, as can be seen in figure 2. It is also
evident that scattering angles less than 70° are observed almost exclusively
in the floor direction while the wall direction is responsible for almost all
coverage at scattering angles greater than 110°.

Two examples of actual distributions for passes 127-612 are given in
figures 3 and Ц. These figures present maps of the upward hemisphere, the
Pole of the projection being the zenith, and with zenith angle ( 0 ) increasing
outward from the pole. The outermost circle represents the horizon (0 • 90°).
The radius extending upward from the pole is the azimuth of the sun (a = 0°),

the azimuth of the reflected ray measured clockwise from this line. Each
is for a different range of solar zenith angle. Isopleths are of the

Dumber of observations made in the wall and floor direction. Figure 3 shows
the case of relatively small Ç (high sun). Coverage is largely in the floor
Direction, with some observations made in the wall direction over a small range
of angles. For a lower sun, however, (fig. U), the wall provides the bulk of
the coverage in the forward direction, back reflection being seen only by the
floor.
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It is evident from figures 2, 3, and h that in order to obtain even

approximately complete coverage over the upward hemisphere for all solar
zenith angles, observations in both floor and wall directions must be used.
It is possible to compare directly values obtained from the wall and floor
directions only if their responses show reasonable agreement. Therefore,
for both channel 3 and channel 5> the relative response in the wall and floor
directions was studied as a function of time. The data were first compared
in pairs as shown in table 1. This was done, for each channel, by pairing the
wall with the floor in period 1 (passes 127-612), the wall in period 1 with
the wall in period 3 (passes 10Ó1-15U8), the floor in period 1 with the floor
in period 3, and the wall with the floor in period 3. For those joint inter-
vals of solar zenith angle, £ , reflected zenith angle, в , and reflected
azimuth, a , in which there were at least 50 observations for each member of
the pair, scatter diagrams were plotted of the corresponding median values
of the adjusted intensity. Least square lines were fitted, minimizing the
perpendicular distances from the points to the line, and linear correlation
coefficients were calculated. The equations of the fitted lines, along with
the correlation coefficients, are summarized in table 1. The scatter diagrams
are presented in figures 5-12, figures 5-8 being for channel 5 (0.55 - 0.75 ц )
and figures 9-12 for channel 3(0.2 - 6.0/i).

Table 1

COMPARISON OF SENSOR RESPONSE

Subscripts: f = floor, w = wall, 1 « period 1, 3 " period 3

I
a
 in watt m~2 strdn'̂

Channel 5

Equation

(Ia)w3 »

(Ia)f3 -

da)f3 •

of Least Square Lines

1.166 (Ia)wi -2.U9

0.886 (Ia)wi -0.38

n,i)|)| (ï )„.. +6.6U

0.258 (Ia)w3 +5.U6

Mean Values

(Ia)wi - ll.UU

(Ia)wl - 15.56

(ia)fl = lo.Ul*

(Ia)w3 - 10.79

<Ofl

<Ow3

(Vf3

(*a>f3

- 10.85

- 13. Ul

- 8.12

- 8.23

Correlation
Coefficient

• 7U

.88

.37

.7U

^3

(Ia)f3

« 0

» 0

= 0

- 0

.98U

.977

.578

.518

(Vfl

(Ia)w3

-1

-2

+3

+U

.69

.18

.Ii6

.67

Channel

da)wi

da)wi

da)fl

da)w3

3

= 12

= 17

- 12

.62

.35

.13

da

da

da

da

)fl - 10.72

)W3 - U.80

)f3 - 9.5U

)f3 - 10.96

.68

.91

.70

.62
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The resulta are similar for both channel 3 and channel 5>. There is
reasonably good agreement between the floor and wall directions during
period 1, and the wall observations for period 1 are in quite good agreement
with those for period 3. The floor sensor, however, shows a considerable
change between the two periods. This is especially evident in the case of
channel 5» where there is a marked restriction in the range of intensities
observed in period 3 as compared to period 1 (fig. 7). Finally, as may be
seen from the equations of the least-square lines, or from the mean value,
agreement between the wall and floor in period 3 is rather poor, although the
comparatively large value of the correlation coefficient indicates only a
moderate amount of scatter.

