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Abstract,.

A, MNeasurenents of the spectral distribution of the sky

1.

2.

3

4,

radiation and of the radiation reflected by the ground
as well as of their degrees of polarization have been
done at Alamogoréo, N.i., USA.

The purpose of this research study has been to obtain
information on the sky radiation, reflected radiation
and their degrees of polarization in an air mass which
is not polluted by man made activity.

The study contains measurement results of the
distribution of the sky radiation in the short wave
and near infrared range. The‘measurements have been
done in different verticals at different solar
elevations; furthermore, in the solar alumucantar
close to and far from the sun. The influence of the
great reflectivity of the White Sands desert could be
shown.

Measurenents of the extinction coefficient as a
function of the wave length show a wavelength exponent
between 1.3 and 1.8. '

Ildeasurements of the radiation reflected by the surface
of the earth in the short wave and near infrared range
ghow the maximum in the red wavelength. This corresponds
to the sky radiation at a distance of about lo°® from the
sun.

‘*he measurement results of the degree of polarization
in the sky show very high values. lHowever, the spectral
distribution does not follow Reyleigh's law. ‘‘he portion
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of incident radiation which is reflected by the surface
of the earth contributes to diminishing the polarizationu
The influence of the high reflectivity of the White Sands
desert was observed. The degree of polarization decreases.
in the wavelength range A > 0.6. u.

The‘measuremeﬁt results of the degréee of polarization of
the radiation reflected by the surface of the earth taken
from the Two Buttes (115 m above 1SL) show the influece
of the atmospheric layer between the ovserver and the
surface. With increasing zenhith -distance of the point

under observation, the degree of polarization .goes

almost to 0%

In order 1o get an insight in the atmospheric aeérosol
particle size disiribution near the ground the Aitken
nuclei have been measured and, furthermore, the
particles 0.3 <r < 15 u with the help of the Royco
device. The number of particles undergoes grecat
variations with time, especially in the range of the
large ones. There is no connection with the large
particles and the variation of the Aitken nuclei. The
decrease of the large particles in the radius interval

of 0.4 and 2 p follows the power law r'l's. The

interval from 0.06 through o0.44 p showed ™4, the
radiation nmeasurements for the entire atmosphere have

yielded a 4

relationship.

-xperimental and theoretical investigotions into the
spectral and angular dependence of reflectivity and the
degree of polarization of reflected radiation of various
soil types have been perforued.
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The measuremenis of the reflectivity of light which has
been reflected by calcareous soil have been -continucd.
Purtiaernore, samples of red, grey and white sand from
the New llexico desert have been used to study the
different properties in reflectivity of the desert soil.

The theorctical explanation for the variation in
reflectivity could be given for calcareous soil and
grey sand. cach soil sample has a broad particle size
distribution. The computation of the reflection based
upon. scattering processes in different directions. Yhe
scattering medium has been assumed as infinively thick.
It could be shown that the measured reflection of the
calcareous soil follows a scattering function which is
proportional to (1 - cos ¢). Purthermore, it was
possible to consider the socondary scattering process
which requires an additional term. Particularly the
anguiar dependence of the fine grained soil sample
could be explained in this way.

In the Chapter C the influence of the shape of the
aeroscl particles on their collection in a jet iwmpactor
was situdied preliminary. “the shape and the density

play an important role in the collection process. In
addition, there is no agreement in thec calibrations

of impactors which various authors have uade under
different atmospheric conditions. It is neccssary to
improve the theory of the jet impactor, specially for
the sanpling of aerosol particles and ueasuring the
index of refraction.

New measurements of the degree of polarization have ace.
carried out at kainz vo get an insight in the vayly
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variation of the atmospheric aerosol size distributions
and other paramcters which influence the speciral
dietribution of the sky radiation. It could be shown
the significance of the behaviour of the two
polarigation maxima in the sky radiation,

E. A new attempt las been done to construct a portable

T,

scattering function meter, The principle iz based upon
the principle of Duntley's device. But it differs from

it in some important waye so that the applicability is

enlarged.

The influence of second order scattering on the sky
radiation and on the radiation -emerging from the earth's
atmosphere under assumption of a turbid atmosphere has
been investigatved comprehensively. The great influence
in the case of short wavelength and high turbidity is

to be seen on the Pigures 74 - 77. There, the amount

of the asecondary scattering near the horizon is 80%,

of the primary scattering. The computations will be
extended for the third order scattering and for the
reflectivity of the ground corresponding Chapter B III.
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Figures.
Frequently Used Symbols:
] B Radiance
) H: Solar Elevation Angle
P: Degree of Polarization
T: Turbidity Pactor
z: Zenith Distance of a Point in the Sky
Z: Zenith Distance of the Sun
YeBot Two Buttes
( K WeSas White Sands
[ a.m.: forenoon
, Peles afternoon
! «s Angle of Azimuth
90: Angle of Incidence
. *H Angle of QObservation
3 @2 Scattering Angle
ﬁ A Wavelength, where 0: 0.443 p, 13 0.548 u,
j 2: 0.639 u, 3: 0.708 p, 42 0.053 u, 5: 0.931 K.
rg. 1: Locator ilap of the lieasuring Sites in kiexico.
2: Sky Radiance as a Function of A for Three Different
Z’ TeBoe
3-5: Sky Radiance in the Sun's Countervertical for Six
f Different A and Various Zg T.B.
6-7: Do. 3-5, however, W.S.
. 8: Sky Radiance in the Verticals a = 270° and
a = 90° for Three A; T.B.
.
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Sky Radiance as a Punchion of X for various
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Sky Radiance as a Tunction of g. The points of
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Pay attention to the enlarged scale in the
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northern hemisphere. W.S. indicates the
direction towards the White Sands deserts T.B.
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Diurnal Variation of the Wurbidity TFactor For
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sXtinction Coefficient For Haze Only as a Function
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at a Cloudless Sky For Pour Different Zenith
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Do. 30~32, however, VWith Light Cirrus Clouds.
Degree of Skylight Yol_rization as a Function
of Z in the Sun's Vertical and .ountervertical

at Pour Different z For Three Ditierent A T.B.

Do. 35, however, W.S.
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Reflected by the Earth's Surface as a Function
of a For vVarious Ag 7.B,.

Do. 40a, however, as a Function of z at Pixed
values of «a.

Degree of Polarization of Radiation Rreflected
by the Ground for various a and A; 1'.B.

Degree of Polarization of Radiation Reflected
by the Ground for Various A and ag 'i'.B.

Aerosol Size Distribution on 7 and 8 April 1967
at Various Hours of Observationg 1.B.

Diuvrnal Variation of Aitken Nuclei Number on
Various Days.

Diurnal Variation of the Number of Aerosol
Particles Per 3 Liter in Various Radius
Intervals on 7 April 1967§ T.B. o Spot
Measurements of Extreme Values.

Do. 45, however, on 8 April 1967.
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Pig. 47:
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51:
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53¢

55a-55b:

55¢:

55d:

The Distribution of the Relative Spectral Sky
Radiance For the Blue and the Red Wavelength
at T7.B. and W.S. Resp. (Phdographic measuring
method).

Do. 47, however, Interfered by Blowing
Gypseous Sand at V.S.

Reflectivity of White, Red, and Grey Sand From
New Mexico at A = 0.444 p and 90 = 30°
(Lanoratory leasurenents).

Do. 49, however, A = 0.647 u.

Do. 49, however, A = 0.780 u.
Do. 49, however, Oo = 60°.
Do. 51, however, Qo = 60°.

Reflectivity in the Light Source's Vertical
of White, Red, and Grey Sand From New tlexico
at 90 = 30°,.

The plotted values are the measurements for
various A and two a.

Do. 54. The plotted values are the measurements
of various sand samples. Symbols see Pig. 55c.

Do. 55a and 55b, a = 90°,
Reflectivity for ©, = 30°, the Fhotometer

Pointing Vertically Downward (€ = 0°), as a
Function of A.
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Do. 54, however, Oo = 60°.

Do. 55a-55¢, however, @, = 60°,

Degree of rolarization of Radiation Reflected
by White, Red, and Grey Sand From liew llexico
in the Light Source's Vertical at 90 = 30°.,
The plotted values are the measurements for
various A.

Do. 58, however, Oo = 60°,

Reflectivity of Calcareous Soils at @, = 30°
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Do. 60, however, Go = 60°.

Reflectivity of Ground But Not Polished
Limestone at Various 00 and Various A.

Computed Values of the Reduced Scattering
Function Multiplied by m.loo as a Function

of ¢ for Various €&_; the computations have

’
been based upon emgiric data from the
neasurenents. Symbols for ©: 15°, 30°,

45°, 60°, T5°.
Solid Lines: The functions 3o0(1 - cosg) and
200(sing - ¢ cosg)/3n for A = 0.545 p, coarse
calcareous sample;
The broken lines connect measurements taken near

the horizon.
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Medium Viith the Given Scattering Function
30(1 - cos¢) for A = 0.545 p.

a) and b) for primary scattering (¥5)}

c) and d) taking secondary scaitering into
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Do. 64, Abscissa: @, Ordinate: Reflectivity;
PS--',SS
Ileasured Values: x fine grained, o coarse

?

grained calcareous sample.

Do. 63, Oo = 90° for Various A.
The solid curves refer to the function
(1 + cos2 @) .

Computed Heflectivity as a Function of the
Zenith Distance of the Obscrver in the Light
Source's Vertical.

The plotted values of measurenents refer to
coarse saumples for various 90 at A = 0.545 p.
The solid curve represents the computed
reflectivity of an infinitely thick mediun
under the assumption of a phase function
according tvo Schoenberg.

Reflection by a surface element of an individual

sphere according to Lambert,
iteflection by a surface element according ito
Seeliger.

Cecllection Efficiency n as a Tunction of the
Squivalent Radius r for Various Dynamic Shape
Fctors 22 .
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Secondary Scattering. T =€.
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A. Measurements of the Spectral Distribution of the Sky

Radiation and of the Radiation Reflected by the Ground

as Well as of Their Degrees of Polarization at

Alamogordo, New Mexico. U.S.A.

Introduction.

the purpose of this research study has been toc obtain in-
formation on the sky radiation, reflected radiation and their
ﬁegzees of polarization in an air mass wﬁich»is not polluted
by man made activity in the desert area of New Mexico.: Further-
more, it has been planned to carry out these measurements in
connection with a balloon flight of the Atmospheric Optics
Branch, USAF Canmoridge Research Lab., Bedford.

The measurements have been performed from 28 March through
Y April 1967 near Alamogordo, N.M., mainly on top of a steep
hill named "Two Buttes'" which rises by 115 m above the plain
valley: ¢ = 32°40'N, A = 106°lo'W, altitude 1.460 m above
MSL (Pig. 1). Brownish grey sand covers the surroundings of
this nill, the land is grown over with sparse grey bushes
which have only little green foliage. At a distance of 25 km
1o the east, there are the wooded Sacramento lits. and 40 kn
to the west, the unwooded Andres and Organ lits.

During the period of observation, cloudless weather has
been experienced only from 31 liarch through 2 April. On the
remaining days the sky has cleared only intermittently being
overcast most of the time with cirrus, sometimes also with
altostratus and stratocumulus. Several times, gale torce
winds from S% have carried sand from afar over the observation
site, During the observation times, the temperature has varied
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between 17° and 27°C, the relative humidity between lo% and
30% . During the measurements, the visibility has been al-
ways more than loo km.

Due to the steep slope at two sides of the hill it has
been possible to measure the radiation reflected by the plain
and its degree of polarization under various azimuth and
elevation angles.

At the end of the campaign, measurements have been made in
the White Sands gypsum desert which is 15 km off Two Buttes,
in order to obtain information on the influence of the in-
crased reflected radiation on the distribution of the sky
radiation and its polarization.

The Aitken nuclei have been counted with the Scholz dust
counter and the larger particles have been measured simultaneous-
ly with the Royco device.

I. hMeasurements of the Distribution of the Sky Radiation in
the Short Wave and Near Infrared Range (Alanogordo, lew
Mexico

1. Measurements of the spectral sky radiation in the sun's
countervertical at the azimuth angle a = 180° and the
zenith distance z = 1lo°.

Denotations: Z is the zenith distance of the sun, z is the
zenith distance of the point in the sky under observation,
a is the azimuth angle with reference to the sun, B is the
radiance in 1o’ cal/cmzmin sr.
Observation sites: T.B. is Two Buttes, W.S. is White Sands.
Wavelengths: O is A = 0.443 p, 1 is A = 0.548 p, 2 is

-5 -
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= 0,639 pu, 3 is A = 0.708 p,y, 4 i8 A = 0.853 p; and 5 is
00911 pc )

>
]

The Pigure 2 shows results of radiance measurements taken
at a zenith distance z = 10° and the azimuth angle a = 180°.
These measurements have been taken simultaneously with the
photographic sky light recordings (Chapter V), in order to
give the results in absolute physical units. The figures
denonstrate the interdependence of the radiance, the wave-
length and the zenith distance of the sun. Since mean
values have been presented in the figures, maximal deviations
of L 12% have been found. It can be seen thai the decrease
in radiance with increasing wavelength almost follows a power
law. Furthermore, it can be concluded that with increasing
zenith distance .of the sun the radiance continuously decreases
at all wavelengths.

2. MNeasurements of the spectral sky radiation in the sun's
vertical and other verticals at different solar elevations.

The results of measurements of the spectral radiance of the
sky have been plotted in the Figures 2 - 6 for the sun's
countervertical and in Fig. 7 for the sun's vertical up to
z = 30°. The radiance decreases from the circumsolar region
towards the zenith and reaches its minimum in the sun's
countervertical. This minimum is the more distant from the
sun a) the lower the solar elevation, b) the longer the wave-
length., At a high solar elevation, this shift of the minimun
reaches about 15° between A = 0.443 p and A = 0.911 p.

In the Fig. 8, there have been plotted results of measure-
ments taken along the verticals at a« = 270° and a = 90° at a
zenith distance 2 = 36° pm. The vertical at a = 90° is
situated over the White Sands, at a = 270° over the Sacramento

-4 -
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Mts. The increased reflectivity of the White Sands desert
effects a well marked brightening up toc about 60° over the
horizon. This effect is illustrated in Fig. § where the
spectral radiance has been plotted as a function of the wave-
length at a constant zenith distance z = 50° under varying
azimuth angles a. 'There is again evidence of a light brighten-
ing of the area in the sky over the White Sands (a = 110°) and
borderiné regions. It must be admitted that the differences
are not great and the measuring accuracy is not sufficient for
drawing detailed conclusions on the variations of the radiance
as a function of the wavelength.

