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Abstract.

A. Measurements of the speetral distribution of the sky

radiation and of the radiation reflected by the ground

as well as of their degrees of polarization have been

done at Alamogordo, N.H., 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.

1. The study contains measurement results of the

distribution of the scy radiation in the short wave

and near infrared ranget. The measurements have been

done in different verticals at different solar

elevations; furthermore, in the solar almucantar

close to and far from the sun. The influence of the

great reflectivity of the White Sands desert could be

shown.

2. Measurements of the extinction coefficient as a

function of the wave length show a wavelength exponent

between 1.3 and 1.8.

3. Measurements of the radiation reflected by the surface

of the earth in the short wave and near infrared range

show the maximum in the red wavelength. This corresponds

to the sky radiation at a distance of about lo from the

sun.

4. The measurement results of the degree of polarization

in the sky show very high values. However, the spectral

distribution does not follow Rayleigh's law. The portion
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of incident radiati6n~which is reflected by the surface

of the earth contributes to diminishing the polarization.

The,influence of the high- reflectivity of the 1White Sands

desert was observed. The degree of polarization decreases-

in the wavelenth range X >o.6 p.

5.. The measurement results of the degree of polarization of

the radiation reflected by the surface of the earth taken

from-the Two Buttes (l15 ra above 1-iSL) snow the influence

of the:amospheric layer betWeen the ooserver-and the

surface. With increasing zenith distance of the point

under ooservation, the degree of polarization Izoes
almost to 0%16

-6., In order to get an insight in the atnospheric aerosol

particle size distribution near the ground the Aitken

nuclei have been measured and, furthermore, the

particles o.3 <r < 15 P with the help of the Royco

device. The number of particles undergoes great

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 o.4 and 2 p follows the power law r-1 6 . The

interval from o.o6 through o.44 p showed r 4 . The

radiation measurements for the entire atm1osphere have

yielded a r-4 relationship.

B. .xperimental and theoretical investigations into the

spectral and angular dependence of reflectivity and the

degree of polarization of reflected radiation of various

soil types have been performed.

IL



1. The measurements of the refiectivity of light which has

been reflected by calcareous soil have been cdntinucd.
Furthermore, samples of red, grey and white sand from

the New lMexico desert have been used to study the
different properties in reflectivity of the decer-t soil.

2. The theoretical explanation for the variation in

reflectivity could be given for calcareous soil and

grey sand.. 2ach soil sample has a broad particle size
distribution. The computation of the reflection based
upon scattering processes in different directions, The
scattering medium has been assumed as infini6ely thick.

It could be shown that the measured reflection of the

calcareous soil follows a scattering function which is
proportional to (1 -cos y). Furthermore, it was

possible to consider the secondary scattering process

which requires ail additional term. Particularly the

angular dependence of the fine grained soil sample
could be explained in this way.

C. In the Chapter C the influence of the shape of the

aerosol particles on their collection in a jet impactor
was studied preliminary. The shape and the density

play an important role in the collection procoss. In

addition, there is no agreement in the calibrations

of impactors which various authors have Made under

different atmospheric conditions. It is necessary to

improve the theory of the jet impactor, specially for

the sampling of aerosol particles aild measuring the

index of refraction.

D. New measurei:ients of the degree of polarization hac acuu.t

carried out at M;:ainz to ;et an insight in hle iayly
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variation of the atmospheric aerosol size distributions
and other parameters which influence the spectral

distributionof the sky radiation. It could be shown

the significance of the behaviour of the two

polarization maxima in the sky radiation.

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

scattering function meter. The principle iz based upon

the principle of Duntley's device. But it differs from

'it in some important .way6 so that the applicability is

enlarged.

7. 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 investigated comprehensively. The great influence

in the case of short wavelength and high turbidity is

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

of the secondary scattering near the horizon is 8o%

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.

II
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Figureis.

Frequently Used Symbols:

B : Radiance

H: Solar Elevation Angle

P: Degree of Polarization

T: Turbidity Factor

z: Zenith Distance of a Point in the Sky

Z: Zenith Distance of the Sun

T.B.: Two Buttes

White Sands

a.m.: forenoon

p.m.: afternoon

Angle of Azimuth

o 0 Angle of Incidence

Angle of Observation

Scattering Angle

Wavelength, where 0: 0.443 , l: 0.548 p,

2: o.639 t, 3: 0.708 j, 4: 0.053 p, 5: o.93:1 p.

Fig. 1: Locator Hap of the I-easuring Sites in Mexico.

2: Sky Radiance as a Function of X for Three Different

Z; T.B.

3-5: Sky Radiance in the Sun's Countervertical for Six

Different X and Various ZI T.B.

6-7: Do. 3-5, however, W.S.

8: Sky Radiance in the Verticals a = 2700 and

a = 900 for Three X; T.B.
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Fig. 9: Sky Radiance as a Punction-of X for Various
Angles of Azimuth a at z = oO; T.Bi

lo-24: Sky Radiance as a TA,-tion of -. The points of
Sobservation are located in the --U':s vertical.

Pay attention to the enlarged scale in the

scattering angle range 11 - lo°. ''South'"

denotes that the measurement has been taken

in the southern he xspht.Le, ''Nuth' in the

northern hemisphere. Yl.S. indicates the

direction towards the White Sands desert;- T.B.

* 25-27: Do. lo-24v however, ieasuring Site at VI.S.

28: Diurnal Variation of the Turbidity Factor For

Five Different X, on Three Diffurent Days; T.B.

29: .2xtinction Coefficient For Haze Only as a Function

of X on Three Differt.it Days; T.B.

3o-32: Intensities of Radiation &efiected by the around

at a Cloudless Sky For Four Different Zenith

Distances of the Measuring Instrument (920 means

20 below the horizon) as a Function of a For

Five Different X; T.B.

33-34: Do. 30-32, however, With Light Cirrus Clouds.

35: Degree of Skylight Pol.rization as a Function

of Z in the Sun's Vertical and .ountcrvertical

at Four Different z For Three Diflerent X; T.B.

36: Do. 35, however, W.S.
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Fig. 37: Degree of Skylight Polarization as a Function

of a at Various Z and z; T.B.

38: Degree of Skylight Polarization as a Function

of X at Various Z and z; ±.B.

39: Do. 38, however, in 39b and 39c W.S.

4oa: Degree of Polarization of the Radiation

Reflected by the Earth's Surface as a Function

of a For Various X; T.B.

4ob: Do. 4oa, however, as a Function of z at Fixed

values of a.

41a: Degree of Polarization of lRadiation Reflected

by the Ground for Various a and X; T.B.

41b: Degree of Polarization of Radiation Reflected

by the Ground for Various X and al T.B.

42-43: Aerosol Size Distribution on 7 and 8 April 1967

at Various Hours of Observation; T.B.

44: Diurnal Variation of Aitken Nuclei Number on

Various Days.

45: 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.

46: Do. 45, however, on 8 April 1967.
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Pig. 47: The Distribution of the Relative Spectral Sky
Radiance For the Blue and the Red Wavelength

at T.B. and W.S. Resp. (Ph~ographic measuring

method).

48: Do. 47, however, Interfered by Blowing

Gypseous Sand at W.S.

49: Reflectivity of White, Red, and Grey Sand From

New Mexico at X = o.444 p and 9o = 300

(Laooratory Measurements).