In order to use the values obtained during period 3 (and also period 2,
the analyses of which have not been shown) it would be necessary to adjust
empirically the floor values to those of the wall, and to then adjust both
to the levels of period 1. In view of the additional uncertainties that such
a procedure would introduce, it was decided to restrict the analysis to cases
that do not require adjustment in order to achieve correspondence between wall
and floor sensors. Therefore, only period 1 (passes 127-612) was examined
further.

Either channel 3 or 5 would be satisfactory for this study. Channel 3
would be the better choice for the purpose of incorporation into investigations
of the atmospheric heat budget, since it covers essentially the entire solar
spectrum. The radiation observed by channel 3 is, however, more subject to
influences other than reflection from clouds than is the case for channel 5.
For example, channel 5> will be much less influenced by small particle
scattering of the short wavelengths, or by water vapor absorption in the
infrared, than channel 3. Thus channel ? will yield a truer picture of the
actual cloud reflection, although considering to a lesser extent atmospheric
processes which affect the total reflected radiation at all wavelengths.

Correspondence between the wall and floor directions for period 1 is
about the same for channels 3 and $. Examination of figures 5 and 9, and of
the least-square equations, indicates that channel 5 is slightly better, since
the points are grouped more closely along the U5° line. The data for this
study were therefore confined to channel 5, although there appears to be only
a very slight advantage in this choice. Any major results found for channel 5
are probably applicable to channel 3.

It should be pointed out that the absolute values obtained from channels
3 and 5 on TIROS IV may be in error. Comparisons of reflection data obtained
from TIROS with those found from other sources fUJ suggests that the TIROS
measurements may be low by 20 to 30 percent, although uncertainties in the
comparisons make it impossible to state an exact figure. As a result of these
Uncertainties, this study will not attempt to determine the exact magnitude
°f the solar energy reflected from clouds, but will attempt to determine only
the angular pattern of the reflected radiation.
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IV. RESULTS

Figures 13-22 present the distribution of reflected, filtered, adjusted
intensity over the upward-facing unit hemisphere, each map being for a single
interval of solar zenith angle. The pole of the projection is the zenith.
The radius extending upward from the pole is the azimuth of the sun (a = 0°),
with the azimuth of the reflected ray measured clockwise from this line. The
zenith angle, 0, increases radially outward from the pole on a scale of sin в,
the outer circle ( в = 90°) representing the horizon. The reason for this
choice of scale may be seen by taking an average value of intensity over an
area of the hemisphere defined by Q\ <в<ву , в|5ег<а

2
. The energy passing

through this area is then, from equation (2),

I(C)[a
2
 - а,][

в
|п

2
в
2
 - ein

2
*,]

The general polar projection of a sphere has coordinates of azimuth
angle, ß , and radius, r. The area of a sector of an annulus on such a pro
jection is thus given by

A * 2-(02-/8,)<r2
2 - r!2)

If we let ß = а , and r = sin в, equation (ll) becomes

A » £(02 - o,)Uin2e2 - «in
2»,) (12)

An area on this projection is thus equal to half the factor which multiplies
ï( £ ) in equation (10), and is consequently the "weighting function" for the
intensities appearing on the map. That is, the contribution of a given
intensity to the total flux is proportional to the area on the projection
covered by that intensity.