Fig. 6 represents results of measurements taken at an obser-
vation site amid the White Sands desert. Fig. 6 shows that
along the sun's vertical the radiance greatly varies with the
solar elevation, whereas at 1lo° over the horizon in the sun's
countervertical the values tally in eacih of the spectral ranges.
In agreement with Fig. 7, the differences of radiance between
the zenith and the horizon increase with increasing wavelength

mainly due to the vanishing influence of the Rayleigh scattering.

The comparison of the radiance measurements in the sun's
vertical and countervertical taken at the two observation
sites Two Buttes and White Sands has revealed an interesting
feature: The expectation that the values found over White
Sands would be higher than those over ‘‘wo Buttes has been met
only in the short wave range. The values found in the near
infrared over the White Sands are lower than those over Two
Buttes.

5. leasurements of the Spectral Sky Radiation in the Solar
Almucantar.

The Figures lo - 21 show measurements of the distribution

-5 -
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of the absolute spectral radiance in the solar almucantar
which have been carried out from 51 larch through 2 April
1967 at the station Two Buttes. They cover the spectral
range A = 0.45 p - 0.85 p -and refer to the spectral half-
width AA = loo K. The measurements have been made with a
photometer, which had primarily been constructed for
measuring the radiation close to the sun (¥in. Yechn. Rep.&
Contr. AP 61(052)-595). However, it was easy to make a
conversion into a device for measuring the radiance along
the vntire solar almucantar. In order to render the
presentation of the results more conspicuous, the distribution
of the radiance close to the sun up tvo a scattering angle

¢ = 1o0° has been plotted in a separate graph on a larger
scale.

a. easurements close to the sun., Fig. lo - 21 left side.

All the nmeasurements snow a relatively steep ascent close
to the sun. A rough estimate based upon a comparison of these
measurements with theoretical values (Tables {1]) yields for
the same gradient of the curves an upper limiting radius of
the aerosol particle size distribution of r ® lo p. The
spectral dispersion of the individual sets of measurements
corresponds to an exponent v¥*& 4 of Junge's power law for
the aeroscl size distribution.

A nore detailed investigation, however, reveals some
noticeable deviations of the individual measurements. In
particular the rieasurements which have been taken on 1 April
(Figures 12 - 17) show a considerable increase in the gradient
of the curves in the course of the day. The curve for A = 0.54¢
even intersects that for A = 0.44% p; the amount of radiance
for A = 0.548 | exceeds that for A = 0.443 p towards the lamb
of the sun. Simultaneously, the spectral dispersion of the

-6 -
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curves decreases. The physical explanation for both these
effects is the discrete increase of the giant particles

(¢ 21 pu). The exponent of the size distribution has been
reduced within the range of these particlies, wnereas in the
range r < 1 p, the exponent has hardly c:-=mged and can still
pe assumed to be close to v¥y 4., This is also verified from
the analysis of the spectral distribution for ¢ 2 1o° which
is described in ‘detail in the next scition.

Therc has not been found any influence of the albedo on
the radiance close to. the sun. The measurements taken in
northerly -direction towards White Jasnos do not show
systematical differences from those taken in southerly
direction.

b. Yeasurements far from the sun.

The radiance curves for the entire solar aluucantar,
which have also been presented in the figures lo - 24, have
a very small gradient which implies an aerosol size
distribution with an exponent v* 5.0, The distancesof the
individual spectral curves also allow the conclusion that
v¥ > 4.0, In case of a smaller -alue of v*, the curves in
the range ¢ > 1lo° ought to converge much more rapidly, i. e.
the gradient of the curves oughyv to incrzase with decreasing
scattering angle ¢ in the long wave range.

Besides this general feature, the individual sets of
measurements are characterized by deviations which are due
to changes in the turbidity. The measurements taken on 1 April
1967 in the afternoon show an intermittent increase of the
absolute values in the infrared range simultaneously with the
strong increase of the radiance towards the limb of the sun.
This can be explained in the same way as the steepening of the

-7 -




-7 -

curves: It has been effected by advection of dust particles

of r 2 1 p without an essential change of size-distribution

in the range r < 1 u, for any noticeable increase in

particles within the size range 1 p 2 r 2 0.1 p ought to be

reflected in the diurnal variation of the turbidity factor.
There is.no unbiased evidence of an influence of the great

-albedo values in the aréa of White Sands; e. g. the Figures

- 13 and 14 which refer to almost simultaneous measurements in

géuthefly direction and in northerly directioh over White

Sandé¢ show an increase in radiance over Wite Sands. Other

measurements e. g. those taken on 1 April and represented

in the Figures 15 and 16 do not show this effect. It appears

therefore a reasonable assumption to conclude that the

brightening of the sky over White Sands, which can be observed

from Two Buttes, is not so much due tc an increased albedo

as due to the scattering effect of gypsum particles liftet

up by convection.

¢. HMeasurements in the White Sands Desert.

The Figures 22 - 24 represent results of radiance measure-
ments along the solar almucantar which have been obtained
with a nonautomatic photometer. The measurements which are
represented in the Figures 22 - 24 have been taken in the
early morning; they have been added to supplement the
results of thie measurements which have been discussed under
b. The Figures 25 ~ 27 show the results of measurements which
have been carried out inside of the White Sands gypsum desert.
On 8 April (Pig. 25) particles which had besn lifted up by the
strong wind, effected a great increase of the radiance in the
area of the-sky close to the sun, especially in the infrared
range. Whereas on 9 April, there have been almost calm
conditions. The results of the measurements which have been

-8 -
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plotted as functions of the scattering angle in the Pig. 26
are throughout higher than those taken at Two Buttes on

28 and 31 liarch which have been plotted in the Figures 22

and 23 together with measurements taken in the elrly fore-
noon for comparison. The raise of the values by about half

a power of ten is mainly due to the fact that the reflectivity
of the gypsum desert is much higher than that of the normal
sand desert.

4. Measurements of the Turbidity Pactor.

The turbidity condition of the atmosphere is characterized
by the spectral turbidity factor T(A) according to Linke. It
is defined as

(A) = (ap(A) + ag(A))/ag(A)

where aR(A) is the extinction coefficient of the mere Rayleigh
or molecular atmosphere resp., aD(A) is the extinetion
coefficient of the mere aerosol atmosphere. The Fig. 28 shows
the diurnal variations of T(A) for the virtually cloudless
days from 31 March through 2 April. The turbidity is- relative-
ly small and rather constant: Except for a slight continuous
increase of the turbidity in the course of the day, np
systematic variations can be noticed. The slight increase of
the turbidity is due to the convective activity which sets in
after sunrise and results in the vertical transport of great
amounts of dust into the lower troposphere. The oscillations
of the curve at T(0.847 u) are only seeming due to the in-
accuracy of the measurements which increases with increasing
wavelength.

The Fig. 29 shows daily mean values of the aerosol
extinction aD(k) which have been computed from the turbidity

-9 -
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factors presentied in the Fig. 28. The aerosol extinction
aD(A) has been plotted af a function of A and shows a normal
behavior. In this case, Angstrom's wavelength exponent a
falls in between a & 1.3 and a & 1.8. According to volz |Z]
this would result in v*¥ = a + 2, thus v¥* between 3.3 and 3.8.

The reduction of the turbidity measurements has been
based upon the assumption of 0.25 cm ozone over the observation
site.

I1. Measurements of the Radiation Reflected by the Surface of
* the Barth in the Short Wave and Near Infrared Range
{(Alamogordo, New Mexico)

The radiation which is reflected by the surface of the
earth makes an essential contribution to the sky radiation.
Its values vary considerably according to the properties of
b the ground. In the visible wavelengths, fresh snow reflects
almost the entire incident radiation, however, sandy soil
only about 25%, . Because of the rather uniform ground
conditions in the surroundings of the observation site at
an elevation of 115 m above ISL, it has deemed appropriate
to investigate the reflectivity in different directions and
at various solar elevations. The measurements have been
taken at the following zenith distances: z = 92°, 95°, loo°,
lo5°, and 1llo°, i, e. at 2°, 5°, lo°, 15°, and 20° below
the horizon. Basically, the measurements taken at small
angles are biased by the atmospheric light between the ob-
servation site and the sight. However, due to the extra-
ordinary transmissivity of the atmosphere in this area
(visibility always > loo km) this interference can be
neglected. Due to the angle of view of 4° of the photometer,
the measurements taken at z = 92° undergo an additional
influence by the radiance of the horizon.

- ]l0 -
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The rigure 30 shows the results of measursnments taken at
high solar elevations. *he radiance vatues are highest for
the red wavelengihs. Yhe physical explanation is the reddish
brown color of the sand with the grey sparse brushwood al-
nost lacking a green foliage. The reflected radiation in-
creases from a = %60° towards « = 180°.

Different results can be seen in the Pigure 31 which re-
presents the nmeasurements taken in 2 April, witn 2 = 58° pm.
The well marked maximum at « = 180° implies predominating
backward reflection of the soil. The uaximun is found at
A= 0.708 pu, the minimun at 0.443 u.

The measurements taken on 4 April at Z = 66° am which are
presented in Fig. 32, are characterized by two well marked
maxima, one at z = 0° and the other one at z = 180°, the
latter becomes indistinct already at z = 100°. Parily the
values considerably differ from those of the Pigures 30 and
31, due to the different angles of incidence accoraing to
the different positions of the sun at 2 = 59° pum and
Z = 66° am., J. g. the surface under the angle « = 0° is al-
ways underneath the sun, however, it is not always the same
surface varying with the position of the sun, i. e. there

have always been the same areas of the ground under investigaticn,

however, according to the varying angles of incidence at
varying positions of the sun they have been relzted to
different values of «a.

Another series of measurements has been taken shortly before

noon on 4 April, which is presented in the Figure 335. As for

the position of the sun, the situation was similar to that of
the measurements taken on 2 April, which are presented in the
figures. Indeed, in principle the curves resemble, except for
an azimuth shift of about 15° due to the difference in the

- 11 -
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solar elevations of 12°. However, on 4 Aprii the sky has
during noontime been cevered with a light cirrus veil which
s8lightly changed the global radiation.

The last series of measurements (Fig. 34) has been taken
in the early afternoon of the 4 April with Z = 34° and lo/1o
cirrus and stratus. The results are therefore not comparable
with the other ones. Furthermore, the observation site has
been changed in such a way that the sights could be aligned
on the ground beyond the mountain for finding out about
eventual differences in the reflectivity. In spite of this
change, the results in principle resemble those described
previously. The greater the zenith distance, i. e. the
steeper downward the bearing, the more shifts the .axi.w. of
the reflected radiation towards the long wave range. »ui tue
values at A = 0.9 i hardly change any nmore.

Summing up: The reflected radiation is mainly red, however,
at A = 0.9 p mostly of lesser intensity than in the biue
wavelength. The maximum values amcunt to about loo-lB5
cal cu 2min~tsr™l for z > 95° in the red wavelengths. This
corresponds to the sky radiation at a distance of about 1lo°

froq_the sun, he minimum values gmount to about

o - -1 -

30 cal cm zmin lsr 1 in the red wavelengths. This corresponds
to the sky radiation at a distance of about 309 from the sun

in the solar almucantar at mean solar elevations.

III. Measurements of the Degree of Polarization of the Sky
Radiation in the Short ilave and Near Infrared Range
(Alamogordo, Hew iiexico)

Fig., 1 is again the locator map.

Fig. 35 shows the results of measurements which have been

- 12 -
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taken on 31 March and 2 April at the observation site Two

Buttes. Z again denotes the zenith distance of the sun, 2z is 3
the zenith distance of the sky light, a« is the azimuth angle *
with reference to the sun, P is the percentage degree of

polarization, O is the wavelength A = 0.443 u, 1 is

A=0.548 p, 2 is8 A = 0.6%9 p, 3 is A = 0.708 u, 4 is

A=0.853% p, and 5 is A = 0.911 p. {(Unless otherwise noted,

z denotes always the zenith disvance in the sun's counter-

vertical ¢ 180°.) T.B. denotes the observation site Two

Buttes, ¥.S. means ¥hite Sands.

Yhe degree of polarization reaches its highest degree at
the lowest solar elevation. The value of 759% which has been
found on 2 April at a wavelength 0.443 p represents a maximun .
thati corresponds hest to the condition of the mere molecular
atnosphere., The wavelength dependence, especially close to
the polarization maximuy is well marked and stronger than
e. &. in Greenland or in Hawaii. The portion of incident
radiation which is reflected by the suriace of the earth
contributes to diminishing the degree of polarization. The
reflected radiation is in the order of magnitude of the sky
radiation due to the reddish sandy desert soil covered with
sparse dark and nostly dry brushwood, see Chapter IL. The
measurements taken on 31 March yield lower values due to the
weather: A strong wind had 1lifted sand particles up to a
height above the observation site.

Pig. 36 shows the results of measurements takesn in the
middle of the White Sands. The area of this bare gypseous
desert is limited, however, its very high albedo - see
Chapter IV - effects a noticeable lessening of the degree
of polarization. This effect is manifested by a series of
nmeasurements of the degree of polarization of the sky
radiation taken during noontime at Z = 28.5° and z = 50° over

- 13 -
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the White Sands at a distance of about 20 km with a = 13%0°
gnd over the Sacramento Mts. with a = 2%0°, listed in
Table 1.

Table 1: Percentage Degree of Polarization of Sky Radiation
in the Direction of White Sands (a = 130°) and
Sacramento Feak (a = 230°) and in Between (a = 180°).
Observation Site: "Ywo Buttes; 2 = 28.50, z = 50°.

A a 130° 180° 230°
0.443 p 39 51 43
0.639 p 33 44 34.5
0.708 i 30 30.5 32
0.911 p 19.7 27.3 22.2

The table proves that the degree of polarizaticn in the
direction of the White Sands is swuzller than that in the
direction of the mountains, though the azimuth angle with
reference to the sun is the same. Thus it is obvious that
this influence goes up to a height of 40° above the norizon.

¥ig. 37 represents the results of measurements of the
degree of polarization in the azimuth angle range from 180°
up to 260°; they prove that the maximum of polarization is
located as a broad band in the sky opposite the sun. It is
to be expected that two weak secondary maxima occur outside
of the sun's countervertical.

Furthermore, the Figures %5 through 37 indicate a marked
wavelength dependence of the degree of polarization in the
sun's countervertical. It is strongest in the range of maxinmum
polarization and lessens near the horizon. It must be noted
that with increasing z the degree of polarization shows a
greater decrease in the short wave than in the infrared range.