50: Do. 49, however, X = o.647 4.

51: Do. 49, however, X = o.78o 4.

52: Do. 49, however, G0 = 6o°.

53: Do. 51, however, Q0 = 600.

54: Reflectivity in the Light Source's Vertical

of White, Red, and Grey Sand Prom New Mexico

at go = 3o.

The plotted values are the measurements for

various X and two a.

55a-55b: Do. 54. The plotted values are the measurements

of various sand samples. Symbols see Pig. 55c.

55c: Do. 55a and 55b, a = 90O.

55d: Reflectivity for 90  30*, the Photometer

Pointing Vertically Downward (9 = 00), as a

Function of X.
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Fig. 56: Do. 54, however, go = 6o.

57a-57c: Do. 55a-55c, however, 90 = 6o.

58: Degree of Polarization of Radiation Reflected

by Wrnite, Red, and Grey Sand From New Mexico

in the Light Source's Vertical at o = 3o°.

The plotted values are the measurements for

various X.

59: Do. 58, however, Qo = 6o0.

6o: Reflectivity of Calcareous Soils at o= 300

a) Fine grained at A = 0.545 p,
b) Fine grained at A = o.78o j,

c) Coarse grained at X = o.545 P,
d) Coarse grained at A = o.78o 1.

61: Do. 6o, however, @0 = 600.

62: Reflectivity of Ground But Not Polished

Limestone at Various @ and Various A.

63: Computed Values of the Reduced Scattering

Function Multiplied by n.loo as a Function

of y for Various @o; the- computations have

been based upon empiric data from the

measurements. Symbols for @: 150, 300,
450, 6o, 750

Solid Lines: The functions 3o(l - cosy) and

2oo(siny - y cosy)/3n for X = o.545 p, coarse

calcareous sample;

The broken lines connect measurements taken near

the horizon.
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Fig. 64: Computed Reflectivity of an Infinitely Thick

Medium With the Given Scattering Function

3o(1 - cosy) for X o.545 p.

a) and b) for primary scattering (1'S);

c) and d) taking secondary scattering into

account (SS).

65: Do. 64, Abscissa: 9, Ordinate: Reflectivity;
PS - - -, SS

Measured Values: x fine grained, o coarse
grained calcareous sample.

66: Do. 63, go = 900 for Various X.

The solid curves refer to the function

(1 + cos

67: Computed Reflectivity as a Function of the

Zenith Distance of the Observer in tne Light

Source's Vertical.

The plotted values of wieasuremcnts refer to

coarse samples for various go at X = o.545 v.
The solid curve represents the computed

reflectivity of an infinitely thick medium

under the assumption of a phase function

according to Schoenberg.
Reflection by a surface element of an individual
sphere according to Larbert,

Reflection by a surface element according to

Seeliger.

68a: Collection Efficiency I as a Function of the

Equivalent Radius r for Various Dynaaic Shape
FPctors 2.



Fig. 68b: Relative Number Zre as a Function of the

Dynamic Shape Factor XC at Various JUNG3

Excponents v*.
68c: Relative Volume V as a Function of the

Dynamic Shape Factor Kat Various JUNGE

:3xponents v*,

69-71: Degree of Skylight Polarization as a Function

of z for Various Verticals in the Sky and '
Various H.

d

j

72: Model Sketch of the Light Scattering Meter

(Conl~ey).

73: Chart for Computing the Radiance of the Sky

Taking Into Account Secondary Scattering

(See Text).

74: Computational Results of the Sky Radiation

:1

Scattered Into The Lower and Into the Upper

Hemisphere Resp. [,.1o3 cal cm-2 min-1]
I: Primary Scattering, I + II: Primary plus

Secondary Scatte)ring.

%kDownward, +~ Upward, X = o.45 IL, T = 6.

75: Do. 74, however, X = o.85 P, T = 2.

76: Computational Results of the Scattered

Radiation omerging From the Turbid Atmosphere

[n.lofzf cal cme2 min 1 k

X = 0.45 pt, T = 6.

77: Do. 76t however, X =ogh5 p, T 2.
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Fig. 78: Computed Radiance Values in the Sun's Vertical

and Countervertical for Two Different Z for

Primary Scattering-and for Primary plus

Secondary Scattering. r-,.

79: Do. 78, however, for ihe Scattered Radiation

Emerging From the Turbid Atmzosphere for Two

Different ( (i. e. Nadir Distance of the Sun).



-1-

A. Measurements of. the Spectral Distribution of the Sky

Radiation and of the Radiation Reflected b -theGround

as Well as of Their De&rees of Polarization at

AlamoU.Sdoj New Mexico. U.S.A.

Introduction.

The purpose of this research study has been to obtain in-

formati6n on the sky radiation, reflected radiation and their

degrees of polarization in an air mass which is not polluted
by man made activity in the desert area of New Mexico. Furtner-

more, it has been planned to carry out these measurements in

connection with a balloon flight of the Atmospheric Opics

Branch, USAP Camoridge Research Lab., Bedford.

The measurements have been performed from 28 March through

9 April 1967 near Alamogordo, B.uw. mainly on top of a steep

hill named awo Buttes" which rises y 115 m above the plain

valley: Y = 3204o'N, X = lo60 lo'W, altitude 1.46o m above

MSL (Fig. 1). Brownish grey sand covers the surroundings of

this hill. The land is grown over with sparse grey bushes

which have only little green foliage. At a distance of 25 km

to the east, tnere are the wooded Sacramento Mis. and 4o km

to the west, the unwooded Andres and Organ Idts.

During the period of observation, cloudless weather has

been experienced only from 31 March 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 force
winds from SW have carried sand from afar over the observation

site. During the observation times, the temperature has varied

-2-
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between 170 and 270C, the relative humidity between lo/ and

3oY. 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. Yeasurements of the Distribution of the Sky Radiation in

the Short Wave and Near Infrared Range (Alamogordo, New

Mexico)

1. Measurements of the spectral sky radiation. in the sun's

countervertical at the azimuth angle a = 18o and the

zenith distance z = lo.

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 lo5 cal/cmnmin sr.

Observation sites: T.B. is Two Buttes, W.S. is Thite Sands.

Wavelengths: 0 is X = 0.443 p., 1 is X = o.548 p, 2 is

-3-
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X = o.639 , 3 is X = o.7o8 v, 4 is X = 0.853 p, and 5 is
X = o.911 ji

The Figure 2 shows results of radiance measurements taken

at a zenith distance z = lo and the azimuth angle a = 18o.

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

demonstrate 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 ± 4X have been found. It can be seen that 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. Measurements 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 = 300. 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 minimum

reaches about 150 between A = o.443 i and X = o.911 V.

In the Fig. 8, there have been plotted results of measure-

ments taken along the verticals at u = 27o0 and c = 9o at a

zenith distance Z = 360 pm. The vertical at a = 900 is

situated over the White Sands, at a = 2700 over the Sacramento

-4-
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5. Mts. The increased reflectivity of the White Sands desert

effects a well marked brightening up to about 600 over the

horizon. This effect is illustrated in Fig. 9 where the

spectral radiance has been plotted as a function of the wave-

length at a constant zenith distance z = 5o 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 = llo ) and

bordering 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 lo over the horizon in the sun's

countervertical the values tally in eacil 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 Two 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.