The isopleths on these maps are for filtered values of adjusted intensity
in units of watt m.~2 strdn."̂ -, as defined in equation (7). The filtered
adjusted intensities may be approximately converted to unfiltered adjusted
intensities by multiplying the filtered values by the ratio of the unfiltered
to the filtered solar constant, the value of which is 12.80 (see discussion
of equation 15). The analysis was performed only for those median values of
adjusted intensity calculated from at least 50 observations. Every such value
was considered, and no further smoothing was applied to these maps . The
range of solar zenith angles is shown by a double-headed arrow along the line
а =0°. Observations at scattering angles less than about 10° cannot be made,
since the complementary sensor is then looking directly at the sun, thus
saturating the detector. Values which are shown within such regions are actually
taken at neighboring angles, although within the solid angle at the midpoint
of which the values are plotted.
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It will be seen that on none of these maps is there exact symmetry about
the line a = 0° -180°. In the case of a single cloud deck, such asymmetry may
result from irregularities in the gross features, such as a wavy surface, an
overall slope, extension of towers above the general mass, etc. With a
sufficiently large random sample, however, these effects should cancel, and
the reflection pattern should be symmetrical. In the maps presented here,
there is a strong tendency toward symmetry, which is, however, not fully
achieved. In particular, the intensities in the region 0° < a <50° are generally
higher than the intensities at azimuths 300°< а <ЗбО°. These departures from
symmetry are probably due to lack of a sufficiently large random sample. Such
a lack is responsible for incompleteness of the angular coverage, and may also
result in biases in the clouds viewed. For example, certain angles may be
viewed preferentially at particular times of day, or in particular geographic
locations. However, the exact reasons for the lack of complete symmetry in
the results have not been investigated.

The pattern for high sun (fig. 13) shows a flat field with approximately
radial symmetry, the intensity values decreasing toward the horizon. When the
solar zenith angle increases to the range 25°.8-36°.9 (fig. lU), two separate
areas of high intensity appear, one at small azimuth, near the zenith angle
of the sun, and the second near an azimuth of 180°, close to the horizon.
These two centers maintain their identity as the solar zenith angle continues
to increase (figs. 15-20, 36°.9< £ <78°.£). For this range of solar zenith
angles, the high intensity area near о = 0° is located such that its center
is near the zenith angle of the sun, while the central value of the adjusted
intensity remains at about 12 watts m.~^ strdn."-'-. At very high solar zenith
angles (figs. 21-22, 78°.£<£< 90°.0) this area of high adjusted intensity
does not appear. However, this may be due only to a lack of observations near
the horizon.

The area of high intensity near a= 180° maintains its position at or near
the horizon. The exception to this, in figure 16, may be due to sampling
irregularities. This area increases in maximum adjusted intensity directly
with solar zenith angle. The actual central value of the adjusted intensity
cannot be specified, because of the lack of observations close to the horizon.

The area of low adjusted intensity located between the two highs increases
in extent and becomes smaller in central value as the solar zenith angle
increases, and as the high near a= 0° recedes toward the horizon.

These results represent the average reflection pattern of clouds. However,
since the lack of symmetry and the irregularities present in the fields of
values probably represent various errors and uncertainties in the observations,
a smoothed and symmetrized form of these patterns may be more representative
°f the actual reflection pattern. Symmetry about the line a= 0°-l80° was
imposed by taking means, weighted according to number of observations, of each
Pair of values which have the same value of zenith angle, and with their azimuths
Delated by a =360° -a. . The number of observations for each symmetrized point
was then the sum of the number for the individual points of the pair. The
resultant fields of filtered adjusted intensities were analyzed and smoothed
Objectively. Only points which contained at least %0 observations in the
symmetrized field were considered. In some cases this results in some paired
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values being considered in the analysis, although the individual members of
the pair had a number of observations too small to be considered in the analysis
of figures 13-22. The symmetrized analyses are presented in figures 23-32, for
half the hemisphere; the other half is identical. As is to be expected, the
basic features are the same as for the unsmoothed patterns of figures 13-22.

The symmetrized patterns of the filtered adjusted intensity are presented
as a function of scattering angle ( ф ) and azimuth ( 77 ) for alternate intervals
of solar zenith angle in figures 33-37. Here the pole of the coordinate system
is scattering angle zero; that is, the position of the sun. The scattering
angle increases outward from the pole on a linear scale. The azimuth is taken
about the pole ф = 0. The direction of zero azimuth passes through the zenith,
and is represented on the maps by the line extending vertically downward from
the pole. The heavy line enclosing the analyzed area represents the horizon.
One center of high intensity remains centered at scattering angle zero, although
at large solar zenith angles it is not defined, possibly because of lack of
data. The second maximum increases in intensity in the forward direction with
increasing scattering angle. There is a strong tendency for the intensity
lines to parallel the lines of constant scattering angle. There is still,
however, a definite azimuthal dependence of the reflected intensity.