- 14 -
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In the Figures %8 and 39, measurements have been plotted as
functions of the wavelength. The results are valid for points
in the sky in the sun's countervertical at a distance from the
sun of about 80°, i. e. in the area of maximum peclarization.
The wavelength dependence varies with Z and z. Generally, it
is obviously less marked in the short wave range than at
A >o0.6 .

Iv. ileasurements of the Degree of Polarization of the Radiation
Reflected by the Surface of the Jarth in the Short Wave and
Near Infrared Range (Alamogordo, N.li.)

The Figures 40 and 41 show measured degress of polarization
of radiation which has been reflected by the desertlike soil.
The zenith distances have been taken as follows: 92°, 95°, loo°,
lo5°, and 1lo0°, i. e. 2°, 5°, 1lo0°, 15°, and 20° below the
horizon., Furthermore, the measurements have been taken at
different azimuth angles and different wavelengths. A1l the
results cf these measurements have one feature in common: The
degree of polarization is greater in the short wave than in
the long wave range. In the near infrared, it almost goes down
to O.

The azimuth dependence of the degree of polarization can be
seen from Fig. 4o0a at a zenith distance of 95° at a high solar
elevation. In the blue light, the degree decreases from 259,
at a = 0° (underneath the sun) to 12% at « = 180°. Already in
the green light, the degree of polarization of the reflected
radiation is considerably less; in the infrared range it
reaches but a few percent and the azimuth dependence dis-
appears.

The zenith dependence of the degree of polarization can be
seen from FPig. 4ob. This interdependence is noteworthly. The
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elevation of the observation site is 115 m above IISL; when
the zenith distance z is only 2° below the horizon, the
reflected radiation stems from a distance of 3.16 km.

z = 90° corresponds to a distiance of oo km

g1°¢ 6.52

g2° 3.16

94° 1.37 i
95° 1.15 |
loo® 0.65

1lo5° 0.43

1llo® - 0.316

115° 0.246 q

The atmospheric layer between the observer and this
specific distance effects a degrese of polarization of the
reflected light which almost equals that of the sky on the
horizon, see Fig.3& 4. 'With increasing zenith distance of
the point under observation, this influence lessens, and
finally, the degree of polarization goes almost down to O.
It is worthwhile mentioning the stong wavelength dependence
of the results at the zenith distances between 92° and 1llo°.
This greatly differs from that of the polarization of the
sky light near the horizon where the spectral differences
are negligible.,

Similar results are presented in Fig. 4la, however, a
remarkable feature shows up: At a high solar elevation
(40b) and a = 0° (terrestrial reflection underneath the sun)
the degree of polarization has reached its maximum at z = 92°,
wheresas the reverse is true at a low solar elevation. Further-
more, in the latter case the spectral differences disappear,
whereas at a high solar elevation, they have been at a
maximum.,

- 16 -
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Another way of presentation has been chosen for Fig.
41b. The degree of polarization of the reflected radiagtion
has been plotted as a function of the zenith distance 2z
for 4 wavelengths and 3 azimuth angles. The polarization
decreases rapidly from the short wave towards the long
wave range and is hardly measurable in the infrared. At
A = 0.443 p, the degree of polarization is highest at
a = 90°, whereas at longer wavelengths, the values
practically do not differ any more. As a matter of fact,
it must be mentioned that on the day when this measuring
series has been taken, namely 4 April, cirrus clouds have
changed the spectral distribution of the solar and sky
radiation with respect to clear days.

The degree of polarization of the reflected radiation
goes down to O when the atmospheric light is eliminated.
This has been proved by a polarization measurement of a
sandy debris area situated but 8 m underneath the
observer (z = 129°).

V. The Distribution of the Spectral Radiance of the iIntire
Sky in New Mexico at Alamogordo (Photographic leasuring

Method) .

The distribution of the spectral radiance has been
measured by means of photographs of a spherical mirror
according to the method by Plass [ 5]. Ca. 4000 grid points
of each photograph have been measured by automatic photometry
and evaluated with the Siemens 2002 couputer.

The PFigures 4V andalseshow relative values at the blue and f
red wavelength which stem from photographs taken at the
observation site Two Buttes on 2 April 1967. The value in
the sun's countervertical at the angle of azimuth u = 180°
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and the zenith distance z = 1l0° has heen set loo. Simultan=
eous measurements of the radiance in absolute physical units
enable one to convert the relative values into absolute ones.

Except for small deformations, the intensity distribution
at the blue wavelength is almost symmetrical for both spheres
of the sky. At the red wavelength, the symmetry is deranged
due to the predominant effect of the radiation reflected by
the reddish desert soil. In spite of the very small turbidity
a distinct dependence of the measured values on the wavelength
can be seen. The decrease in intensity is more narked in the .
red than in the blue wavelength. This is due to atmospheric
aerosol particles which can possibly be concentrated in higher
layers of the atmosphere., Details on this connection can be
given no sooner than in the next Reporwt.

The Figure 47 below shows results which have been obtained
on 9 April 1967 at the observation site in the VWhite Sands
desert, during calm condition. The results resemble those
obtained at Two Buttesjy a physical explanation of the
deviations can be given only after a careful consideration
based upon the values in absolute units.

'he Fig. 48 shows results of the 8 April 1967 obtained
in the V/hite Sands deseri during a fresh breeze., While
taking the photographs, the observer has seen sheets of
blowing sand above nim. They underwent so rapid changes that
no comparison can be made with the following photographs
taken at different wavelengths. Firstly, the figure shows a
greater gradient of the radiance of the sky than during
undisturbed conditions. Secondly, the configuration is not
smoothy the isolines have many indentations and protrusions.
The evaluated results of the sky photographs which have been
presented here, prove the qualification of the photographic
method for recording the radiance distribution over the
entire sky at a specific moment.
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vi§. ileasnrements of the MNumber and Size of thg.Atmospheric
Aerosol Particles.(Alamogordp, H.4.)

In order to get an insight in the aerosel particle size
distrivution near the ground ir Mew ilexico the Aitkeén nuclei
have been measured with the Scholz dus*t counter at the
observation site Two Buttes. The counter catcheg the
5 g through
0.1 p. Furthermore, a Roycc device of the Meteorclogical

particles within the radius interval from 3°lo

Ingtitute at the Munich University has been used for count-
ing the particles of the following five radius ranges:

0.5 -~ 0.64 p, 0,64 - 1.5, 1.5 -3 p, 3 -6 p, and

6 - 15 p.

The Fig. 44 shows some results of measurements of the

numbtar of Aitken nuclei per cm3

. The number of the particles
with a radius < 0.1 p is subject to variations which a
physical explanation cannot be given for but with the help
of a long term measuring series. It has been observed that
the number of particles is reduced when during the daylight
hours the wind freshens up due to convectional activity.
liore particles have been counted in calm than in windy
weather. lioreover, there is no connection between the
visibility and the number of these particles with a radius

< 0.1 p. Recently F. Kasten [3] has proved in a gquantitative
theoretical investigation that these small particles do not
influence the transmissivity of the atmosphere. (In spite of
that it is not admissible to make the statement that the
particles with a radius r < 0.1 | have no optical effect as
it has sometimes been donej for e. g. they strongly influence
the spectral distribution of the sky radiation.) With regard
to the thinly populated area of Hew liexico the number of
particles with a radius r < 0.l u appears to be rather high;
it is by one order of magnitude higher than e. g. in Hawaii.
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In order to get an insight in the decrease of Aitken
nuclei with height measurements with the Scholz dust counter
have been taken during a trip in the Sacramento iits. At
1.640 m above HSL on the windward side there have been
counted 4.3'104 particles; at 2.080 m just below the
timber line 4.1’104 particles; at 2.500 m on a by-way within
the timber forest at a distance of some hundreds of nmeters
from the highway 2.1°lo4
far from the unfreguented highway still 9-<lo

particles, at 2.660 m in the forest
3 particles.

Bven on the Sacramento Peak at 2.720 m there have been found
still 7.000 particles. In the lee area of the Sacramento Nts.
smaller numbers of Aitken nuclei have been obtained, namely
at 2.240 m in the forest 3.000, at 1.830 m in Hay Hill in
the dwarf-pine wood also 3.0c0. On the way back in the
windward region there have been counted 5.000 particles at

2.300 m and 21.000 particles at 1.740 m.

This measuring series allows to draw the conclusion that
on the windward side of the high mountains the number of
Aitken nuclei remains constant up to rather great heights
and decreases towards the leeside.

The Fig. 4§.shows some results of the measurements of the
number of aerosol particles which have been taken with the
Royco counter on 7 April at short time intervals between
0930 and 1700 o'clock. This instrument had a rate of flow
of 3 liters of air per minute., Obviously, the number of
particles undergoes great variations with time, especially
in the ranges 4 and 5, i. e. in the range of the large
particles. During the measuring time, gusts from SW have oc-
curred. The circles in the figure represent very high counts
which have been valid only for -rery short periods of time and
which 4o not match the remainder of the measurements.
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A series of measurements rshich has been taken on 8 April
oetween 1130 and 1250 o'clock has been plotted in Fig.#{ .
“he time scale, which is represented by tae ordinate, has
been slightly enlarged in comparison with Pig., 425 . Lota
these series of counts are characterized by great variations
in time. Purthermore, the increase and decrease of particles
obviously Lhave a parairlel irend ia all five ruéius ranges.
Of course, therc are some excepiions as e. . thae increase
of the small particles within the range 1 coincides with
a decrease of the large pariicles and vice versa.

“he consecutive groups of measured values nave vech
averaged by logarithnic way and ihe nunuvers of particles
thus obtained have peen »loited in the Fijures 42 and 43
as functions oi <hez particle radius. In crde TO_cowpase
then with the counts of 7the Aitken aucloi per orn” th.y

-

have to be divided by 3:30”. In contratt 10 Tiac Silgures 457
and 46, the values of the .igures #2 and 3 ars very woell
organiz:d. Yhe decrcasc of the large particles follows ine
power Luw r'l'b petween the radius interval 0.4 L wnt & .,
towards larger radii the increase lessens. The fauilies of
curves, which liie one beneath the other, show the same trend
as in the Figures {5 and § whicu is char-.cterized by a
decrzase in time of whe particles in all the rudius intcrvais
The numbers of particles have been measured with a .oyco
device. Uhen, the racius interval rron 0.06 . ithrough o0.44 g
at 115 m avbove ground would ve characterized by a power law
of r'4 *). Radiation measurements have yiclded 2 r-4
relationship for the entiie atmosphere. .he deviation i.. the
radius range o0.44 - lo p implies tnat on 7 and & Azril soue
large desert dust pariicles have been 1lifted up into the

lower atmospuere by the strong wind.

*) The method to incorporate particles r < 0.1 ; into the

b
Royco analyse results is given by .. dunge i4).
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B, Bxperimental and Theoretical Investigations into the

Spectral and Angular Dependence of Reflectivity and the
Degree of Polarization of neflected Radiation of Various

Soil Types.

I. Reflectivity of uround but not Polisheé Linestone, ine

and Coarse Grained Soil at Acute Angles of Incidonce

of the Light Source {Angles of Incidence Oo = 30° and

‘The reflectivity at @o = %0° has been plotted in polar
coordinates in the Fig. 60, namely for the fine grained
sample (a and b) and the coarse grained sample (c ané a).

The feature which all the graphs have in coummon is the
distinct predominance of bvackward scattering over forward
scattering. The fine grained sample has a mininum at the
angle of obscrvation € = 45° and a > 140° at both wave-
lengths, namely 30% in the green and 40%, in the red wave-
length range. The maximum values of the coarse grained sample
have alnost the same anounts, nanely 60% - 80%, as those of
the fine grained sample, whereas the minimum values are nuch
less, namely 22.5% in the green and 27.5% in sne rec wave-
length range. The latter are also shifted towards the angle
of observazion 6 = 60° ana «u > 170°.

The Fig. 61 has the same contents and arrangement as the
Pig. 60, however, referring to 90 = 60°, The curve paivierns
for the fine grained sample (a and b) resemole those in the

u
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Fig. 60 , but the maximum values amounting to 909% in +he
green and to 1lo0% in the red wavelength range are higher
than those for Go = 50°. Vhereas the minimum values are
lesser than those in the Pig.é0a,fnamely 22.5% in the green
and 30%, in the red wavelength range. The latter have under-
gone a displacement towards the angle of observation

8 = 75° and a > 150°,

The values of the coarse grained sample (¢ and d) in the
Fig. &1 are throughout lower than those of the fine grained
sample by about 1l0%.

The results for the ground but not polished limestone are
presented in the Fig. é#2 & and 4 for 90 = 30°, Uneven parts
of the limestone plate cause a more unregular pattern of the
isolines than that of the grainy samples. The gradient is
lesser, maxima and minima differ by only about 209%,. At
@ = 0°, the minimum has 45%, in the green and 52.5% in the
red wavelength range. The maxima are again located near
the horizon, however, at angles of azimuth a » 90°,

I1. lMeasurements of the Reflectivity of Gypseous Sand as
well as Red and Grey Quicksand in the Environs of
Alamogordo, New Mexico.

Results of measurements of the reflectivity and the degree
of polariz@tion of reflected radiation of calcareous soil of
varying texture have been presented in the Scientific Report
No 5 and in the first section of this Chapter,’The same
apparatus has been used to supplement the results presented
in the Chapter A of this Report by measurements of the
reflectivity of samples of desert sand which have been taken
in New Mexico near Alamogordo. The radius of the grains of
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gypseous sand from VWVhite Sands has been r &1 mm, whereas

"the red and grey grains of quicksand had radii of r € 1 mm.

a) Measurements of the Reflectivity.

The Figures 4 §4-cshow the distribution of the reflectivity
of the three samples for the wavelengthlk = 0.444 p, The angle
of incidence of the light source is Oo = 30°. As was 1o be
expected the values for white sand (gypsum) are highest. The
minimum which amounts to 55§+ is found at the angle of azimuth
& = 0° and the angle of observation 6 = 3%0°, i. e. in the
range of backward scattering. The minimum for red sand which
amounts to 14% is shifted to the angle 6 = 0°, i. e. the
zenith., The values for grey sand are similar. The effect of
forward scattering is strongest for white sand.

In thé Pigures 504-e, the isolines for A = 0.647 p have been
plotted. The patﬁern regsembles that of the blue wavelength,
howeﬁer, the values of the reflectivity are higher by the
factor 1.5 to 3.