3. Measurements of the Spectral Sky Radiation in the Solar

Almucantar.

The Figures lo - 21 show measurements of the distribution

-
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of the absolute spectral radiance in the solar almucantar

which have- been carried out from 31 Liarch through 2 April

1967 at the station Two Buttes. They cover the spectral

range X = 0.45 v - o.85 -and refer to the spectral half-

width AX = loo A. The measurements have been made with a

photometer, which had primarily been constructed for

measuring the radiation close to the sun (Fin. Techn. Rep.

Contr. AF 61(o52)-595). However, it was easy to make a

conversion into a device for measuring the radiance along

the entire solar almucantar. In order to render the

presentation of the results more conspicuous, the distribution

of the radiance close to the sun up to a scattering angle

= lo° has been plotted in a separate graph on a larger

scale.

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

All the measurements show a relatively steep ascent close

to the sun. A rough estimate based upon a comparison of these

measurements with theoretical values (Tables LI]) yields for

the same gradient of the curves an upper limiting radius of

the aerosol particle size distribution of r 1 lo p. The

spectral dispersion of the individual sets of measurements

corresponds to an exponent v*& 4 of Junge's power law for

the aerosol size distribution.

A more detailed investigation, however, reveals some

noticeable deviations of the individual measurements. In

particular the measurements 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 X = o.546

even intersects that for X = o.4-43 ji; the amount of radiance

for X = o.548 P exceeds that for X = o.443 P towards the limb

of the sun. Simultaneously, the spectral dispersion of the
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curves decreases. The physical explanation for both these

effects is the discrete increase of the giant particles

(r 1 1 R). The exponent of the size distribution has been

reduced within the range of these partic.ues, whereas in the

range r < 1 p, the exponent has hardly c->iged and can still

be assumed to be close to v*, 4. This is also verified- from

the analysis of the spectral distribution for y lo which

is described in'detail in the next st7on

TherG has not been found any influence of the albedo on

the radiance close to. the sun. The measurements taken in
northerly direction towards '.hie- Ve s do nt show

systematical differences from those taken in southerly

direction.

b. Measurements far from the sun.

The radiance curves for the -entire solar almucantar,

which have also been presented in the .igures lo - 24, have

a very small gradient which implies an aerosol size

distribution with an exponent v* 4.o. The distancesof the

individual spectral curves also allow the conclusion that

v* > 4.o. In case of a smaller .alue of v*, the curves in

the range p > lo ought to converge much To-- rapidly, i. e.
the gradient of the curves ought to increase with decreasing

scattering angle y 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 takun on 1 April

1967 in the afternoon show an intermittent increase of the

absolute values in the infrared range simultaneously with tile
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-



I
7 -

curves: It has been effected by advection of dust particles

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

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

particles within the size range 1 L 1 r o o.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 area of White Sands; e. g. the Figures

13 and 14 which refer to almost simultaneous measurements in

squtherly direction and in northerly direction over White

Sands., 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 to an increased albedo

as due to the scattering effect of gypsum particles liftet

up by convection.

c. Measurements 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 the 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 (Fig. 25) particles which had be3n 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
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plotted as functions of the scattering angle in the Fig. 26

are throughout higher than those taken at Two Buttes on
28 and 31 March which have been plotted in the Figures 22

and 23 together with measurements taken in the eArly 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 Factor.

The turbidity condition of the atmosphere is characterized

by the-spectral turbidity factor T(X) according to Linke. It

is defined as

T(=) (aD(k) + )

where aR(X) is the extinction coefficient of the mere Rayleigh

or molecular atmosphere reap., aD(X) is the extinction

coefficient of the mere aerosol atmosphere. The Fig. 28 shows

the diurnal variations of T(X) 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(o.847 p) 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(X) which have been computed from the turbidity

-9-
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factors presented in the Fig. 28. The aerosol extinction

aD(X) has been plotted as a function of X and shows a normal
0

behavior. In this case, Angstrom's wavelength exponent a

falls in between a,,w 1.3 and A 1.8. According to Volz L2]

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 o.25 cm ozone over the observation

site.

II. Measurements of the Radiation Reflected by the Surface of

the Earth 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

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 I.SL, 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 = 920, 950, loo,

1050, and llo, i. e. at 20, 50, 100, 150, and 200 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 40 of the photometer,

the measurements taken at z =920 undergo an additional

influence by the radiance of the horizon.

- lo -
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The iigure 30 shows the results of measurements taken at
high solar elevations. The radiance vaiues are highest for
the red wavelengths. The physical explanation is The reddish
brown color of the sand with the grey sparse brushwood al-

most lacking a green foliage. The reflected radiation in-
creases from a = 3600 towards a = 18o.

Different results can be seen in the Figure 31 which re-
presents the measurements taken in 2 April, with Z = 580 pin.
The well marked maximum at a = 18o implies predominating

backward reflection of the soil. The maximum is found at

X = o.7o8 v, the minimum at o.443 k.

The measurements taken on 4 April at Z = 660 am which are
presented in Fig. 32, are characterized by two well marked
maxima, one at z = 0* and the other one at z = 18o, the

latter becomes indistinct already at z = loo. Partly the
values considerably differ from those of the Figures 3o and
31, due to the different anglas of incidence accoraing to
the different positions of the sun at Z = 590 pm and
Z = 660 am. ". g. the surface under the angle a = 00 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 investigaiir.,
however, according to the varying angles of incidence at

varying positions of the sun they have been related to

different values of a.

Another series of measurements has been taken shortly before
noon on 4 April, which is presented in the Figure 33. 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 150 due to the difference in the

- 11 -
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solar elevations of 120. However, on 4 April the sky has

during noontime been covered with a light cirrus veil which

slightly changed the global radiation.

The last series of measurements (Fig. 34) has been taken

in the early afternoon of the 4 April with Z = 340 and lo/lo

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 i.,axi.-u;, f

the reflected radiation towards the long wave range. Jut tie

values at X = o.9 P hardly change any more.

Summing up: The reflected radiation is mainly red, however,

at X = 0.9 V mostly of lesser intensity than in the blue

wavelength. The maximum values amount to about loo lo
5

cal cm-2min-1sr- 1 for z > 950 in the red wavelengths. This

corresponds to the sky radiation at a distance of about lo°

from the sun. The minimum values amount to about
' -1

3o cal cm 2min-sr 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 Wave and Near Infrared Range

(Alamogordo, New Mexico)

Fig. 1 is again the locator map.

Pig. 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, z is

the zenith distance of the sky light, a is the azimuth angle

with reference to the sun, P is the percentage degree of

polarization, 0 is the wavelength X = o.443 V, 1 is

X = 0.548 p, 2 is X = o.639 v, 3 is X = 0.708 V, 4 is
X = 0.853 p, and 5 is X = 0.911 P. (Unless otherwise noted,

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

vertical 1800.) T.B. denotes the observation site Two

Buttes, 'U.S. means White Sands.

The degree of polarization reaches its highest degree at

the lowest solar elevation. The value of 750/ which has been

found on 2 April at a wavelength 0.443 V represents a maximum

that corresponds best to the condition of the mere molecular

atmosphere. The wavelength dependence, especially close to

the polarization maximu4 is well marked and stronger than

e. g. in Greenland or in Hawaii. The portion of incident

radiation which is reflected by the surface 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 mostly dry brushwood, see Chapter Z. The

measurements taken on 31 March yield lower values due to the

weather: A strong wind had lifted sand particles up to a

height above the observation site.