V. DETERMINATION OF FLUXES

The filtered reflected fluxes (i.e., the reflected flux that passes
through the filter of the TIROS radiometer) may be calculated by putting
equation (8) into equation (2), making use of equation (?)j and writing in a
form appropriate for calculation from discrete data:

I a(0,a,X)dx]sinecoe0AaA0} (13)

When this filtered flux is divided by the filtered incoming flux on a unit
horizontal area, given by equation (9), the filtered reflection coefficient,
R ̂ ( £ ), is obtained:

F (t) j
Нф(С)

/•CO fOO
cosCj S(x)«X»(x)dx J s(x)*(x)dx

»O »n

If the assumption is now made that the reflection coefficient for all solar
wavelengths is identical to that for the filtered energy, R (f ) = R<is( £ ),
the total reflected flux may be calculated by multiplying equation (ЬЦ) by the
total flux incident on a horizontal surface, given in equation (U).
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/•со
= R(C)co«Cj S(X)dX

/ S(X)dXJr\ г г /-co
c o s c Z Z { [ / 1

Г00

f S(X)<WX)dX
•'О

Thus, with this assumption, filtered intensities and fluxes may be converted
to unfiltered values by multiplying them by the ratio of the unfiltered to
the filtered solar constant. For TIROS IV, channel 5, this ratio is 12.80.

The data for the calculations of the flux and the reflection coefficient

/•GO
were the symmetrized values of / I

a
(0,a,X)*(X)dX used in figures 23-32.

It should be noted that in order to make actual calculations, it was necessary
to extrapolate the data of figures 23-32 to the horizon. This extrapolation
was performed subjectively. The greatest errors probably arise in attempting
to extrapolate the forward (a = 180°) peak at the largest solar zenith angles.
Figure 38 shows the results of these calculations, giving the reflection
coefficient and the reflected filtered flux as a function of solar zenith
angle, as a consequence of the cos £ decrease of the incoming energy per unit
horizontal area. The reflection coefficient increases with solar zenith angle
to the inverval 66°.IK £ <72°..cí, and then decreases as the sun approaches the
horizon. ~

The decrease in the reflection coefficient at high solar zenith angles
is somewhat open to question, since the observed intensity values in the
forward peak are greatest, and are changing at the greatest rate, for the
highest three intervals of solar zenith angle. As a result, the greatest
uncertainty in extrapolation, and hence in the value of the reflection
coefficient obtained, occurs in these intervals. It was therefore decided
to determine what values of the extrapolated intensity would be needed in
order to keep the reflection coefficient at the same value at solar zenith
angles from 66°.Ц to 90°.0. Figure 39 shows, for tjhe three intervals of
highest solar zenith angle, the azimuthal mean filtered adjusted intensities
as a function of zenith angle. In all three cases, the value plotted for
в = 81;°.5 is not observed, but is the value required to make the reflection
coefficient equal to that found for the interval 66°.k< £ <?2°.5. It will
be seen that none of these values would be expected from an extrapolation
baaed only on the intensities observed for smaller values of zenith angle,
unless there were some reason to believe that the intensity increased sharply
hear the horizon. This subject will be discussed further in the following
section.

VI. COMPARISON WITH THEORY

Computations have recently been carried out of multiple scattering
Processes in plane parallel, horizontally infinite clouds consisting of
spherical water drops [6]. Various drop size distributions and optical
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thicknesses were used. Figures hO-L2 show the theoretical values of filtered
adjusted intensity along the 0°-l80° azimuth plane, using a representative
drop size distribution (Gaussian, mean radius 6 ц, standard deviation l M).
Each figures is for a different interval of solar zenith angle, and contains
curves for three different values of optical thickness. Also plotted are the
corresponding filtered adjusted intensities from this study, taken from
figures 23, 27, and 30. The range of solar zenith angles for each figure, as
well as the 10° limits within which t,ne sensors may observe the sun directly,
are shown by the solid and broken lines respectively on the в scale.