The Pigures$§Ta-cshow the measurements for the wavelength
A = 0.780 p which very much resemble those for A = 0.647 p;
the reflectivity increases by 39, for vhite sand and by 5%
for red and grey sand.

The Fig.52 shows the reflectivity for the angle of incidence
of the light source 90 = 60° again for each of the three soil
samples in the blue wavelength. The results differ only
slightly from those at 90 = 30°, however, there are a few
interesting deviations, e. g. the maximum value for gypseous
soil is slightly lower and for celored soil by a few percent

higher.

"3
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The Fig.5 % refers to the same value of 90 = £0° but for
the wavelength A = 0.780 p. Again, the changes in the
refiectivit, are very small, A striking feature of the grey
s0il sample is the backward scattering which is caused by the
relatively larger grains of sand. The comparison with the
neasurements taken at A = 0.444 p reveals a greatly different
pattern of distribution and much greater amounts of the
values of A = 0,780 . than of the blue light.

In the Fig. 54, the nmeasurements of the reflectivity have
been plotted for the light source's vertical (e = 0° und
« = 180°) as functions of the angle of observation 6 for
three wavelengshs and three soil samples. Yhe angle of
incidence of the light source is 90 = %0°. In each case the
reflectivity is greatest at © = 90° umounting to values about
100% for gypsum. It can be sven again that the reflectivity
is greatest in the near infrarsd. The position of the miniinus
can best be recognized in the Fig.&85.

Yhe paradeters in the FiguresSSaund £ are the soil sumples,
in the #ig.3%%a for A = 0.444 p, in the Fig.58&for A = 0.647 g,
whereas the Pig.5%e shows the measurenents taken at the angle
of aziuuth « = 90°. The values of all the ihree soil samples
show a gradual slow increase from the zenith towards large
angles of observation. The measurements of the reflectivity
at 6 = 30° and 6 = 0° have been plotted in the Fig. 854 as
functions of the wavelength. All the soil samples snow a
decrease in reflectivity witlh decreasing wavelength, especially
is this true with gypsum. “he sample of red sand has a Jgreater
reflectivity at the red wavelength than she grey sand.

“he Pig.56 refers 10 the angle of incidence of the ligat
source Go = 60° and th: paraucters are the same as in the
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Fig.54 , namely the three wavelengths. The main maximum for
gypsum is located at @ = 30° and a = 180°. A secondary
maxinum shows at @ = 90°; at A = 0.444 p the amount of this
secondary maximum exceeds that of the primary maximum at

@ = 30°, The sample of red sand shows an increase of the
values oniy in the angle range © > 40° (a = 180°) at

A= 0.444 p; this effect is more pronounced than at 90 = 30°,
The maximum of the reflectivity of the sample of grey sand
is located at & = 70° and a = 0°. At the red wavelength, the
reflectivity slowly decreases with decreasing scattering
angle; this decrease is very similar for both A = 0.444 p
and A = 0.647 p. At & = 90° (a = 180°) a secondary maximum
can be observed.

The parameters in the Figures$/and 4 are the same as
in the Fig.5$%, namely the soil samples. The angle of
incidence of the light source is Oo = 60°. Again, a striking
feature of the measurements is the great diversity in the
dependence of the reflectivity on the angle of observation
which is {rue with all the three soil samples.

b) Measurementsof the Degree of Polarization of the
Reflected Radiation.

'he Figures 5'9(00 = 30°) and 59(00 = 60°) show the
measurements of the degree of polarization of reflected
radiation as a function of the angle of observation ©; the
parameters are the three wavelengths which the measurements
have been taken at. All the results have a feature in common,
namely small negative values of polarization at scattering
angles about 180°, i. e. in the range of backward scattering.
In each case, the highest degree of polarization is found
at A = 0.444 p. he sample of red sand has the highest values.
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'Yhe gypsum shows but small differences at the three iwave-
lengths. With the exception of the grey sand, the maxinum
is founc at 6, = 60°, 8 = 90° and « = 180°.

A physical 2xplanavion for the variatvion in reflectivity
could be given so far only for calcareous soil, see Section
III of this Chapter. Only the sample of grey sand shows a
behagvior which resembles that of calcarcous soil in
variation with the angle of ovsurvation.

“hese lavorator neasurements will be used for ifinding a
physical explanation for the spectral radiance éiostribution
of the desert soil as it has been neasured at the observation
site Two Buttes. il.w- ver, the results cuan be given no sooner
than in the next Report.

III. On the Computation of the Reflcewivity.

It has already been mentioned before that all the
mineralogical constituents of the soil sanples under
investigation have a crystaliine structure. Yhus, their
indices of refruaction depend on the angle of incicence of
the light source. furthermore, quartz ané unica turn the
polarization plane of the.inciaent ray. “hus, it is aardly
feasible to make any svatenents on the size distribution
of the samples or the absorpiivity of the limestone or its
sediments in the visible spectrum. Yherefore, the couwputuiion
of the reflectivity raises probvlens which are too cowplex for
being solved straightway. A first step «will be done in this
Chapter by restriciing the cowmputation to non-coupact
particles and by neglecting double refraction and avsorption.
farthernore, the Lignt source is assumed o supply unpoliarizcd
1izht.

Y
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1. Genergl Description of the Problem.

The reflectivity of a soil surface mainly depends on the
shape and size of the individual particles. If the particle
diameter is small compared o the wavelength of the incident
radiation under investigation the scattering of light follows
Rayleigh's law. The scattering on particles whose diameter is
of the same order of magnitude as the incident radiation is
determined by the liie theory. The scattering on larger
particles can be computed with the laws of geometric optics
under the condition that these particles have a geometrically
simple form.

The above laws can be applied only under the assumption
that no extinction takes place inside the particles, i. e.
the particles are assumed to be opaque. HNow, the larger
particles of the soil samples under consideration consist
of a great number of small particles which effect a great
scattering within their parent particle. Thus, the large
particles give the impression as if they were opaque though
their constituents are possibly transparent. This opacitvy
implies a strong absorption, however, a simple experiment
proves that this assumption is not verified.

The main constituents of the samples under investigation
are calcareous spar or crystalline quartz.eateareous—spal
end-—guarte. Since they are nonabsorbent, they appear coleor-
less to the eye in the visible spectrum. If however, the
crystals are triturated, the powder turns white and becomes
opaque. This can be explained only with scattering. The
great variety of forms of the particles renders a great possi-
bility for angles of incidence upon the boundary layer between
a particle and the ambient air which surpass the angle of

[T

|
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total reflection, under the assumption of an adequate thick-
ness of the crystal powder layer. Yei the coalescence of
many individual particles forms a conglomeration which due to
shadowiness has optical properties not in conformity with the
laws described in the veginning of {this paragraph.

Generally, each soil sample has a very broad particle size
spectrum so that the computation of the reflection must be
based upon the consideration of scattering processes on
particles with different diaumeters in different directions.
This requires the knowledge of the size distribution of the
samples as well as the consideration of the behavior of the
individual parameters. Therefore, tne following discussion is
restricted to the reflection produced by media with a
specific limited range of particle sige. “he aim is the
computation of the reflecvivivy R (90, ©, a) of an infinitely
thick medium under the assumption of various scattering
processes occurring within this mediumg Oo denotes the angle
of incidence of the light source, & the angle of observation,
and a the angle of azimuth. Phen, it will be tried to give a
physical explanation of the measurements with the help of
these computations. It will be proved that it is admissible
to employ this special measuring cdevice for the comparison
with the reflectivity of an infinitely thick medium.

For being brief, the present ideport is restricted 1o the
presentation of the computational results.

2. Definition of the nreflectivity.

‘’he albedo A of a surface element

A(6,,2) = affp(1)/ag (1) (1)
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is defined as the ratio of the radiant flux reflected by the
surface:

dﬁR(x) [cal sec“lj

to the radiant flux incident upon it: dﬁo(h),

The reflectivity R is expressed as

B.(6 ,6,a,\)
R 19,0, -1
R(,,08,a,A) = IZ('\) [sr™*] (2
i. e. the ratio of the raciance By [ cal em™? sec™t sr“lj

reflected by a given surface under a specific angle of
reflection to the total irradiance Ié(k) [cal cm"z sec
that is incident upon that surface.

..1J

The albedo A and the reflectivity R are related as
follows

//%(GO,O,a,A) cos © dw = A(Qo,k) (3 )
n
In case of ideal diffuse reflection (Lambert's surface)
a surface has a constant reflectivity RS‘ FPurthermore, the
ideal bLambert's refilector is characierized by the relation

TRy = Ag =1 (4)

‘"he product nR(QO,Q,u,A) which refers to a nondiffusing
surface, can therefore be interpreted as the ratio of the
radiance reflected by the nondiffusing standard surfuce to
the radiance reflected by the ideal diffusing sta:iaxza sur-
face. In specific directions, m®R can be greater tnan 1, i. e.
in the direction (6,x) a greater radiance is emitted than in
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. case of the standard surface.

3. Reflection by an Infinitely whick ledium.

%.1. Basic Equation for ¥rimary Scatiering.

The prerequisite is an infinitely ihick medium with a
plane surface upon which a collimated monochromnatic beam of
light is incident. The-meGiun is assumed w0 be homogencous,
i. 2. the scattering coefficient 6 '(A) [cm"l} is constant
within the entire medium. The term f'(g¢,A) [en™t sr'l]
denotes the scattering function of “the unit volume (¢ is
the scattering angle, A is the wavelength) PFor primary
scattering, the reflectivity is then expressed as

_ . ' (g,A) loo .
nR(OO,G,a,A) =T e'(Xj cos 90 4+ cos © [%] (s

Thus, the reflectivity depends only on the ratio of the
scattering function to the scattering coefficient and a
geometric factor, namely 1/(cos 8, + cos 0).

: According to (3 ) the albedo is expressed as

2n 1/2
¢ I | Jr j/ ‘ con = sin 6 ;
A(8,,A) = &) (g, ccs 6_+608 © a6 daflé/
o o

5.2. Reflection According to Lommel/Seclizer's law.

Seeliger's law describing the radiatiocn IR [cal cm-zj

reflected by a given surface is express

k cos Oo cos ©
IR(go’g) =32 I, 505 6, + cos © (7)
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where .2 denotes the extinction coefficient and k a constant.

In this way the reflectivity R of the given surface may be
written

loo
R(6,,8) = § cos @, + cos © [%:] 8/

The absorption of radiation by individual s6il elements
can be neglected in the visible part of the spectrum; there-
fore, the extinction coefficient a can be suwvsiituted with
the scattering coefficient &'. Then, the consoiidation of
the equations (&) and ( 8) results in f'(¢.A) = K. This
means that the prerequisite of lLommel/Seeliger's law is a
constant scattering function of a unit volune, i. e.
igotropic scattering processes within the medium.

Futhernore, the theory implies the relation k[a = 1[4 T
Thus, R is independent of the wavelength. The dependence on

A is only due to teking absorption into account.

3.3. leflection in Case of Rayleigh and illie Scattering.

It is assumed that the light is scattered on the nolecules
within the model medium defined in para 3.1l. Then, with
Rayleigh's equations for f' and 6" it is obtained

z 2
_ 3 l + cos_ ¢

Besides a numerical factor, the equation (%) consists
of cosine functions only. This implies that under the
assunption of primary scatiering the reilectiviity of a
molecular medium of infinite thickness is also independent
of the refractive index and the density of the molecules.
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The equation ( §) is not restricted to molecular media
only. I% holds for all media if the phase function of the
unit volumes is proportional to {1 + cos® §) .

Wow it is assumed that the scattering process within the
1model nedium follows the lile theory. ror such a mediwa with
a specific size distribution, the reflectivity is expressed

£2

f. i(¢,a)d N (r) 100

(%]
(10

r
nR(6 999¢’A)=
) T, & .
51{2 [ i(g,a)singdpal(r) cos6 ,+coso
ry o
where i(¢,«) denotes the liie function and « the parameter
2nr/A.

%2.4. Reflection by a liedium vonsisting of Large Yarticles.,

For large spherical particles, the llie function can be
sinplified by t@g laws of geometric optics and diffraction
(se. wvan de Hulst). However, diffraction applies only to
forwurd scattering. And it may be neglected for scattering
angles down to about 3%0°. Since tne diffraction furnishes an
essential contribution to the entire scattered light, it nust
be taken into account for the computation of the scattering
cocfficient & . Where is evidence from computations that the
proporvion of the entire scattered light due to diffraction
is directly proportional to at least the square of the
particle radius and inversely proportional to at least the
square of the wavelength. The contribution which the terms of
the geometric optics furnish to the scattered light is
independent of r and a. According to the equation (&) it must
be concluded that the reflectivity decreases with increasing
particle radius and increases with increasing wavelength. This

r
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dependence of the reflectsd radiation on the wavelength and
the particle radius holds also for nonspherical particles if
it is assumed that their surfaces are composed of a number of
convex projections.

4., Comparison Between lieasurements and Computational Resulis.

4,1, Prerequisites,

The comparison between computed and measured values of
reflectivity is limitative due to multiple scattering. Hurther-
more, the geometric design of the apparatus does not enable
one to measure the reflectivity in a specific direction (a,¢).
On the contrary, an average refliectivity is obtained in the
directions (a,q : A¢). This error makes itself felt
especially in case of large angles of observation. An
integration of the values of reflection over the different
directions of reflection has not been made due to the
laborious mathematical approach. therefore, at great angles
8, an exact adjustment of the computational model to the
measuring conditions cannot be expected even if the
contribution of multiple scattering is exactly included in
the computation. However, this error is small if the values
of the scattering function do not differ much in the individual
directions.

The mean range w = 1/5- of the radiation within the samples
which have been used for this investigation, has been less than
0.5 cm for the fine grained sample and less than 1 cm for the
coarse grained one. The thickness of the samples has been 5 cmj
since this quantity affects all the measurements, it iswol
necessary to c¢nsider the proportion of radiation A I which
reaches down to the bettom of the measuring receptacle. A
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scientific estimate implies that 4 I is less than 1% of the
total radiation which coniributes to the reflection. tlence
the discrepancy between the theoretical requireuwent and the
measuring device is so small that the conparison with the
reflectivisy of an infinitely thick medium is admissible.

4.2, 2valuati n of a Scattering Munction From the bleasureizents.