Fig. 36 shows the results of measurements taken in tho

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

measurements of the degree of polarization of the sky

radiation taken during noontime at Z = 28.50 and z = 500 over

- 13 -
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the White Sands at a distance of about 2o km with a = 13o

and over the Sacramento Mts. with a = 23o, listed in

Table 1.

Table 1: Percentage Degree of Polarization of Sky Radiation

in the Direction of White Sands (a = 13o) and

Sacramento P9eak (a = 23o) and in Between (a = 18o).

Observation Site: Two Buttes; Z = 28.50, z = 5o.

X a 13o 18o 230

o.443 P 39 51 43

o.639 P 33 44 34.5

0.7o8 p 30 3o.5 32

0.911 p 19.7 27.3 22.2

The table proves that the degree of polarization in the

direction of the White Sands is e)aller than that ini the

direction of the mountains, though the azifauth angle with

reference to the sun is the same. Thus it is obvious that

this influence goes up to a height of 4o0 above the horizon.

Fig. 37 represents the results of measurements of the

degree of polarization in the azimuth angle range from 18o

up to 2600; 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 35 through 37 indicate a marked

wavelength dependence of the degree of polarization in the

sun's countervertical. It is strongest in the range of maximum
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 -



-214-

In the Figures 38 and 39, measurements have been plotted as

functions of the wavelength. The results are valid for points

in the sky in the sunts countervertical at a distance from the

sun of about 8o0 , i. e. in the area of maximum polarization.

The wavelength dependence varies with Z and z. Generally, it

is obviously less marked in the short wave range than at

X > o.6 V.

IV. Measurements of the Degree of Polarization of the Radiation

Reflected by the Surface of the 3arth in the Short Wave and

Near Infrared Range (Alamogordo. N.M.)

The Figures 4o 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: 920, 950, loo

1050, and llo, i. e. 20, 50, lo° , 150 and 200 below the

horizon. Furthermore, the measurements have been taken at

different azimuth angles and different wavelengths. All the

results of 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. 4oa at a zenith distance of 950 at a high solar

elevation. In the blue light, the degree decreases from 25%o

at a = 00 (underneath the sun) to 12%' at c = 18o0. 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 Pig. 4ob. This interdependence is noteworthly. The

- 15 -
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elevation of the observation site is 115 m above MSL; when

the zenith distance z is only 20 below the horizon, the

reflected radiation stems from a distance of 3.16 km.

z = 9o corresponds to a distance of oo km
910 6.52

920 3.16
940 1.37

950 1.15

1000 o.65

1050 o.43

1100 o.316

1150 o.246

The atmospheric layer between the observer and this

specific distance effects a degree of polarization of the

reflected light which almost equals that of the sky on the

horizon, see Fig. 4. iith increasing zenith distance of

the point under observation, this influence lessens, and

finally, the degree of polarization goes almost down to 0.

It is worthwhile mentioning the stong wavelength dependence

of the results at the zenith distances between 920 and llo.

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. 41a, however, a

remarkable feature shows up: At a high solar elevation

(4ob) and c = 00 (terrestrial reflection underneath the sun)

the degree of polarization has reached its maximum at z = 920,

whereas 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 -



-16-

Another way of presentation has been chosen for Fig.

41b. The degree of polarization of the reflected radiation

has been plotted as a function of the zenith distance z

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

X = o.443 p, the degree of polarization is highest at

a = 9o, 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 0 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 = 1290).

V. The Distribution of the Spectral Radiance of the .ntire

Sky in New Mexico at Alamogordo (Photographic Measuring

Method).

The distribution of the spectral radiance has been

measured by means of photographs of a spherical mirror

according to the method by Plass L-]. Ca. 4ooo grid points
of each photograph have been measured by automatic photometry

and evaluated with the Siemens 2oo2 computer.

The Figures f7addomshow relative values at the blu2 and

red wavelength which stem from photographs taken at the

observation site Two Butte6 on 2 April 1967. The value in

the sun's countervertical at the angle of azimuth u = 18o*
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and the zenith distance z = 1o has been 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 marked 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 Report.

The Figure 47 below shows results which have been obtained

on 9 April 1967 at the observation site in the White Sands

desert, during calm condition. The results resemble those

obtained at Two Buttes; a physical explanation of the

deviations can be given only after a careful consideration

based upon the values in absolute units.

The Fig. 48 shows results of the 8 April 1967 obtained

in the White Sands desert during a fresh breeze. While

taking the photographs, the observer has seen sheets of

blowing sand above him. 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

smooth9 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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VIE. ileasurements of the Number and Size of the Atmospheric

Aerosol Particles.(Alamogordo, 11.1.)

In order to get an insight in the aerosol particle size
distribution near the ground in New Mlexico the Aitken nuclei

have been measured with the Scholz dust counter at the
observation site Two Buttes. The counter catches ..e

particles within the radius interval from 3"lo-3 4 through
o.1 4. Furthermore, a Royco device of the Meteo-o2logical

Institute at the Munich University has been used for count-
ing the particles of the following five radius ranges:
0.3 - o.64 P, o.64 - 1.5 P, 1.5 - 3 p, 3 - 6 V, and

6 - 15 p.

The Fig. 4.4 shows some results of measurements of the
number of Aitken nuclei per cm3 . The number of the particles

with a radius < o.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.
Mlore particles have been counted in calm than in windy
weather. Mioreover, there is no connection between the
visibility and the number of these particles with a radius

< o.1 p.. Recently F. Kasten [3] has proved in a quantitative
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 < o.1 V have no optical effect as
it has sometimes been done; for e. g. they strongly influence
the spectral distribution of the sky radiation.) With regard
to the thinly populated area of New iexico the number of

particles with a radius r < o.1 p. appears to be rather high;
it is by one order of magnitude higher than e. g. in Hawaii.

J
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In order to get an insight in the decrease of Aitken

nuclei with height measurements with the Scholz dual counter

have been taken during a trip in the Sacramento iits. At

1.64o m above 1,ISL on the windward side there have been

counted 4.301o4 particles; at 2.o8o m just below the

timber line 4.11o4 particles; at 2.5oo m on a by-way within

the timber forest at a distance of some hundreds of meters

from the highway 2.1l1o4 particles, at 2.66o m in the forest

far from the unfrequented highway still 9.1o 3 particles.

Even on the Sacramento Peak at 2.72o m there have been found

still 7.ooo particles. In the lee area of the Sacramento Mts.

smaller numbers of Aitken nuclei have been obtained, namely

at 2.24o m in the forest 3.coo, at 1.830 m in May Hill in

the dwarf-pine wood also 3.ooo. On the way back in the

windward region there have been counted 5.ooo particles at

2.3oo m and 21.ooo 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.

5.
The Fig. 4Z 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 very short periods of time and

which do not match the remainder of the measurements.
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A series of measurements :,hich has been takrrn on 6 April

oetveen 1130 and 1230 o'clock has been plotted in Pig. .