Comparison of the shapes of the empirical and theoretical curves in these
figures shows fair overall agreement, particularly for high sun (fig. iiO).
The main difference between the two sets of results is the somewhat flatter
shape of the empirical curves at medium and low sun (figs. 1Д and U2). In
particular the sharp increase in intensity in the forward (a = 180°) direction
is less pronounced and begins at larger zenith angles in the case of the
empirical data than with the theoretical curves. The lack of agreement in the
forward peak is probably due to factors in both the theoretical and empirical
methods. The uncertainties involved in the empirical results, particularly
with respect to the forward peak, have been discussed in the previous section.
The uncertainties in the theoretical calculations also occur near the horizon,
as a result of the assumption of an infinite, plane-parallel cloud. This
assumption will probably yield values of intensity near the horizon that are
higher than in reality.

In order to compare the theoretical and empirical results apart from the
horizon effects, partial reflection coefficients were computed for that part
of the upward hemisphere between zenith angles of 0°and 60°. These values
are plotted in figure U3. Theoretical values are given for the same values
of optical thickness as were used in figures UO-U2. The empirical data show
the same general features as are seen in figure 31. All the theoretical
curves show a decrease in reflection coefficient at high solar zenith angles.
At solar zenith angles less than 70°, the empirical results agree very well
with the theoretical results, especially with the results for optical thickness
8.39. At higher solar zenith angles, the empirical values decrease somewhat
more rapidly than do the theoretical results. Since the theoretical reflection
coefficient for the entire hemisphere increases monotonically with solar zenith
angle, it is clear that the reflection at zenith angles between. 60° and 90°,
in particular the magnitude of the forward peak, is responsible for the
differences in shape of the curves of reflection coefficient.

There is no a priori reason to believe that the reflection coefficient
for real clouds should either increase monotonically with solar zenith angle,
or that it should have a maximum at about £ = 70°. It is possible that there
is no fundamental conflict between the theoretical and empirical results,
since each is based on somewhat different cloud systems. The theoretical
studies apply to a horizontal, plane-parallel cloud, of homogeneous composition,
and having a smooth top. In addition, the effect on the reflected radiation
of the atmosphere above the cloud has not been considered. The empirical
results, however, are obtained from observations of real clouds, which are
known to be irregular and inhomogeneous. Furthermore, the empirical results
are not for any single cloud, but are rather the average for a large number
of clouds. Theoretical calculations for a curved earth, and careful observation
at large zenith angles, are needed in order to determine the true value of the
forward reflected intensity.
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As has been previously mentioned, the intensities observed by the satellite
are probably low. The most likely correction factor is about l.f>. There is a
possibility that this factor could be as large as 2, but it is rather unlikely
that it is larger. Applying the maximum correction factor of 2 to the empirical
results of figures UO-U2 yields curves which lie somewhere in the region of the
theoretical curves for optical thicknesses Ц.19 and 8.39. In general, the
empirical results will be less than the intensities calculated for an optical
thickness of 16.8. It would thus appear that, on the average, the clouds
included in this study were of optical thicknesses between k and 8, which would
correspond, for typical drop size distributions and liquid water contents to
clouds about 175 to 350 meters thick.

VII. COMPARISON OF EMPIRICAL AND DIFFUSE RESULTS

Since the reflection patterns obtained in this study were determined
statistically, it is not valid to use single observations for purposes of
comparison with values obtained with the diffuse assumption. This comparison
is most appropriately made by examining mean absorbed fluxes; the final
"product" which the reflection patterns are intended to provide. Mean lati-
tudinal unfiltered absorbed fluxes were therefore computed for five single
days from TIROS IV, channel 5 data, using both the diffuse assumption and the
empirical reflection patterns. The absorbed fluxes obtained by means of the
diffuse assumption were calculated in two ways. In the first method, the
diffuse assumption was applied to all the data. In the second method, the
observations for which the solar zenith angle was greater than 60° were discarded,
and the diffuse assumption was applied to the remaining data. The second method
was included because such a selection of data had previously been utilized for
large scale mapping of TIROS IV solar reflection data [?].