Yhe attempt is made to use the neasurements of the
reflectivity for fiading a scattering law which is valid for the
s0il samples under investigation. Yhe equation (&) can be
solved for f'/ &' as follows

£ (¢.A)/ €' (X) = (cos e, *+ cos e) nR(QO,O,u) (11)

The computations have been made f{or tine coarse soil sumple
for the wavelength A = 0.545 p. The measured values of
nR(OO,O,o.545 u) for various angles of incidence in the ligus
source's vertical have been used in the equation ( #71) in
order to compute the values of the reduced scatvtering functvion.
The latter have been multiplied with the factor looem, ané
these percentages have been ploited in the Fig. 64 as functiocs
of the scattering angle.

The Fig. 64 proves that the scattering function suows a
correlation with the scaivtering angles which is similac Lox
all angles of incidence. An estimatv: of the effect of wuLti le
scattering tends to prove that the influence of nultipte
scattering on the reflected radiavion decreases with in-
creasing angle of incidence. “ne 2mpirical evaluatio.a of ibe
reduced scattering function has therefore primarily been
based upon values conputed for 90 = 75°. It can be seen i.uu
the graph that the numerical values for m-1oo £',6 ' (wr! x

R
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by crosses) which have been evzluated with the measurements
taken at an angie of incidence Oo = 75° deviate only slight-
ly from the function

nloo £'(g,0:545p)/6" (0,545 p) = 30 (1 -~ cos ¢) (72 )

The function (12) hae also been plotted in the Pig.64 and
it is obvious that also those values which have been
computed from other angles of incidence are closely fitted
around this curve. Greater deviations (broken curves) occur
at any angles of observation near © = 90°., This is due to

a strong increase of the multiple scattering.

4.3, Reflection by a Medium Whose Scattering Fuaction is
Proportional %o (1 - cos g).

Vice versa, the reflectivity of an infinitely thick
layer can be computed if this medium is characterized by a
scattering function which is proportional to the verm
(1 - cos ¢)s with the equations (§) and ( 72), it is:
obtained

1 - cos ‘
TR (90999¢’°-545 IJ.) = %0 505 go T cog 5 [%J (13)
[ This results in a constand reflectivity for 90 = 0°,
: namely nR(Oo = 0°, 0.545 ) = 30%.

u The results for 8, = 30° have been plotted in the Fig. fzs,
those for 6, = 60° in the PFig. ¢34 Both the graphs show the
predominance of the rediation related with small angles of
reflection. At great angles of observation, the reflectivity
increases almost gradually with decreasing azimuth a, ranging
between 17.5% and 50% for the specific angle of incidence
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90 = 30° and between 10Y, and 1llo¥%, for 8, = 60°.

The compariscn with the relevant measurements (Figures
6O and 61 ) shows a relatively good agreement of the
isolines of reflectivity except for @ > 75°, This had to be
anticipated because the computations have been restricted
to primary scattering.

Therefore, the secondary scattering will also be accounted
for in the computations of reflection with the help of a
formula which has been derived by Schoenberg [7 1 for
gsecondary scattering. Without going into details it is
stated that the consideration of secondary scattering in
case of a reduced scattering function %0 (1 - cos ¢)
requires to add the term

TRy = (9/€o0s 8, + cos 9)) (Aa - Bb + Ce) (74)
to the equation (713).
Schoenberg has tabulated the quantities a, b, and ¢ as

functions of the angles of incidence and observations the
quantities A, B, and C can be evaluated as follows

A =2 + 8in Oo sin © cos «
B = -2 (cos 8, + cos o) [144)
¢ = -2 (cos 9, cos @ - sin @  sin © cos a)

The dependence of the reflectivity on the angles of azimuth
and zenith distances of the observer under consideration of
secondary scattering can be seen from the Fig. ¢3efor 8, = 30°
and 634 for 8, = 60°. A further approximation between computed
and measured resulis can be seen very clearly, especially the
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measured minimum of reflectivity about (6 = 56°, a > 150°)
for the angle of incidence 90 = 30° Is verified by the
computation. The remaining deviations in the configuration
of the isolines near the horizon might be eliminated if
nultiple scattering would be taken into account. The
curvature of the measured isolines of reflectivity for

90 = 60° resembles very much that of the computed isolines
of reflectivity for OO = 60° even in the range of a < 90°,
howeverm the amount of the measured reflectivity maximum
being 74% is far below that of the computed maximum being
120% .

The fine grained soil sample (Fig.é&7) yields a much
better agreement betwenn measurement and computation.

Summing up: The formula

R = loo a

1 - 005 ¢ [o/] (13a)

cos Oo + cos ©

fits the measured results of the coarse as well as the fine
grained soil sample if the computation is based upon the
empirical quantities a which depend on the wavelength and

are evaluated from the measurements. These factors a are
listed in the following table as functions of the wavelengths
which have been used in this investigation. The exact theory
yields the substitution of these tabulated values of a by the
congtand value a = 0.25 which is independent of A.

Table: Dependence of the Factor a (Zquation 73) on the Wave-
length, dvaluated From the Measurements.
Ap]  o0.444  S.545 0.647 0.780
a (coarse grained sample) 0.21 0.30 0.34 0.37
a (fine grained sample) 0.23 0.34 0.41 0.43
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Iven under consideration of secondary scattering, the
equation (73a) resulte for 90 = 0° in curvesg which obvious-
ly deviate from the measured ones. 'he Fig.é6frefers to
Oo = 0° and shows the curves for primary scattering (PS)
and secondary scattering (SS) which have been computed
according to the formula (f34) as well as the measured

values of the coarse and the fine grained sample (A = 0.545 pu).,

In case of incidence normal to the surface, the measured
reflectivity is expressed best with the equation

nR(6, = 0°,0,1) = loo a coi ;chsiog 5 [%] (15‘)
The Fig. 66 shows the values of f'/6' which have been
evaluated from the measurements following the equation (717 )
for various wavelengthas; the solid curves represent the
function a(l + cos® 9). The quantities a(A) have been
assigned the following numerical values: a(0.444 p) = o0.22,
a(0.545 p) = 0.31, a(0.647 p) = 0.38, a(0.780 p) = o.40.

According to Schoenberg, the equation (7§) which expcresses
the reflectivity for incidence of radiation normal to the

surface, is valid for nearly all natural surfaces.

5. Reflection by a Medium Composed of Opaque Spheres.

5.1. Reflection According to Schoenberg.

Schoenberg has computed the reflection by an opague sphere
under the assumption that the surface of the sphere is
homogenecus in all poinits and has no shadowing irregularities.
The reflection by a surface element of the sphere follouws
Lambert's or Seeliger's law resp. The integration taken over

el
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the illuminated part of the sphere results in a phase
function which according to Schoenberg is especially valid
for the solar radiation which is reflected by the moon
towards the earth at various phase ang eéf The substitution
of this phase function in ( 4§ ) leads to either

4 sing - cos .
nRL(90,9,¢) = 55 555 %o +¢cosAg loo [%] (16)

following Lambert's reflection law, or

_ .1 - sin¥/2 tgd/2 1n ctg ¥4
mRg(0,:6,9) = k cos 6 + cos O [%][77)

where * = n - ¢ following Seeliger's reflection law.

The results of the computations for the main plane
(¢ = 0°, a = 180°) are presented in the Fig.&?” for the
angles of incidence Oo = 0°, 3%0°, and 60°. The constant k
in the equation ( 77) has been determined with the relation-
ship RL(GO = 0° 6 = 0°) = Rs(eo = 0°, @ = 0°), The solid
lines represent the curves of the formula (76), the broken
lines those of the deviating curves of the formula (12).

5.2. Comparison ¥ith the ileasurements.

Phe Fig. 67 also shows the measured values of the coarse
goil sample. The agreement between the measured and the
computed values is better for those reflectivity wvalues wnich
have been evaluated with the function (1 -~ cos 9) than for
those evaluated according to the equations (7¢) and (7?).
However, a final statement can be made no sooner than after
taking into account at least the secondary scattering in the
model computation for & medium composed of opaque spheres.
Tne Fig. &% furthermore shows the great deviation between tine
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scattering functions (1 - ccs ¢) and (sin ¢ - ¢ cos ¢)3
this had to be anticipated because the individual particles
of the soil samples partly showed considerable deviations
from the spherical form. However, both these functions give
a good qualitative description of the backward scattering
on an opague particle.

5.%. Hapke's Reflection Formule.

For completeness, the equations (%) and (7P) require a
correction according to llapke [ 9 ]. “his correction effects
another increase of reflectivity for scaitering angles
greater than 90°.

6. concluding Remarks on the Physical Explanation of the
Measurements.

The afrementioned theoretical considerations enable one
to give a physical explanation for the angular dependence
of the radiation which is reflected by calcareous soil
samples of varying granulation.

Each individual particle of a measuring sample consists
of several smaller particles. The reflection by a surface
element of this individual particle is therefore based upon
the amended form of Seeliger's reflection law for a medium
composed of large particles (Section 3.4.). The great in-
crease of reflectivity with the wavelength can be explained
with the diffraction term which is independent of the
transparency of the individual particles; thus, it might be
expected that the reflectivity of other soil samples shows a
similar trend according to the wavelength. This assumption
has been verified through the measurements made by other
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authors, e. g. [15,14,72, 13 ].

The scattering of an incdividual particle follows a phase
function which is proportional to the average surface
brightness of the illuminated part of the individual pariicle.
Following the statement made in the previous paragraph the
average surface brightness depends on the wavelength,
Schoenberg interprets the phase function as a shadowing
effect. The dependence of the reflectiviiy on the angles
of incidence and observation is then obtained by applying
once mcre Seeliger's law to the reflection of an infinitely
thick medium, under the assunption that scattering takes
place on opaque particles (equations 76 or 77 resp.). Since
the light undergoes diffraction also by the individual
spheres, an increase in reflectivity must be expected when
the granulation of the sample grows finer, according to
Section 3.4.

The shadowing effect can be demonstrated through photo-
graphs of the soil samples at various angles of incidence,
while the camera is pointing vertically downwards. The l.photo
distinctly shows a great increase in the shadowed part of the
coarse soil sample with increasing angle of incidence Oo,

i. e. with decreasing scattering angle., The sections on the
lower margin of the individual graphs have a distance of

1 nm. The 2.photo proves that even the fine grained soil
sample has a great number of particles large enough for
producing a shadowing effect. Here, the distance of the
sections is 0.5 mm.

Por limestone has been calculated a rqgractive index 1.66.
The density was measured to 2.492 g cm’® ¥ o.004.
Correction: Final Report No 5 read for the wavelengths
page 45 .444, .545, 647, .78u, page 46

R =1/0.9%37n (Imx +1.4,)/B.
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C,the_Influence of the Shaps of the Asrosol Psrticles on

Yheir Collection in a Jet Impactor.

The accuracy of the interpretation and the computation
of the spectral extinction of the atmospaeric radiation
and the related phencmena of the sky radiation depends
inter alia on whether the full particulars are known
about the size distribution and the complex index of
refraction of the aerosol particles. Jet impactoras are
used for both measuring the aerosel size distribution
and a&d+» sampling for measuring the complex index of
refraction of the aerosol particles. So far, the inter~
pretation of the measurements has been based upon the
validity of the impactor theory e. g. given by RANZ and
WONG [14¢]. This theory is essentially based upon the
validity of Stokes's law which deals with the frictional
force arising from the viscosoty of & medium upon
spheres and its extension to very small particles by
KNUDSEN and WEBER [/§]. However, quite a number of
suthors have shown that there is no unrestricted validity
of this law and the inertia parameter :

2
2 W9 1 »
WB =3 'lj , (l*-fi[A'i-Q exp(~B I;)]) (1 )

which has been derived from it for the movement of spheres
in jet impactors; this is true with spheres as well as
nonspherical particles. The symbols of the equation (1)
are: A = 1,23, Q = 0.41, B = 0.88, § is the density of the
aerosol particles, uj is the speed of the aerosol in the
exit plane of the jet, r is the radius of the spheres,

qj is the dynamic viscosity of the air in the exit plane

=1y
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of the jet, DJ is the width of the jet, lj is the nean
free path of the air molecules in the exit plane of the
Jet.

The first restriction has the consequence that any
calibration of jet impactors holds only for the specific
operational conditions which it has been based upon. This
has been proved by & comparison between the impactor
calibretions by STIRN et al. at low air pressure and
those by RANZ and WONG at an air pressure of about 1 atm.,
which will not be discussed in this paper. Now & detailed
report on the second restriction will be given.

A mathematical approach will be given for the in-
fluence of the shape of the asrosol particles on their
collection in a jet impactor. At firat, a quantity has
to be discussed which defines the departure from the
spherical shape of the aerosol particles in a suitable
way. Such s quantity ie the dynamic shape factor at.
For specific REYNOLDS numbers characterizing the flow
around nonspherical particles ® is the quotient of the
mean air resistance to this particle to the air
rasistance §o that sphere which haes the same volume as
this particle. The radius of this equivalent sphere is
called equivalent radius r. The REYNOLDS number
characterizing the flow around a particle is defined as

e = —?L?ﬂ (2)

where r is the equivalent radiue of the particle, in case
of spheres r is equal to the radius of the sphere, 3j is
the air density in the exit plane of the Jet, Uney is the




msgn relative apeed between the air and aerosol particles
in between the axit plane of the jet and the collscting
plate in the jet impactor.

The measurementa of dyrnamic shape factors have shown
that 22 is always greater than 1 as soon as Re becomes
greater than 0.05 [322?;], For Re < 0.05 ellipsoids can
possibly have dynamic shape factors smaller than 1,
however, this is frue orly with certain directions of
flow against the ellipsoids. The dynamic shape factor
increases with increasing REYRCLDS number, at the be-
ginning only slightly, but later in the phase of turbulent
flow around the particle it increases greatly. The flow
around the particle becomes turbulent when Re » Recrit’
i. e. when the critical EEYHOIDS number is exceeded.
The latter amounts to 154 for cubes and to 68 for
tetrahedrons. The more the shapes of the particles
deviate from the spherical shape, the smaller the
critical RIYNOLDS numbers are.

A more general version of the inertia parameter q%
is obtained if the dynamic shape factor is introduced into
the equsetion (1). This transformation is based upon the
definition of the inervia parameter as the quotient of
the force which stops the particles on the way Dj/Z
{(thie force is assumed to be constant) to the sair
resistance of the particle. Hence, in case of nonspherical
particles the inertia parameter is expressed as

2
2 gu,r 1
V-3 W (14z4[A+Q exp(-B %;m (3)

Por spheres 3= 1, hence 1P='VB. Thus the equation (1)
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is a special form of the equation (3).