The time scale, which is represented by the ordinatu, has

been slightly enlarged in comparison with 4-ig. '7 . o;,

these series of counts arQ characterized by oreat variations

in tium. 2urthermore, thiz increase and decrease of par'ticles

obviously have a parallel trend in all fivc rudius r'±nges.

Of course, there are some exceptions as e. g. the increase

of the small particles within the range 1 coincides with

a decrease of the large particles and vice versa.

2he consecutive groups of measured values nave oen

averaged by logarithmic way and the nurmuers of particles

thus obtained nave been plotted in the Pigures 42 and 4

as functions of the particlo radius. in cr.er -to co.pae
3them with the counts of "-h Aitken nucl.i per 01r they

have to be divided by 3"1o . In contraLl to znv 2i~urEs 4 6-

and q& , the values of the 2'igurs 42 and 1-3 art- vjry w,1i

organized. The decrease of tne large particles follo's -,ne
power .w r - 1 . 6 beween The radius interval o.4 1 ".L

towards larger radii the increase lessens. The failies of

curves, which lie one beneath the other, show the same t-end

as in the Figures 5 und qf whiicn is char-.cterized by a
decrease in time of the particles in all the radius intervval

The numbers of particles have been measured with a .toyco

device. Then, the radius interval ifror o.o6 k tnerough o.44 1

at J15 m above ground would te charactri2,ed by a power law
of r 4 *). Radiation heasurements have yielded a r - 4

relationship for the entire atmosphere. zhe deviation i Lhe

radius range o.44 - lo V implies tnat on 7 and 8 A.rii so,ie

large desert dust particles have been lifted up into the

lower atmospnere by the strong wind.

*) The method to incorporate particles r o.1 t into the

Royco analyse results is riven by . Jurg :4j.
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B. Experimental and Theoretical Investigations into the

Spectral and Angular Dependence of Reflectivity and the

Degree of Polarization of ieflected Radiation of Various

Soil Types.

I. Reflectivity of around bu not Polished Limeston,!, Fine

and Coarse Grained Soil at Acute Angles of Incidonce

of the Light Source (Angles of Incidence 0o = 3o and

go = 600).

The reflectivity at go = 300 has been plotted in polar

coordinates in the Pig. 6o, namely for the fine grained

sample (a and b) and the coarse grained sample (c and d).

The feature which all the graphs have in comon is the

distinct predominance of backward scattering over forward

scattering. The fine grained sample has a minimum at the

angle of obsorvation 9 = 450 and a 14o at both wave-

lengths, namely 3oo in the green and 4O/o in he red wave-

length range. The maximum values of the coarse grained sample

have almost the same amounts, namely 6oO/. - 80/o, as those of

the fine grained sample, whereas the minimum values are much

less, namely 22.5/o in the green and 27.5/o in tne red wave-

length range. The latter are also shifted towards the an e'

of observation 9 = 6o' and a > 17o.

The Fig. 61 has the same contents and arrangement as the

Fig. 6o, however, referring to 0o = 600. The curve paiterns

for the fine grained sample (a and b) resemble those in the
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Fig.(,O , but the maximum values amounting to 9o%/ in the

green and to lloo in the red wavelength range are higher

than those for go = 30°" Whereas the minimum values are

lesser than those in the Fig.6O&,,namely 22.5% in the green

and 3oY, in the red wavelength range. The latter have under-

gone a displacement towards the angle of observation

9 = 750 and a > 15oO.

The values of the coarse grained sample (c and d) in the

Fig.61 are throughout lower than those of the fine grained

sample by about lo%.

The results for the ground but not polished limestone are

presented in the Fig. 6. and Z for go = 3o. 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 2o7/. At

9 = 00, the minimum has 45/o in the green and 52.5%/o in the

red wavelength range. The maxima are again located near

the horizon, however, at angles of azimuth a > 9o° .

II. Measurements of the Reflectivity of Gypseous Sand as

well as Red and Grey Quicksand in the Environs of

Alamogordo, New Mexico.

R esults of measurements of the reflectivity and the degree

of polarization 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 Chapterj The same

apparatus has been used to sjupplement 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 White Sands has been r (1 Pm, whereas

the red and grey grains of quicksand had radii of r !' 1 mm.

a) Measurements of the Reflectivity.

The Figures #94-eshow the distribution of the reflectivity

of the three samples for the wavelength A = 0.444 V. The angle

of incidence of the light source is go = 3o. As was to be

expected the values for white sand (gypsum) are highest. The

minimum which amounts to 55o' is found at the angle of azimuth

= 00 and the angle of observation 9 = 3oO, i. e. in the

range of backward scattering. The minimum for red sand which

amounts to 140/. is shifted to the angle 9 = 00, i. e. the

zenith. The values for grey sand are similar. The effect of

forward scattering is strongest for white sand.

In the Figures S04-e, the isolines for X = o.647 ti have been

plotted. The pattern resembles that of the blue wavelength,

however, the values of the reflectivity are higher by the

factor 1.5 to 3.

The Figures5 ig-cshow the measurements for the wavelength

X = 0.780 p. which very much resemble those for A = o.647 p;

the reflectivity increases by 3% for white sand and by 5%

for red and grey sand.

The Fig.52 shows the reflectivity for the angle of incidence

of the light source go = 6o again for each of the three soil

samples in the blue wavelength. The results differ only

slightly from those at go = 3o, however, there are a few

interesting deviations, e. g. the maximum value for gypseous

soil is slightly lower and for colored soil by a few percent

higher.
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The Fig.S5 refers to the same value of = 600 but for

the wavelength X = o.780 V. Again, the changes in the

reflectivit. are very small. A striking feature of the grey

soil sample is the backward scattering which is caused by the

relatively larger grains of sand. The comparison with the

measurement!) taken at X = o.444 reveals a greatly different

pattern of distribution and much greater amounts of the

values of X = o,78o [. than of the blue light.

In the Fig. 54, the measurements of the reflectivity nlave

been plotted for the light source's vurtical (a = 00 and

u = 18o ° ) as functions of the angld of observation G for

three waveleng-hs and three soil samplbs. The angle of

incidence of the light source is go = 300. In each case the

reflectivity is greatest at G = 9o amounting to values about

loo% for gypsum. It can be suen again that thle reflectivity

is greatest in th- near infrarad. The position of the minimnra

can uest be recognized in the Fig. 5.

The paraaeters in the Figures!;-iand 4-are the soil sumples,

in the fig. SA, for X = o.444 , in th,? Fig.56:-for X = o.647 iL,

whereas the Fig.SP, shows the measurements taken at the angle

of azimuth a = 9o° . The values of all the three soil samples

show a gradual slow increase from the zenith towards large

angles of observation. The measurementu of the r,flectivity

at Go = 300 and G = 00 have been plotted in the Fig. C'ol as

functions of the wavelength. All the soil samples show a

decrease in reflectivity with decreasing wavelength, especially

is this true with gypsum. The sample of red sand has a greater

reflectivity at the rod wavelength than %he grey sand.

The Pig.56 refers to the angle of incidence of the lig it

source go = 6o and th- paranoters are the same as in the
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Fig.G4, namely the three wavelengths. The main maximum for

gypsum is located at G = 3o and a = 18o. A secondary

maximum shows at Q = 9o; at X = o.444 4 the amount of this

secondary maximum exceeds that of the primary maximum at

@ = 3o0 . The sample of red sand shows an increase of the

values only in the angle range Q > 4o (a = 18o0) at

X = 0.444 g; this effect is more pronounced than at Qo = 30.