The empirical patterns were applied in only those situations for which the
channel 2 equivalent blackbody temperature was less than 255°K. When this
temperature was greater than 25u>°K., the reflected radiation was assumed
diffuse, since no empirical model had been determined for these conditions.
No restriction was placed on the solar zenith angle.

The results for these five days were presented in figures lUj-li8. In
general, the results calculated by the different methods agree quite well,
especially in tropical latitudes. For obvious reasons, few or no results at
higher latitudes can be obtained by using the diffuse assumption with the
solar zenith angle cut-off. At latitudes where values could be obtained from
all three methods, the diffuse assumption, without a limit on solar zenith
angle, gives results which generally agree more closely with the empirical
results than do the values obtained by using the diffuse assumption with a
restriction on solar zenith angle. Since the data samples for the first two
°f these methods are identical, this result is not unexpected. There is a
'tendency at higher latitudes for the use of the empirical patterns to yield
smaller values of absorbed flux (i.e., larger reflection coefficient) than
d
°es the use of the diffuse assumption. Larger differences may be expected
in regions poleward of 60°, since here the solar zenith angle is always large,
and the empirical reflection patterns depart most from diffuse. However,
TIROS IV did not observe at high latitudes, so that no comparison can be made
lr
i these regions in the present study.



The comparisons presented for these five days are not intended to
represent a complete evaluation of the effects of using the empirical
reflection patterns in place of the diffuse assumption, but rather to indicate
the types of differences which may occur. The present results appear to
indicate that the use of the empirical reflection patterns, rather than the
diffuse assumption, yields differences in the calculated values of absorbed
solar radiation which, while small, may possibly be significant in determin-
ation of the heat budget.
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F*gure 1. Diagram of upward-facing unit hemisphere, showing reflection
Seonetry.
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Figure 2. Histogram of the number of observations in the wall and floor
directions of TIROS IV, channel 5 sensor during passes 127-612, (channel 2
equivalent blackbody temperature is less than 255°K.)« Observations for
all solar zenith angles are included.



- 19 -

25.8° < £< 36.9°

o°ot

330

FLOOR
WALL

30e

300 60°

240°
120°

210 150°

180°

Figure 3. Map of upward-facing hemisphere showing number of observations in
the wall and floor directions of the TIROS IV, channel 5 sensor during passes
127-612, when the channel 2 equivalent blackbody temperature is less than
255eK. The solar zenith angles are between 25°.8 and 36°.9.
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Figure 4. Same as figure 3 for solar zenith angle between 66°.4 and 72°.5.
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5. Scatter diagram of the filtered adjusted intensities in w.m."2

, for TIROS IV, channel 5, at corresponding values of zenith angle,
•«Irnuth, and solar zenith angle for the wall direction during period 1 vs.

direction in period 1. Approximate unfiltered adjusted intensities
be obtained by multiplying by 12.80. Observations include all solar
th angles, when the channel 2 equivalent blackbody temperature is less

J*n 255eK. Also plotted ü the line of best least-square fit, and the line
°* «quality of the two coordinates.
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Figure 7. Same лв figure 5, for floor direction in period 1 vs. floor
direction in period 3.
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Figure 8. Same as figure 5, for wall direction in period 3 vs. floor
direction in period 3.
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Figure 9. Scatter diagram of filtered adjusted Intensities In w.o."2