The calibrations by RANZ and WOFG [#4] for rectangular
jets are used for the computations on the influence of
the dynamic shape factor on the collection of nonspherical
particles in jet impactors. These calibrations have been
conducted in atmospheric pressure which corresponds to
that of the lowest troposphere. The speeds in the jets
have been 10.5 m gea + $ ujilao m sec™. The distances
between the exit plane of the jet and the collecting plate
have been 1 to 3 times as great as the widths of the jets.
The latter have been 0.020 cm ¢p, ¢ 0.071 cm, and the
radii of the $est spheres have been 0,17 p s r s 0,89 pe
RANZ and WONG have evaluated their calibrations for
determining the collection efficiency { s 1+ e« the
fraction of all particles initially moving on a collision
course with a given impactor which actually do collide
with and remain adhered to that impactor, as a function
of the inertia parameter VY _. If the operational
conditions are given, this function Q==Q(?g) is determinate.
It can be applied also to jet impactors with rectangular
Jets which are geometrically similar to the calibrated
impactors and are operated under the same conditions as
during the calibrations. The calibrations by RANZ and
WORG can be applied also to nomspherical particles because
the special inertia parameter ﬁls for spheres is a special
case of the general inertia parameter'w for nonspherical
particles. Thus, from the theoretical standpoint it dces
not matter which kind of particles is used for calibrating

the impactors, hence K (¥,) = # (¥).

The computations on the influence of the dynamic shape
factor have been carried out for the operational conditions
given in Table 1.
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Table 1. Operationgl Conditions Inside the Jet
Impactor
-3 -3
T, = 283°K Dj = 0,03 cm 8= 1.27°1o0 “ g cm
p, = Tho Torr uy = 10% cm sec™d hy = 1.74.10”% g em™*
sec™t
1j = 6.1°107° cm
(Ta = gir temperature in front of the jet,
P, = air pressure in front of the jet).

The mean density of the aerosol particles has been assumed
to be 8=2¢g c:m'3 [15 1. The readings from the calibration
curve 5z= Q,(?) have been based upon these ocperational
conditions. Thus, the relationship between the collection
efficiency ¥ and the equivalent radius r (for s¢= 1, r is
equal to the radius of the sphere) of the particles has been
computed for the dynamic shape factors 2a#®= 1, 1l.05, 1.1, 1.2,
1.4, 1.6, 1.8, and 2. These functions 9 = Q(r,ae) have been
plotted in the Fig.ﬁ&l. This graph shows that the collection
efficiency of the little nonspherical particles in the
impactor is the lesser the more they deviate from the
sphericsl shape, i. e. the greater their dynamic shape factom.

The functions = q,(r,aﬂ enable one t0 compute the number
and the volume of the particles collected in the jet impacter,
for given aerosol particle size distributions. These
computations have been based upon JUNGEZ's aerosol particle
size distribution

* ~v¥
PEE) - (e ) (E) (4)
(o]
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where v* is the JUKG. exponent, N(r,v*; is the number of aerosol

particles smaller than r, n(ro) = (dﬂ/dlogr)rzr » T, 1s the
reference radius. °

The JUNGE exponents have been v* = 2, 2.5, 3, 3.5, 4, 4.5.

The smallest equivalent radius of the size distribution has been
Z = 0.05u. The greatest equivalent radius of the size distribution

has been T = lu. The number Z and the volume V of the aerosol
particles collected in the jet impactor hsve been obtained bet-
ween the limits r = 0.05u and T = 1p by numerical integration
of the functions

dZz(r,v*,%)

i

R (re) aN(r,v¥) (§)
and

av(r,v*,o)

i

0, (r,8) % nradN(r,v*) (@)

The integrals of these functions are

- n(ro)°rov* ¢ (r m)r"v*":L ar (F)
Z(z,r,v*,aa) = —1n 1o é 'L d
and -
(2 vé T
4nn(r_)°r g IRV
= - o0 (r,@) r dr (8)
V(_I‘_,r,v*,ﬁf.) = 3 in 10 H 'L !

The results of the integration are presented in the Pigures

63éandéBein which the relative quantities

Z(_I:’;’.v*,a)

rel - 2(r,T,v*, %=1)

A (9)

and
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V(Z,r,v* 5
Yre1 = ,—’ : (10)
V(}:,r”’*:ncl)

have been plotted as functions of the dynamic shape factor @&,

the parameters being the JUNGE exponents v*¥ = 2, 2.5, 3, 3.5,

4 and 4.5.Zrel is the quotient of the number of the nonsphetic-
al particles collected in the jet impactor tc the number of the
spherical particles with the same equivalent radii collected
under the same operational conditions. Vrel is the quotient of
the volume of the nonspherical particles collected in the jet
impactor to the volume of spherical particles with the same
equivalent radii collected under the same operational conditions.
he size distributions in equivalent radii are identical for both
the nonspherical particles and their equivalent spheres. The
graphs show that as well Zrel as Vrel arc smaller then 1 for all
values of v¥* between 2 and 4.5 and for all values of 92 between

1 and 2. Tthis means in accordance with Fig.égﬁ,that less non-
spherical 1ittle particles are collected than spheres of their

equivalent radii.

The computational results will be specified by measurements
of dynamic shape factors. The values of the dynamic shape factors
depend on the mean REYROLDS numbers for flow around particles in
the space between the outlet of the jet and the collecting plate.
Thus, it is indispensible to make a scientific guess on these
REYNOLDS numbers. Detailed investigations into this problem hsave
shown that for computing Re with the help of the equation (2),
the first approximation W = uj is admissible. Then, the mean
REYNOLDS numbers for flow around particles are about 3 for those
operational conditions which the computations have been based
upon, PETTYJOHN ,nd CHRISTIANSEN [46] have found in their
measurements that at(Re = 3) a 1.09 for cubes and 3¢(Re = 3)
A 1.25 for tetrahedrons. McNOWN and MALAIKA [41%) have found
in their measurements that ®&(Re = 3) & 1.4 for rod-shaped
rotation ellipsoids, cylinders, prisms, or spindles if the

il
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ratio of their axes is 1:4 and that ®(8e = 3) = 1.6 for
disk-shaped rotation ellipsoids, cylinders, prisms, or
spindles if the ratic of their axes is 4:1. KUNK.L (18] covld
show in his measuvements that dynamic shape factuors

R(Re = 3) & 1.6 are to be exvected in case of aggloumerations
of 3 spheres of equal volume. If these values of & amounting
to 1.09, 1.25, 1.4, and 1.6 are used for the computations,
rel for v# = 3 are 0.84, 0.6, 0.52,
and 0.4¢ and the relevant values of vrel for v* = 3 are 0.94,
0.89, 0.84, and 0.78. Thus, only slight deviations from the
spherical shape complicate the interpretation of measurcments

the relevant values of 2

if the aerosol particles are collected with a2 jet impactor.
Up to now nothing is known about the dynamic shape factors of
the gerosol particles.

A detailed knowledge of the shapes of the atmospheric
aerosol particles and the relevant dynamic shape factors as well
as the particle densities is the prerequisite for measuring the
size distribution of their equivalent radii with jei impactors
or other measuring devices based upon the principle of inertia.
This will be demonstrated with an example: It is a common
practice to compute the so-called STOKiES'S radius rg of the
aerosol particles which is related with a specific value of
collection efficiency OZ, 2. 2. 0.5, from the operational con-
ditions of the je{ iumpactor und the well known function
n ==Qj‘v). r, is the radius of a ghere which has a specific
density 8. Hostly, it is set: 8, =1 g em™. The equation ()
for the inertia parameter for irregularly shaped particles can
be used for evaluating r, as follows:

(142 79 ])e S 2(1ed =)]) (M
re(1 rs[A+Qexp(-Bj.;)])=@r(l rs[A+Qexp(-BT:j-)]) (A4)

It can be seen from the equation (44) that the sTOKDL'S
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radius depends not only on the cguivalent Frasiug r Lutl 2485
on the ratio § Agoﬂ;) which is not known for the aimospheris
aerosoul particles. Thus, the STOK2S'S radius cannot be iaken
for an exact measure of the aerceol particle size. If the
ratio _g/(goao is not constant for all perticles, it is
possible that there are gaps in the size distribution of

the STOKES'S radii without such gaps in the size distribution
of the equivalent radii.

FENN [20] has measured gaps in the size distribution of
STOKES'S radii of atmospheric aerosol particles with an
aerosol centrifuge by w0iTZ. P_NN has found these Zaps also
by meas of optical measurements. The physical explanation
might be the fact that well the ratio 5/(3&*} as the
refractive index of the acrosol particles in the relevant
intervals of the equivalent radii have differed from those
in the neighboring intervals.

Summing up: The shape and the density of the aerosol
particles play a decisive role in the collection process in
| jet impactors. In asddition, there is no agreement in the
\ calibrations of impactors which verious authors have made
| under different atmospheric conditions. Therefore, it is

necessary tc improve the theory of the jet iupactors. A
first approach upon which will not reported here is
considered being successful since the thsory is in agree-
ment with the measurements. Furthermore, this new approach
could be used for explaning e. g. the quantitatvive dis-
crepancies between the impactor calibrations by RANZ and
WONG [ ll+] and those by STURN et al. [&1). 4t present, it is
being tried to improve this first approach.
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Air Density in the Exit Plane of the Jet
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in the Jet Impactor

Inertia Parameter for Spheres in the Jet Impactor
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D. Contribution to the Polarization of the Sly Radiation.

1. Diagram for Determining the Variation of the Degree of

Polarization as a Punction of V.arious Yarameters.

The diagran shows the variation of the maximum degree of
polarization of the sky light as a function of each of the
following parameters: “urbidity T, wavelength A, exponent
of the aerosol particle size distribution v¥*, zenith
distance of the sun Z, anc¢ albedo A. The conclusions drawn
are of qualitative nature.

The ordinate represcnts relative units. Yhe 24 colunns
do not comprise all the possible combinations of these five
parameters, they r.present an arbitrary selection of these
coubinations. For example: In case of increasing turbidity
in the coluun 1 wnile v~ has a small value and the albedo A=0,
the degree of polarization decreases more slightly at short
wavelengths (Coluun 1) than at longer ones (Column 2). Yhis
process is independent of the z<¢nith aistance of the sun.
Therefore, the relevant squares in the columns 1 and 2 are
black. If the same increascv in turbidity is combined with a
great value of v¥*, the wavelength dependence of the maximum
degree of polerization makes itself haraly felt any more
(Colunns 3 and 4).

This diagrrnm enables one to compare the rates of the
degree of polarization in those columns which comprise a
variation of the same parameter.

The bottom line of the columns 13 through 16 and 17
through 22 does not represent ihe maxinuwm degree of polari-
zation, but the degree of polarization ati scattering angles
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¢ = 80° and ¢ = loo° resp.

Some cases enable one to make a qualitative statement not
only on the variation of the degree of polarigation, but also
on its amount. The columns 23 and 24 give an example: They
show an increase in the degree of polarization with in-
creasing zenith distance of the sun independent of the
turbidity at a great albedo; the rate of increase is almost
the sme at short and long waves, but the degree of polari-
zation is always greater at long waves than at short ones,
at the same zenith distance of the sun.

This scheme has been based upon de Bary's computations in
order to interpret polarization measurements of the type
which is represented in the following graphs and to relate
them with the aerosol particle size distribution.

2. Measurements of the Spectral Distribution of the

Polarization of the Sky Radiation on 22 September 1966

at Mainz, Germeny.*)

69-77

The figures/show the spectral distribution of the
percentage degree of polarization of the sky radiation for
the wavelengths A = 0.449u, Ay = 0.624p and A3 = 0.844u as
a function of the zenith distance of the point under observation
in the sky for 5 verticals from the zenith to the horizon. The
azimuth angle of the observation point from the sun's vertical
is used as parameter. The first vertical is identical with the
sun's vertical, the fifth with the sun's counterverticals the
angular distance between two neighbored verticals is 45°. The

measurements have been plotted for 6 solar elevations.

%) The fully automatic measuring device has been described
in the Final Tech Rep Contract DA-91-591-3UC-3458,
Apr 1966,
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This method of presentation is more conspicuous than
isopleths because it is more responsive to changes in the
slope cf the curves as e. g. due to erratic or multiple
maxima. It can he assumed that the circle of maximum polari-
gation in the sky almost coincides with the circle of
¢ = 90°. This prerequisite implies a theoretical curve pattern
as follows:

The maximum of the 90°-curve is always found at the zenith
distance z = 90°%, i. e. at the intersection with the horiszon,
independent of the zenith distance Z. From the 90°-curve
towards the countervertical, the maximum polarization shifts
to gradually decreasing values of z; in the countervertical,
i. e. in the 180°~curve, the maximum polarization reaches its
greatest height at the zenith distance z = 90° - H (Ho
denotes the elevation angle of the sun). In between the 90°-
curve and the sun's vertical, i. e. the 0°-curve, this maximum
point is located underneath the horizin or beyond the zenith
resp. lhis implies that both the 45°-curve and the 0°-curve
show an increase at both their ends and a minimum at z = 2.
The minimum value of the 45°-curve amounts to half of the
maximum value, whereas the minimum value of the 0°-curve is
Zero.

The knowledge of the height of the polarization maximum
along a vertical does not enable one to éraw any conclusions
on the actual value of the polarization maximum. In the case
of the two separate maxima as for instance due to haze layers
in the turbid atmosphere, this maximum can amount to greater
values in the 135°-vertical than in the sun's countervertical.

Theoretically, all the 5 lines should intersect the ordinate
in the same point at z = 0. This cannot ve fully realized due
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t0 the time lag beitween two zenith measurements and due to a
smell polarization effect of the multiplier. A weasuring set
for each of the verticals conprised 5 observation points
(including the zenith) at 3 wavelengths, so that the time
interval between two zenith measurements was about two

minutes. This time lag has an effect on the zenith measurements
only at a low sun. The rotation of the multiplier around its
optical axis as it is the routine between two zenith
measurements, can cause a polarization effect of the multirlier
window of 3% . This effect can be eliuinated only if besides
the degree of polarization also the posgsition of the polari-
zation plane in the sky is determined.

The examples of the measurements precented in the graphs can
be evaluated as follows: At the beginning of the measurements
at the solar elevation Ho = 16°3%0' a.m., the maximun
polarization found in the infrared is distinctly lower than
in red and in blue light. During the course of the day the
maxima of the different wavelengths gradually becone aluost
equal in amount; fron 10 = 26° a.m. on, the naxima at

A = 0,449 and at A = 0.6c4p are nearly the same and in the
afiernoon, a wavelength dependence of the maximum polarization
can hardly be seen any more. Furthermore, all the maxima of
the afternoon are higher in amount than in the morning.