The maximum of the reflectivity of the sample of grey sand

is located at Q = 7o and a = 00 . At t;he red wavelength, the

reflectivity slowly decreases with decreasing scattering

angle; this decrease is very similar for both X = o.444

and X = o.647 V. At G = 9oO (a = 18o) a secondary maximum

can be observed.

The parameters in the FiguresC 7&and Z are the same as

in the Pig. SS-, namely the soil samples. The angle of

incidence of the light source is go = 600. Again, a striking

feature of the measurements is the great diversity in the

dependence of the reflectivity on the angle of observation

which is true with all the three soil samples.

b) Measurementsof the Degree of Polarization of the

Reflected Radiation.

The Figures (@o = 300) and Y(go = 600) show the

measurements of the degree of polarization of reflected

radiation as a function of the angle of observation Q; 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 18o, i. e. in the range of backward scattering.

In each case, the highest degree of polarization is found

at X = o.444 i. The sample of red sand has the highest values.
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The gypsum shows but small differences a. the three wave-

lengths. 1,'ith the exception of the grey sand, the maximum

is founa at = 600, Q = 900 and u = 18o.

A physical 2xplanation for the variation in reflectivity

could bu given so far only for calcareous soil, see Section
III of this Chapter. Only the sample of grey sand shows a
behavior which resembles that of calcareous soil in

variation with the angle of ouservation.

These laooratos- measurements will be used for Linding a

physical explanation for the spectral radiace di~tribution
of the desert soil as it has been measured at the observation
site Two Buttes. j!,w*' er, the results can be given no sooner

than in the next Report.

III. On the Computation of the Refluctivity.

It has already been mentioned before that all the
mineralogical constituents of the soil samples under

investigation have a crystalline structurv. Thus, their
indices of refraction depend on the angle of incidence of
the light source. iPurthermore, quartz and uica tcurn the
polarization plane of the incident ray. 'Thus, it is hiardly

feasible to make any siateLients on the size distribution
of the samples or the absorptivity of the limestone or its
sediments in the visible spectrum. Therefore, The computatio.
of the reflectivity raises problmLis which are too complex for
being solved straightway. A firsT stdp -:il± be done in this

Chapter by restricting the cod,,putation to non-coipact

particles and by neglecting double refraction and aosorption.
Furthermore, the lignt source is assumed to supply unpolarized

light.
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1. General 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 to 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 lie 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. .11ow, 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 opacity

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.c9a'c.reu opar

a4uar4O. Since they are nonabsorbent, they appear color-

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
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total reflection, under the assumption of an adequate thick-

ness of the crystal powder layer. Yet 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 beginning 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 diameters 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 size. The aim is The

computation of the reflecTiviTy R (@O @ a) of an infinitely

thick mediw under the assumption of various scattering

processes occurring within this medium; Qo denotes the angle

of incidence of the light source, @ the angle of observation,

and a the angle of azimuth. Then, 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 device for the comparison

with the reflectivity of an infinitely thick medium.

For being brief, the present lieport is restricted to the

presentation of the computational results.

2. Definition of the Reflectivity.

The albedo A of a surface element

A(Q0 ,X) = d0R(X)/d0o(X) (1)
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is defined as the ratio of the radiant flux reflected by the

surface:

d0R(X) [cal sec-lJ

to the radiant flux incident upon it: d0o C).

The reflectivity R is expressed as

R(G fglax) = B R((Qo 919 c I X) Ir0=[sr-] C 2 )

i. e. the ratio of the raciance BR [cal cm-2 sec -1 sr-lI

reflected by a given surface under a specific angle of

reflection to the total irradiance I() [cal cm-2 sec -1j

that is incident upon that surface.

The albedo A and the reflectivity R are related as

follows

1 R(GoqcX) cos 9 dw = A(QoX) (3 )

In case of ideal diffuse reflection (Lambert's surface)
a surface has a constant reflectivity Rs t Furthermore, the

ideal liambert's reflector is characterized by the relation

iR S = AS = 1 C 4)

The product nR( 0oG,u.,X) which refers to a nondiffusing

surface, can therefore be interpreted as the ratio of the

radiance reflected by the nondiffusing standard surface to

the radiance reflected by the ideal diffusing sta:itaiA sur-

face. In specific directions, nR can be greater tnan 1, i. e.

in the direction (Q,a) a greater radiance is emitted than in
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case of the standard surface.

3. Reflection by an Infinilely Thick hedium.

3.l. Basic Equation for Primary Scattering.

The prerequisite is an infinitely Ulick medium with a

plane surface upon which a collimated monochromatic beam of

light is incident. The-medium is assumed to be homogeneous,

i. e. the scattering coefficient 6'(X) Lcm- 1 ] is constant

within the entire medium. The term f'(y,X) [cm -1 sr-1]

denotes the scattering function of'the unit volume (y is

the scattering angle, X is the wavelength) For primary

scattering, the reflectivity is then expressed as

ICR(Q nQcz X 10oR9oI'' t = ' cos 9o + cos [o9 s
0 0 Co

Thus, the reflectivity depends only on the ratio of the

scattering function to the scattering coefficient and a

geometric factor, namely 1/(cos go + cos 9).

According to (3) the albedo is expressed as

2n n/2
1it f'/)2 sin 0 d9 dNO )

A(' ) IF (7 cfs 0+cos 0

f 
O

0 0

3.2. Reflection According to Loanmel/Seeliger's Law.

Seeliger's law describing the radiation IR [cal cm-2

reflected by a given surface is express

k cos 9o cos 9
IR(Go') = ao cos 90 + cos (7
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where a denotes the extinction coefficient and k a constant.

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

written

R(GoQ) = loo
a a cos oo + cos[A N8)

The absorption of radiation by individual soil elements

can be neglected in the visible -art of the spectrum; there-

fore, the extinction coefficient a can be substituted with

the scattering coefficient '. Then, the consolidation of

the equations ( ) and ( ) results in f'(p.X) = k. This

means that the prerequisite of Lommel/Seeliger's law is a

constant scattering function of a unit volume, i. e.

isotropic scattering processes within the medium.

Futhermore, the theory implies the relation k/a = 14 1E.

Thus, R is independent of the wavelength. The dependence on

X is only due to taking absorption into account.

3.3. Aeflection in Case of Rayleigh and Mie Scattering.

It is assumed that the light is scattered on the molecules

within the model medium defined in para 3.1. Then, with

Rayleigh's equations for f' and6' it is obtained

2
1~~R(Q ~ 1Gt + l Cos ~.10[~
o ) = os 9 + cos loo B/]

0

Besides a numerical factor, the equation (3) consists

of cosine functions only. This implies that under the

assumption of primary scattering the reflectivity of a

molecular medium of infinite thickness is also independen'G

of the refractive index and the density of the molecules.
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The equation ( S) is not restricted to molecular media
only. It holds for all media if the phase function of the

unit volumes is pruportional to (1 + cos
2  )

Now it is assumed that the ,scattering process within the

model medium follows the Iie theory. 2or such a mediu,. with

a specific size distribution, the reflectivity is expressed

rl i(y,)d N (r) loo

' ) 2 i(y,u)sinydydN(r) co+cosQ
1010

where i(,u) denotes the 1.ie function and a the parameter

2nr/X.