strdn.-l, for TIROS TV, channel 3, at corresponding values of senlth angle,
azimuth, and solar zenith angle for the wall direction during period 1 vs.
the floor direction In period 1. Approximate unflltered adjusted Intensities
may be obtained by multiplying by 1.82, Observations Include all solar
zenith angles, when the channel 2 equivalent blackbody temperature Is less
than 255°K. Also plotted Is the line of best least-square fit, and the line
of equality of the two coordinates.
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Figure 10. Same aa figure 9, for wall direction in period 1 va. wall
direction in period 3.
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Figure 11. Same as figure 9, for floor direction in period 1 va. floor
direction in period 3.
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Figure 12. Same as figure 9, for wall direction in period 3 vs. floor di-
rection in period 3.
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Figure 13. Distribution of reflected filtered adjusted intensities, in
w.m.~2 etrdn.'i, over the upward-facing hemisphere, for solar zenith angles
between 0° and 25°.8. Double-headed arrow shows range of solar zenith
angles. Approximate unfiltered adjusted intensities may be obtained by
multiplying by 12.80.
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Figure 14. Same as Figure 13, for solar zenith angles between 25e.8 and
36°.9.
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Figure 15. Same as figure 13, for solar zenith angles between 36°.9 and
45e.6.
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Figure 16. Same as figure 13, for solar zenith angles between 45°.6 and
53e.1.
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Figure 17. Same as figure 13, for solar zenith angles between 53°.1 and
60°.0.
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Figure 18. Same as figure 13, for solar zenith angles between 60°.0 and
66°.4.
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Figure 19. Same as figure 13, for solar zenith angles between 66°.4 and
72°.5.
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Figure 20. Same as figure 13, for eolar zénith angles between 72°.5 and
78e.5.
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Figure 21. Same as figure 13, for solar zenith angles between 78e.5 and
84°.3.
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Figure 22. Same as figure 13, for solar zenith angles between 84°.3 and
90°.0.
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Figure 23. Symmetrized and smoothed distribution of reflected filtered
adjusted intensities, in w.m.~2 etrdn."1, over the upward-facing hemis-
phere, for eolar zenith angles between 0e and 25°.8. Double-headed arrows
show range of eolar zenith angles. Approximate unfiltered adjusted inten-
sities may be obtained by multiplying by 12.80.
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Figure 24. Same as figure 23, for solar zenith angles between 25e.8 and
36e.9.
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Figure 26. Same as figure 23, for solar zenith angles between 45°.6 and
53°. 1.
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Figure 27. Same as figure 23, for solar zenith angles between 53°.1 and

60°.0.
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Figure 28. Same as figure 23, for solar zenith angles between 60°.0 and
66°.4.



66°.4 < £ < 72°.5

20

£0°

12

ião- 28

Figure 29. Same as figure 23, for solar zenith angles between 66°.4 and
72» .5.
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Figure 30. Same as f igure 23, for solar zenith angles between 72°.5 and
78°.5.



78°.5 < £ < 84°.3

30°

£0°

32
150"

ISO

Figure 31. Same as figure 23, for solar zenith angles between 78°.5 and
84°.3.
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Figure 33. Projection of upward facing hemisphere centered on scattering
angle zero, showing symmetrized and smoothed distribution of reflected
filtered adjusted intensities (w.m. strdn. ) as a function of scattering
angle and azimuth. The solar zenith angle lies between 25°.8 and 36°.9.
Heavy line surrounding isopleths represents the horizon, and double-headed
arrow shows range of zenith position. Approximate unfiltered adjusted in-
tensities may be obtained by multiplying by 12.80.
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Figure 34. Same as figure 33, for solar zenith angles between 45°.6 and
53e.1.
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Figure 35. Same as figure 33, for solar zenith angles between 60e.0 and
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Same as figure 33, for solar zenith angles between 72°.5 and
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Figure 37. Same as figure 33, for solar zenith angles between 84e.3 and
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Figure 42. Same as figure 40, for solar zenith angles between 72°.5 and

78°.5.
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Figure 45. Same as figure 44, for March 5, 1962,
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Figure 46. Same as figure 44, for March 15, 1962.
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Figure 47. Seme as figure 44, for March 25, 1962.
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