Noreover, two scparate maxima occur. This can be seen from
the great.r values in the 135°-curves and the 90°~curves
compared with the 180°-curves, i. e. the counterverticals,
which according to the theory, should h:ve the only maximum.
Furtperiiore, the ratio of the maximum values of the 135°-
curves to those of the 180°-curves varies: This variation
manifests a displacement of the maxima; with increasing solar
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elevation the maxima are shifted towards the countervertical,
in the afternoon, however; back towards the horizon.

A striking fact is the great obulge of the §o°-curve at the
wavelength A = 0.844 p at the solar elevation Ho = 35° a.m.
This implies a shifting of the maximum towards the horizon in
the infrared, whereas in the red and blue light this shifting
is not observed. The physical explanation is a distinct
nonentary atvmospheric pdlution due to suoke pluwes which
contain mainly large particles and thus have an effect only
in the long wave portion of the spectrum.

The curves have been plotted only down to a zenith
distence z = T72° because this has been the lowest point
under obsurvation.

These figures are only a few selected c¢xamples of quite
a number of measurements in order to prove the feasibility
of obtaining information on the amount of the maxinum
polarization, the wavelength dependence, the location of
the maxima and the influence of specific types of aerosol
particles on the degree of polarization of the sky light.
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A Portable Scattering Function Meter

I. The Device and Operation.

A number of devices, called nepholometers, intended
to measure the angular variation of scattered flux from
a volume of air or other scattering medium have veen
developed in the past twentyfive years, all more or less
besed on the design of Waldram [22]. The mathematical
expression for this property, called the scattering
function, is found in the equation in polar coordinates:

s
T,(am) = g = 2n rf f (a,m,¢) singdy (1)
0

where 1s(a,m) is the volume scattering coefficient,
physically the flux I scattered out of a unit volume

V. per unit irradiance E, of the volume; f (a,m,q) is
the scattered function, ¢ is the angle between the
forward direction of the incident beam and the scattered
light, called the scattering angle, and ¢ and m are the
scattering parameter 5%5 and the index of refraction,
regpectively.
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Fig, 72

The instrument which will be described(was based
loosely on Duntley'gjgevice, but aiffers from it in
several important and essential ways. PFirst, portabilis
and consequently the potential for a wider employment
were achieved in the new instrument by allowing the
photometer and light trap combination to rotate about
the scattering volume, rather than move in a circular
path while mounted rigidly on an aircraft. Secondly,

a chopper has been added to increuse the signal to
noise ratio and 1o eliminate the effcct of the sky-
light background. The open space found in Duntley's
device is now enclosed by a rotation tube having two
rectangular apertures of equal size oppositely located
along the sides, Light from the sun or a collimated
source, entering each of the apertures in turn as tney
pass by the sourcelit side of the instrument,
irradiates the scattering volume at twice the chopper
frequency. Finally, the blackened inner wall of the

instrument, half cut away where the chopper is located,
provides a means of masking the scaitered volume from
light sources below the scattering plane. This mask
eliminates the need for an albedo grid such as

Duntley used and, at the same time, complements the
function of the chopper as shown below. Thne resulting
irradiation of the scattering volume during one period
of rotation of the chopper about its centerline is

as shown in the following iable:




Source of Irradiation Yortion of the Period
m m
o 2 23 24
a. through aperture 1l: Sky Sky + Sun Mask lask
b. through aperture 2: Rask ilask Sky Sky + Sun

¢c. total irradiation
through both aper-
tures: Sky + Sky, Sun + B8ky + Sky, Sun +
liask  Nask llask Mask

It is only necessary, then, to use an amplifier tuned to
double the chopper frequency of rotation in order to isolate
the photometer signal which is proportional to the effect of
the irradiation of the scatvtering volume by source light
alone. As the entire instrument rotates about the axis normal
to th~ scavtering plane, the angular variation of this signal
is measured, from which one may obtain the scattering function
directly.

The following calculations were made to determinc if an
adequate signal to noise ratio could theoretically be
developed by the instrument using interference filters. If
the equation (1) is written in terms of solid angles and
differentiated, one obtain:

dre(a,m) _ I(a,m,¢) (2)

flaymyg) = =35 TV,

The flux received at the lens having area A at a distance
from the scattering volume is Ziven by:

_ Eo A fla,m,y) Vs (

= s 3)

r

P =

Sl

The flux density irradiating the scattering volume, Jo’ was
calculated from extraatmospheric irradiation per micron for
.555 u as given by Johuson [2#] and corrected for attenuation




- 59 -

through an atmosphere having a turbidity factor of 6 slong
a slant path cf 30° elevation. The resulting irradiation of
the scaitering volume was estimated at 1.76 x 10'2 watts/cmz/pa
Phe lens used in the instrument has an area of 37 cm,
approximately. An expression for (dk/dw)R, the Rayleigh
scattring function, derived from Johnson [2§], was used as
a starting point. The expression obtained was:

2 2 2
dk . 21° (m-1)“gas (1 + cos @)
dwp e 24
where m is the index of refractio: of air, (m-1) a8 refers

40 a cubic centimeter of gas, given as 293 x 1o~ ~ by Johnson
and n is the molecular number density at sea level. The
scattering volume was taken as 500 cc. This gave the flux
scattered at 90° falling on the lens as roughly

2.3 x 10'9 watts/p or 2.3 x lo-ll watts for a lo mp inter-
ference filter bandwidth. Assuming that Hie scattering
exceeded this value by a factor of lo, that the lunmped
transmissions of the filters and the lens amounted to

309, and all energy reached the photocathode, and further
calculating an noise effective power of 8 x lo"'3 watts for
the photomultiplier with a 1 cycle noise bandwidth using

the resonant amplifieﬁg, asignal to noise ratio of 8 was
arrived at, showing that the critical elements of the .sign
were adequate for obitaining useful information for the
arbitrary conditions chosen.

III. Mechanical and;bptical Degign Features.

The instrument may be regarded as a narrow field photo-
meter with a chopper and light trap located coaxially in
front of the optics as a kind of foreoptical element. The
photometer optic consists of a 7.5 cm diameter lens with a
focal length of 15 cm located toward vhe rear of the
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instrument. A polarizing filter, manufacturcd by hidsewnann,
is set behind the lens in a rotation mount, so thatv the
scattered intensity normal and parallel to the scattering
plane can be measured. At present, Schott absorption filters
are being used to obtain the spectral dependence of the
scattering function, and, during umeasurements, these are
inserted sequentially benind the lens. A .aurer S$.V photo-
multiplier witnh a side looking photocatnode having a

7 mm x 7 m. suriace is located 1 cm vehind the focal point
of the lens. A fieid svop having a 7 mm ciameter placed at
the focal point restricts the field of view of the lens so
that no direct rays througn the apertures uaor rays retflect:d
from walls or stops in the instrument tube fall on the photo-
cathode. rorward of ithe lens, a series of movavle stops
sprayed with 3M Black Velvet C(ptical Lacquer have veen
placed witnin the tube, each one wasxing the side of +the
tube in front oi it froix the lens, wnile those on either
side of the chopper apertures screen the lens and Llight wvrap
from dircct rays of the sun and at the same time linit the
waximua forward anu back scavtering angles for whicn the
scattering volume remains constant. n ivhe outer wall of toe
tube on eitner side of the chopper apertures, additional
stops have veen placed to screen the lens and 1light trap
from sky radiation.

“he instrument tube is made of brass and consists of threc
sections, the photoue¢ter, the chopper and the lignt trap,
easily separated for transport and repair or adjustuent. ne
chopper is driven by a 3000 r.p.m. synchronous motor through
a ring gear operating at 8:1 reduction, mounted on its out.r
edge. The motor is mounted partially within the instirunenl
tube rather thun fiush so as to reduce thce diamder of the
ring cear nounteu on the cnopper. Yhis is necessacry to pr.voat
the ring gear from forming an outsidce stop for source rays

Y PO
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before the maximum planned backscattering angle is reached.
Care must be taken that the angle formed by the ring gear
and the rear edge of an aperture is smaller than that
formed by the edge and any other stop intended to limit

sky or source light. The same is true for a reinforcing
ring located on the other end of the chopper.

The instrument is mounted on a tapered steel shaft
seated in brass and driven through s worm gear arrangement
by a synchronous motor at 0.2 r.p.m. A spirally wound
resistor geared to the shaft, in combination with a 1.5
volt cell and voltage divider, is used to obtain a voltage
which is proportional to the amount of rotation. A three-
pole, double-throw switch attached to the shaft seat
reverses the direction of rotation of the drive motor
automatically at the end of each 180° traverse or less, if
desired., This mount, in turn, can be pivoted about
horizontal and vertical axes to change the scattering plane
to correspond with the elevation and azimuth of the sun,
respectively. The entire system is mounted on a wooden
tripod and weighs approximately 20 kg.

To allow use of the higher operating voltages, a cooling
housing for the photomultiplier has been developed. Crushed
dry ice ®8 poured into a plastic cylinder enclosing the
tube, which is in contact with the cylinder wall where a
hole the size of the photomultiplier window, surrounded by
a sponge rubber gasket, allows the scattered light to pass,
but no gases or vapors. Dry nitrogen is introduced at low
pressure to the space between the photomultiplier window and
the filter, purging it of water vapor and preventing ice from
forming on the window. The gasket mentioned reduces the loss
of nitrogen and prevents it from heating the dry ice. Nitrogen
is also introduced at low pressure to the tube voltage source
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connector to avoid condensation which might cause a short
circuit.

Although normalized scattering functions are useful, it
is desireable to obtain absolute data. This requires that
the instrument be calibrated. A simple method would be to
place a specular or diffuse reflector in the chopper cavity
whose reflectance is known for sach wavelength studied. A
standard source having a known spectral dependence can be
used to first calibrate for Eo and then, by use of a set of
neutral density filters placed between the reflector and
the lens, to calibrate for the much weaker range of
scattering signals encountered.
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F. The Influence of Second Order Scattering on the Sky
Radiation and on the Radiation Zmerging From the Jarth's
Atmosphere Under the Assumption of a Turbid Atmosphere.

1. Introduction.

This paper deals with the computation of the radiation
which after having been scattered once 4 % or twice on the
molecules and aerosol particles of the air, reaches the
ground or the upper boundary of a model atmosphere which is
assumed to be homogeneous and plane parallel. This computation
is based upon Bouguer-Lambert's law in a siightly changed from

(1) PRIOE -{G’K’O\) + 6; (X)'%\'J(/\)'ds (1)

where(!é(k) is the scattering coefficient for the molecular
and(;ﬁ(A) for the turbid constituents of the air near the
ground under normal conditions. By means of the quotient
HD/HR it has been taken into account that the homogeneous
turbid atmosphere, which is characterized by GB(A), does not
reach the vertical extension of the homogeneous Rayleigh
atmosphere.

1 cm"zj is incident upon a

If the irradiance I(A)[cal sec”
volume element dV, the radiance dJ(q,A) [cal sec"l cm"z] is

scattered on it under the angle g:

gty ={fued +f, o)} 104V @
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where fﬁ(¢.k) is the scattering function for & volume of
molecular air and fﬁ(¢.k) for a volume of turbid air. Both
the equations (1) and (2) are based upon the assumption thet
the aerosol particle size distribution remains the same in
the vertical distribution, namely following C Junge's [26]
measurements in the eir near the ground. The term HD/HR in
the equation (2) indicates that in case of uniform mixing
the concentration in the homogeneous Rayleigh atmosphere is
less than in the homogeneous turbid atmosphere.

2. Badiation Received at the Bottom of the Atmosphere,

The direct solar radiation and the global radiation are
incident upon the reference plane, which is the earth's
surface. However, only the latter radiation is of interest
here with emphasis on the primary and secondary scattering.

2.1, Radiation Due to Primary Scatteringl2¥ 28]/[7]

According to the Ské%ézfl, this portion at first penetrates
along the path 81 to the volume element dVl and is then scattex
ed on it under the angle Wf’ towards the point B. The radiation
suffere attenuation as well along the path 8, 88 sé'. The
expression for this attenuation is

L) _sece [y )

‘Pq .\) a(X)  sece,-secy, (3)

~a(\)sect, —a())secs,
x]e -e Ay

fig.73
According to the Sketehr—1, z is the zenith distance of the
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beam sé'. The solid angle dw1 is defined through

(4)

where dFl is the surface of the volume element dV1 which
points towards B. Yhe scattering function for the entire
atmosphere T(¢,A) is deterwined through F(¢,\) =

fﬁ(¢,K) HD + fﬁ(?,k) Hp and the extinctica coefficient a(li)
is determined@ through a(A) =G']')(A) 1 +G',I'{(}\) Hp -

2.2+ Radiation Due to Secondary ocattering.

Ywo possibilities are given: “he radiatiion can be scatter-
ed upon dv1 either invo the lover or into the upper heni-
sphere. Yhe following mathematical approach is oased upon

the sligntly modified equation {(3) which is now not valid

for b = bO but for b = bzz

3, (X . =
d‘Jf,(cr,.Mz)z | __seety RICHY

alh) sect,-sect, (32)

..a(k)-scct,-%f ~al} Seci-,;—if- o(w,,
Xy € -

where the symbol I denotes prinary .nd 11 secondary scatter-
ing. A portion of this raciation is scatitercu on ihe voluia
element dV, under the angle towuras the surctice eleneat df.
With the help of the equation (2) it is ootained
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2L ! rH
&, (‘*"?"X b) "'73)7 Sti%fseczl (“’n ){ fae ) thns) -q‘;}

b cecx. D
- elibsect - -am..e‘e..ﬁl e, dv, )
X € ) j
é Furthermore, dV2 can be substituted with
LV, - He sec, S, - db, -dew, (6)
b,
and umorecover, this scattered radiation is being attenuated
along its paih 85 so that it can be written
- - ecg, . SeC
J £ I( X‘;) JO(A) ’f(‘? )){((P )) secg, E3
d']H anu 1Y gbo,d;’ 1 L, SCC&,*SCC{;I
(5
- %}-[‘CCZI'bz"" S«Zs'(bo 'b;)] ( 7)
Xy e
;

‘ t_g%x.[m-sﬂsecas (6b){ g, oyl

Now, in order .o find the totul of all the volume elements dV2
within the infinitesimal so0lid angle de’ the equation (7) is
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integrated over ba within the linits b2 = 0 and b“ = bO:

i _ - secs, - sect
41 (0,0)) = '3?%2 Ao N 10 e,

p

1 [ _a,(}}'SQCﬁ, -Qa)'.sf(23

X} Ject, ~yec e € -€ .
(8)

4 [ _al}) secz,

ogect -secty

-Q(,\)-secé;\ duoy dw,

e

-€

Another final integration over tre solic angle d»2 is
necessary because the volume cienent avd recelives radiation
from the entire upper humisphere which has been scattiercd
once.