3.4. Reflection by a iedium Consisting of Large Particles.

For large spherical particles, the Idie function can be
simplified by the lavis of geometric optics and diffraction

(se. van de Hulst). However, diffraction applies only to
forward scattering. And it may be neglected for scattering

angles down to about 3o. Since the diffraction furnishes an

essential contribution to the entire scattered light, it rust

be taken into account for the computation of the scattering

coefficient 6 . There is evidence from computations that The

proportion 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 (5) it must

be concluded that the reflectivity decreases with increasing

particle radius and increases with increasing wavelength. This
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dependence of the reflected 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 Measurements and Computational Results.

4.1. Prerequisites.

The comparison between computed and measured values of

reflectivity is limitative due to multiple scattering. iurther-

more, the geometric design of the apparatus does not enable

one to measure the reflectivity in a specific direction (a,y).

On the contrary, an average reflectivity is obtained in the

directions (aq ± AT). 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

9, 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. Howevr, this error is small if the values

of the scattering function do not differ much in the individual

directions.

The mean range w = 1/,4 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 cm;

since this quantity affects all the measurements, it is 9 V.ot

necessary to consider the proportion of radiation A I which

reaches down to the bottom of the measuring receptacle. A
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scientific estimate implies that 4 I is less than lo of the

total radiation which contributes to the reflection. Hence

the discrepancy between the theoretical requirement and the

measuring device is so small that the conparilon with the

reflectivity of an infinitely thick medium is admissible.

4.2. Jvaluati n of a Scattering Function From the 11easurements.

The attempt is made to use the .easurements of tile

reflectivity for finding a scattering law which is valid for the

soil samples under investigation. The equation (S) can be

solved for f'/ 6' as follows

n= (cos 90 + cos 9) n ,,) Ci)

The computations have been made for the coarse soil suplu

for the wavelength X = o.545 V. The measured values of

nR(9oQ,o.545 ) for various angles of incidence in tht liget

source's vertical have been used in the equation ( 1) in

order to compute the values of the reduced scattering function.

The latter have been multiplied with the factor loo.i, and

these percentages have been plotted in the Fig. 64 as functioas

of the scattering angle.

The Fig. 44 proves that the scattering function snows a

correlation with the scattering angles which is siMila o fo:

all angles of incidence. An estimat; of the effect of Lntiti,,.U.

scattering tends to prove that Lhe influence of multip,±ie

scattering on the reflected radiation decreases with in-

creasing angle of incidence. The 3m1pirical evaluatioi of WI,

reduced scattering function has therefore primarily been

based upon values computed for 00 = 75 ° . It can be seen i, i

the graph that the numeri.al values for u loo f'I' (i,".i (
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by crosses) which have been evaluated with the measurements

taken at an angle of incidence 00 = 750 deviate only slight-

ly from the function

%loo f'(T,o.545i)/6'(o.545 ) = 3o (1 - coo y) C1)

The function (iZ) has also been plotted in the Fig.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-Q = 9o. This is due to

a strong increase of the multiple scattering.

4.3. Reflection by a Medium Whose Scattering Function is

Proportional to (1 - cos Q).

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 ierm
(1 - cos y); with the equations (5) and ( 2), it is-

obtained

nR~ ~ ~ -Gttp-4 3oCos 0/0
(9o,9 ,p,o.545 .) = 30 cos go + Cos])

This results in a constand reflectivity for o O0

namely nR(g ° = 00, o.545 ) = 300/a.

The results for 9 = 3o have been plotted in the Fig. C03,

those for 40 = 600 in the Pig.434. 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 5o*0 for the specific angle of incidence



- 33 -

o = 300 and between lo/o and 1lo50 for Go 600.

The comparison with the relevant measurements (Figures

Go and 61 ) shows a relatively good agreement of the
isolines of reflectivity except for @ > 750. 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 ] for

secondary scattering. Without going into details it is

stated that the consideration of secondary scattering in

case of a reduced scattering function 30 (1 - cos

requires to add the term

RS = (9/&os 40 + cos Q) (Aa - Bb + Cc) (14)

to the equation (13).

Schoenberg has tabulated the quantities a, b, and c as

functions of the angles of incidence and observation; the

quantities A, B, and C can be evaluated as follows

A = 2 + sin @o sin @ cosa

13 = -2 (cos Q0 + cos 9) (14 a

C = -2 (cos 9o cos G - sin 9 sin 0 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. 43efor go = 3o

and63.for go = 6o0 . A further approximation between computed

and measured results can be seen very clearly, especially the
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measured minimum of reflectivity about (g = 500, a > 1500)

for the angle of incidence go = 3O is verified by the

computation. The remaining deviations in the configuration

of the isolines near the horizon might be eliminated if

multiple scattering would be taken into account. The

curvature of the measured isolines of reflectivity for

90 = 600 resembles very much that of the computed isolines
of reflectivity for go = 600 even in the range of a <9o,

howeverz the amount of the measured reflectivity maximum

being 74%/ is far below that of the computed maximum being

12o%.

The fine grained soil sample (Fig. 41) yields a much

better agreement betwenn measurement and computation.

Summing up: The formula

1 - cos 0 (13
iR = loo a Cos go + 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

constand value a = 0.25 which is independent of X.

Table: Dependence of the Factor a (Equation 13t) on the Wave-

length, ±valuated From the Measurements.

X[P] o.444 o.545 o.647 0.780

a (coarse grained sample) o.21 o.3o o.34 0.37

a (fine grained sample) o.23 0.34 o.41 o.43
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Even under consideration of secondary scattering, the

equation (IY&) results for go = 00 in curves which obvious-

ly deviate from the measured ones. The Fig. Srefers to

@o = O and shows the curves for primary scattering (PS)

and secondary scattering (SS) which have been computed

according to the formula (34&) as well as the measured

values of the coarse and the fine grained sample (X = o.545 P).

In case of incidence normal to the surface, the measured

reflectivity is expressed best with the equation

2
nR(Go = 00,,X) = loo a 1 + cos [0/] ,

0 ~Cos go + CosQ

The Fig. (P shows the values of f'ig' which have been

evaluated from the measurements following the equation (11)

for various wavelengths; the solid curves represent the

function a(l + cos 2 w). The quantities a(X) have been

assigned the following numerical values: a(o.444 i) = o.22,

a(o.545 0) = o.31, a(o.647 P) = 0.38, a(o.78o i') = 0.4o.

According to Schoenberg, the equation (16) which exp.esses

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 Schoenber.

Schoenberg has computed the reflection by an opaque sphere

under the assumption that the surface of the sphere is

homogeneous in all points and has no shadowing irregularities.

The reflection by a surface element of the sphere follows

Lambert's or Seeliger's law resp. The integration taken over
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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 angse he substitution

of this phase function in (45) leads to either

ER(Q) (P 2 sin , cos loo (16)

L(Go', 3-n cos 0 
+ cosQ

following Lambert's reflection law, or

1 - sin r/2 tg!Y/2 ln ctg?/4-nRS(Q0, ,) = k cos @o + cos t

where,= di -i following Seeliger's reflection law.