HHence, the following radiation which has bec¢n scattered
twice is received from the solid angle d»B by the surface df:

w5 |
T (/\) - >y §ecg, - Jing,
4770 = %%m"“*s J [ Fled) {0 See, sy,
=0 tfo
(9)
1 —allets 4 sec
§eLk,~ Secy ¢ - €
-el}) secq ,

_ __.1___. o ) 2 ~a(3) sece, 1{2‘7_0("(1 ‘(%

Secy, -secr, - €
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"he radiation which has first gone upwards and has peen
scattered on dVé is expressed witn a similar equatvion:

I,0) v % secz, s’nal'
2 E ° H =~ PN 29
o }H 0) = et J ( {(WHA)‘f(‘pz')‘)',yecé,w«zz’
NI.'=° 22:'0
1 <) -sec, _al}) seciy
K| sect; - sect < - € {(1o)
- I [/
1 I _al)sek __Q(A)Lseceﬂks«tlﬁecﬁ]
T Sech, +secty ¢ -¢

Az, do, b d ‘*’;
J

3. Scattered f-diation Jnmergings From tae Top of the iarta's

Atmosphere .ithout Accounting for the Reflectiviivy on vh:

;arth's curface.,

'his paper does not «ecal with the rcei'fection vy he jrou.
put is restrict.d to the consideration of the raaiation wnicn
atter having veen scaitierec once or wwice resp., is ur.a Lo
into space.

[rom—"
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3.1, Raciation Due 10 [riwary sScattering:.

Yne Scientific seport ilo 3 AF 61(05¢)-595 AFiul, UAR,
Jan. 1965B%%ntains a detvaileu derivation of racviation wnich
goes back to space aiter having been scatlerea ounce. +rnus,
Ior not being repetitious, only the Iinal equation is
presented:

¥

) , Joa) - secd,
d JB (‘?5«)) = m"’f(%)' SeCk,+Sect,
(11)
_aly)[se<t, + ScczZ] ,
x /1 - P 0(,,(-\79

where the indices nuve been s.ightiy changed as ulusi Jue

aforementioned Repori, according .o the Skeicn <.

3.2, Raaiation Due to vecouuary Scatiering.

Again, two different possiovilities .uotl ve 1 .<en in.o
account: whe radiation can first aue 10 prinary scutlieris ;
be turned into the lower ne.dsphere ance iluen Gue O Soco.cury
scattering vack 10 space. Ur the racviation is scatiered iw.ioce
into the upper hemisphere.

rhe first way via dVL is oeing consiveree in cetals nov.
'he mathematical approach is bused upon the equation (La).
According to the equation (¢), this raciation is scatver o
under the angle v, U8 it is indicatea in the agiiﬁigrn Jhen,
it can be written:
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T o) - mirme - [ fel) ¢y (0) 2

b
Seca, —a(}).secz,. t.

—_— (12)
x Sect, ~Secg, - €

o) sect 2L g gy

~ €

The volume element can be substituted with

4V, = - secty5f d, db, )

where the infinitesimal sclid angle dw4 is determined by
dV2 and Sy

The attenuation along the path Sy is taken intc account

by integrating the equation (1) from b = b, to b = 0 and

substituting the path element by the pressure

(14)

ds = - -21—‘( sec, ob
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Hznce

Se(%b. S?Cﬁ’
drgji(?“%‘)'l‘l): i} (X) { @) {(vs,) fect, sy,

Q&)l [SQC Ezj‘ S‘(C&q}%__
x\e ’ (15)

;
~a(x)-[s«%o+md%} i doo,
~ €

Tnen, in order to find the wotal of all the volune eleuents
dV2 within the infinitcesimal ¢-1iu angle do“, the integration
over b2 must be made from b2 = 0 to b2 = b :

i
c 7 - cec%z 53(29

%

[ { —ali)[secz, ¢ sec&]‘( (16)

I S«% -+5ccz¢, 1-¢

“——

~af})| secd e,
1 (,‘ -e )B ]J ({wLO(wq

TSk +sect,
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Finally, the integration over the solid angle Do
furnishes the total radiation due v0 seccondary scatvtering which
is incident upon the surface 4F, frown the cone de:

I
a2
I 1.0 _ _
dz]ﬁ (Q’“%,))" W'SCC'&.,, f (‘P‘,,X) {“(‘P,S'))
o0 &0
et 5“!& ‘a“)'B&&g_ QS«&Q
J6Ce, L 1 1 _e

.] (17)
1-€ dz, dx Ao

1 _o i) [sec +secy
- Jecy, +sec gy

“he relevant =quation for the way via dVé reads:

I
r 2

T oy » (k - T,
dLJ;(%'%'))z—iza))-.Jecfy f [ {(Y,,,\)'{((@s,,\)

{
Nlto zlto

' ny (18
Sec%,_’ ‘$i4 gz' 1 ( éqa)l}mwm,,]]

X secg, + sect, | secktsects

A [e..o. Q)[J«& +59C6LJ —a)[sece, u&&'}]

T e ey -€

l / !
A%L d«z dwq

.k
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The very complicated equations (9), (o), (17), and (18)
enable one to compute the radiant fiux due to secondary
scattering in the atmosphere. Unfortunately, the evaluation
of these equations is a rather difficult task, so that it
appears necessary to give a brief discussion of the numerical
methods.

4. Numerical Zvaluation.

The first difficulty results frecuw the fact that the
numerical values of the scattering function for turbid air
?D(Q,A) are available only for discrete angles G50 ow,
the scatter angles ¢ depend on the zeniih distances of the
sun z ., the zenith distances of the scattered beams z and
the angles of azimuth a. An example is given for the angle
¢, in the equation (17):

cosy, = Siu &y Sney (0500 DIy 4 §iug, - oy Jiuay Jihag (19)

+ wstz‘~ 075&3

Obviously, o, depends on the arbitrary selection of the
discrete prop values (z2, a2) for the numerical integration
and on the direction of the incident scattered radiation
(z3, a3); it is mere chance if the numerical value of ¢,
coincides with one of the discrete angles ¢+ LThat could be
helped by fitting an interpolation paravolic curve in between
three consecutive values ¢i_1 yi and ¢; 4 each.

Hence, the numerical integration has been done in the
following way: With a set of three functional values fi,

fi+l’ fi+2 at the points ti’ ti+l’ ti+2 a liewion's inter-

7Y
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pelation polynomial has been established

Fe) =g e ) 4 gy (68 (i) (20)

C . i i i
where the coefficients Xi(l), Xé( ) and yrj(l) are determin-
able. Then, this function Fi(t) has been integrated over the
interval {t,, t1+l]

5. Discussion of the Results.

5.1, Selection of the Parameters.

'he equations (3), (9), (lo) or (11) resp., (17) and (18)
which have been described in the previcus sections, have been
used for computing the intensities receivec after primary
and secondary scatterirg at various zenith distances of the
sun z , and at various wavelengths A and turbidity factors T.

‘'he latter is included as well in the scattering function
according to

Fy (("X;T (T' ){ (¢ 3 T=2 ) (21)

48 in the extincticn coefficient according to

a,(1,T)= (T-1) a5 (},T=2) -

[ T—y
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The following nume.'ical values of the parameters have been
0.45 u, 0.65 p, 0.8% p§ two zenith
distances of the sun z, 37°, 78°3 the turbidity factors

T =2, 4, 6. Finally, it has to be mentionedé that the mono~
chromatic solar radiation has been set IO(A) =

n.10° [cal cm™2 sec'l] and the so0lid angles have been set
dw, = 1l str (i =1, 2, 4) so that the results which will be

discussed are relative values. According to the mathematical

gselected: VWavelengths A

approach, the irradiances I(A) refer to a surface which is
normal to the incident bean.

5.2. The Scattered Radiation Received at the Bottom of the

LDarth's Atmosphere.

The results of the computation will be int.rpreted with
the help¥® of a few typical examples. rhe way of presentation is
the fcllowing: The diamter of the semicircle represents the

sun's vertical. This diamter is subdivided in equidistant
values of the zenith distance z which run from the center li
in two different directions up to the intersection with the
arc of the semicircle. The angles of azinuth a run along |
the periphery from a = 0° up to o = 180°; in the rig.F4

the angles ¢ = 30°, 60°, 90°, 120° and 150° are also marked.
Thus, each point (z, a) in the graph is related with a
direction from which an observer in the point Wl receives
scattered radiation.

The effect of scattering is strongest in a tiurbid atmo-
sphere with a great turbidity factor T and at a swall wave-
length A as it is already indicated by the extinction
coefficient. An instructive ev.mple is given with ihe para-
meters T = 6, A = 0.45 . and the zenith distance of the sun
z2, = 37°.
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The graphs with the index a show the radiation due to primary
scavtering which is received as sky radiation from different
directions at the earth's surface or at the top of the earth's
atmospiere resp. The graphs with the index b present the
radiation due to primary and secondary scattering. "he graphs
with the index ¢ show only the radiation due to secondary
scattering. Finally, the graphs with the index d give the
ratio of the radiation due to secondary scattering to that

due to primary scattering if the latter is set 1l00%.

“he comparison of the Pigures ¥« and H4b proves that
close to the sun it does not.make much difference whetner
the effect of secondary scattering is accounted for or not;
the Figurei¥d shows no more than 5% increase in radiance in
thie area. However, the greater the angular distance from
the sun, the greater the rate of increase of radiation due
to secondary scattering, which near the horizon is almost
doubled in amount. The isolines of percentage increase are
almost circles around the minimum which marks the respective
position of the sun. The numerous equidistant curves prove
the strong continuous increase of the effect of secondary
scattering. It can be seen from the FigureWc that the
absolute increase of the effect of secondary scattering is
a gradual one. The minimum for both primary and secondary
scattering is located in the sun's vertical opposite to the
sun (a = 180°). Towards the horizon (z# 75° ~ 80°) a slight
increase in intensity can be seen and a relative maximum
shows as a band of high intensity. Both the maxima are
located at the side of the sun: The first coincides witan the
position of the sun, the second falls within the afore-
mentioned band. Thus, the great portion of forwarad
scattering due to the turbid atmosphere which is so
characteristic for primary scattering, also shows with
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gsecondary scattering.

In case of a small extinction coefficient a(A), namely
for T = 2 and the wavelength A = 0.85 p, quite a change is
observed. The percentage increase in the Fig.31§4 reaches a
maximum value of only a little more than 15% and goes down
in the minimum to about 1%, . The Fig.TSc¢c shows that most of
the raditation which has been scattered twice comes from
near the horizon and the isolines of intensity are circles
around the minimum located at z & «2° and a = 180°,

5.3. The Scattered Radiation xeceived at the Top of the
sarth's Atmosphere.

The Figures‘?é and ## refer to the same parameters 2z A,

14
and T as in the Pigures 74 and #§ ; however, the Figures 'f(')fa
and 77 show the scaitered radiation which is received at the
top of the earth's atmosphere. The comparison between the
graphs ¥ ¢ and fic as well as #édand #d proves that the
radiance due to secondary scatiering is greatest at great
extinction coefficients; this is true with the relative

as well as with the absolute values.

The isolines uf scattered radiance (zo = 37°, A = 0.45 p,
T = 6) are similar in both shape and position for primary
as well as secondary scattering since they surround the
minimum nearly as circles in the graphs #6aand #6c . This
minimd%, however, has shifted from a position at z = 25° for
primary scattering to in between z = 5° and z = 10° for
secondary scattering.

According to the grapn ¥4, a band of zgreatest relative
increase runs between both the minima, i. e. that at z = 30°

[T\
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a = 18¢° and that at vhe horizon. rhe proportion of the
radiation due to secondary scattering partly amounts to
more than 50%, of the radiation due to primary scattering.

In case of 2 small extinction coefficient related with
A=0.85} and T = 2 (Pig. ##), there cannot be seen any
basic change. In accordance with the sky radiation, the
radiation due vo sccondary scattering shows only a litsle
increase, voth in the relative ané absolute values. It is a
striking feature of the graph 134 that this increase is
distributed very uniformly into all direciions. ‘‘he
percentages vary only petween 6% and 16%, and the maximuun
has been displaced towards the horizon compared with its
location at A = 0.45 . and T = 6.

5.4. Scattereé Radiation in the Sun's Vertical.

The influence of secondar, .cattering is most conspicuous
if the intensities in the sun's vertical are plotted on seni-
logarithuic paper.

“he PFig.78 shous the distributio:n of the sxy radiation if
at a high constant turbidity (7 = 6) the zenith uisiance of
the sun and the wavelength var,. 'he position of the sun is
marked with an arrow where the curves or.ak off, because the
intensities have not been computed for z = 2.

The comparison between the curves a4 and b proves the
decreasing influence of secondary scattering when z approaches
Zgys i, e. coumes close to the sunj for both tne curves
gradually move together. 'rhis is truc with ooth solar
positions and both w.velengths. At a 2Zreat distance fron
the sun, however, the relevant pairs oix curves for prinary




scattering I(}\)I as well as primary ana scconeary scuttering
I()\)I+II branch off the more the smaller the wavelength
grows. Yhus, the influence of secondary scattering increases
with decreasing wavelength.

The Pig.?# refers to the same paraweters as in .'ig. 78
howev.r, the Pig. ¥ shows the scaitered raciation which is
received at tne top of the earth's ataosphere. Again, the
predominance of sccondary scattering uv suall wavelengths is
striking though it does not reach as great a v..lue as with the
sky radiation. sfhe arrows in the ;raph nark tac direciions ot
the point in opposition 1o tne sun Zo' dien the intensities
due 10 primary scattering becone ver, sreat cue 10 sirong
forwarascattering (u = 0 and z is greati), the iniiuence of
secondary scattering dininisnes atv a low sun.

6. Concluding Hemarks.,

So far, only those¢ intensities have oevn computeu wnich
due to primary and secondary scattering in the turbiu atmo-
sphere can be received at the earih's suri-ice or at tiue Lop
of the cartn's atuwosphere resp. ruture computations nusti
account for the reflectivity of the earth's surfuce, t0O.
1t is intended to tuke into account not only the difrusc
re¢lflection according to Lambert's cosine law but also the
partly specular rc¢flection. Yhe measurcment: taken by uslittaer
wnich are presentcd in this leporti will obe very suitable for
this purpose.
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