The results of the computations for the main plane

(a = 0, a = 18o) are presented in the Fig.6 7 for the

angles of incidence go= 00, 300, and 6o. The constant k

in the equation (17) has been determined with the relation-

ship RL(Qo = 00, Q = 0 0) = RS(G o = 00, Q = 0 0). The solid

lines represent the curves of the formula (/6), the broken

lines those of the deviating curves of the formula (/ ).

5.2. Comparison With the Measurements.

The Fig. 67 also shows the measured values of the coarse

soil sample. The agreement between the measured and the

computed values is better for those reflectivi.ty values which

have been evaluated with the function (1 - cos ,) than for
those evaluated according to the equztions (f4) and (/ ).

However, a final statement can be made no sooner than after

taking into account at least the secondary scattering in the

model computation for a medium composed of opaque spheres.

Tne Fig. 6,furthermore shows the great deviation between the
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scattering functions (1 - cos y) and (sin - cos )

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 opaque particle.

5.3. Hapke's Reflection Formula.

For completeness, the equations (14) and (/F) require a

correction according to 1Hapke [9 ]. -2his correction effects

another increase of reflectivity for scattering angles

greater than 9o.

6. "oncluding Remarks on the Physical Explanation of the

Measurements.

The a~'ementioned 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. [1,011-11-2 1 1& ].

The scattering of an individual particle follows a phase

function which is proportional to the average surface

brightness of the illuminated part of the individual particle.

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 reflectivity on the angles

of incidence and observation is ihen obtained by applying

once more Seeliger's law to the reflection of an infinitely

thick medium, under the assumption that scattering takes

place on opaque particles (equations /t or /7resp.). 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 1.phioto
distinctly shows a great increase in the shadowed part of the

coarse soil sample with increasing angle of incidence Q-,

i. e. with decreasing scattering angle. The sections on the

lower margin of the individual graphs have a distance of

1 mm. 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 o.5 mm.

For limestone has been calculated a reractive index 1.66.
The density was measured to 2.492 g cm" o.oo4.
Correction: Final Report No 5' read for the wavelengths
page 45 .444, .545, .647, .78 ., page 46
R = 1/o.937n (Ima x + Imi n )/B.

ma____m
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Their Collection ins Jet Impactor.

The accuracy of the interpretation and the computation

of the spectral extinction of the atmospheric radiation

and the related phenomena 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 impactors are

used for both measuring the aerosol size distribution

and &4 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 [1f]. This theory is essentially based upon the

validity of Stokes's law which deals with the frictional

force arising from the viscosoty of a medium upon

spheres and its extension to very small particles by

KNUDSEN and WEBER [1r]. However, quite a number of

authors have shown that there is no unrestricted validity

of this law and the inertia parameter

if' ~ ~ (l4--[A+Q exp(-B (1

which has been derived from it for the movement of spheres

in jet impoctors; this is true with spheres as well as

nonspherical particles. The symbols of the equation (1)

are: A = 1.23, Q = 0.41, B = o.88, 3 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,

is the dynamic viscosity of the air in the exit plane
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of the jet, Dj is the width of the Jet, l is the mean

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 a comparison between the impactor

calibraitions by ST2R!P et al. at low air pressure and

those by RANZ and VIONG at an air pressure of about 1 atm.,

which will not be discussed in this paper. Now a detailed

report on the second restriction will be given.

A mathematical approach will be given for the in-

fluence of the shape of the aerosol particles on their

collection in a jet impactor. At first, a quantity has

to be discussed which defines the departure from the

spherical shape of the aerosol particles in a suitable

way. Such a quantity is the dynamic shape factor C.

For specific REYNOLDS numbers characterizing the flow

around nonspherical particles i is the quotient of the

mean air resistance to this particle to the air

resistance to that sphere which has 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

lie =Ir 3'rel(2)

where r is the equivalent radius of the particle, in case

of spheres r is equal to the radius of the sphere, Sj is

the air density in the exit plane of the Jet, urel is the
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mean relative speed between the air and aerosol particles

in between the exit plane of the jet and the collecting

plate in the jet impactor.

The measurements of dynamic shape factors have shown

that ae is always greater than I as soon as Re becomes

greater than 0.05 . For Re < 0.05 ellipsoids can

possibly have dynamic shape factors smaller than l.

however, this is true only with certain directions of

flow against the ellipsoids. The dynamic shape factor

increases with increasing REYNOLDS 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 EYNOLDS 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 RZYNOLDS numbers are.

A more general version of the inertia parameter

is obtained if the dynamic shape factor is introduced into

the equation (1). This transformation is based upon the

definition of the inertia parameter as the quotient of

the force which stops the particles on the way D3/2

(this force is assumed to be constant) to the air

resistance of the particle. Hence, in case of nonspherical

particles the inertia parameter is expressed as

For s (l1[A+Q exp(-B )]) (3)

For spheres 99= lo hence V= is". Thus the equation (1)
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is a special form of the equation (3).

The calibrationrz by RANZ and WONG [iqj 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 1o.5 m seo-  , 18o m sec . The distances
between the exit plane of the jet and the collecting plate
have been i to 3 times as great as the widths of the jets.

The latter have been o.o2o cm 4 Dj = o.o71 cm, and the

radii of the lest spheres have been 0.17 4 = r = 0.69 ,.

RANZ and WONG have evaluated their calibrations for
determining the collection efficiency t , 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 Vs. If the operational

conditions are given, this function I = 1(s) 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

WONG can be applied also to nonspherical particles because

the special inertia parameter V. for spheres is a special

.case of the general inertia parameter V for nonspherical

particles. Thus, from the theoretical standpoint it does
not matter which kind of particles is used for calibrating
the impactors, hence t(Ys) = t(y).

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. Operational Conditions Inside the Jet

Impactor

Ta = 283*K Dj = 0.03 cm lJ = 1.271°o-3 g cm'3

Pa = 76o Torr uj = lo
4 cm sec -1  = 1.74*lo-4 g cm-

1

se-1

1 = 6.10lo- 6 cm

(Ta = air temperature in front of the jet,

Pa = air pressure in front of the jet).

The mean density of the aerosol particles has been assumed

to be 3= 2 g cm-3 [13 ]. The readings from the calibration
curve != ( ) have been based upon these operational

conditions. Thus, the relationship between the collection

efficiency t and the equivalent radius r (for ,= 1, r is

equal to the radius of the sphere) of the particles has been

computed for the dynamic shape factors W = 1, 1.05, 1.1, 1.2,

1.4, 1.6, 1.8, and 2. These functions Y= t (rt) have been

plotted in the Fig.61a.. This graph shows that the collection

efficiency of the little nonspherical particles in the

impactor is the lesser the more they deviate from the

spherical shape, i. e. the greater their dynamic shape factom.

The functions I = lt(rae) enable one to compute the number

and the volume of the particles collected in the jet impactor,

for given aerosol particle size distributions. These

computations have been based upon JUNGE's aerosol particle

size distribution

dloN(r,v*) (r0 )-d log r 0 n ro 0
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where v* is the JUNG2 exponent, N(r,v*) is the number of aerosol

particles smaller than r, n(ro) = (dN/dlogr)r=ro , ro is the

reference radius. r

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

r = O o5P. The greatest equivalent radius of the size distribution

has been r = lp. The number Z and the volume V of the aerosol

particles collected in the jet impactor have been obtained bet-
ween the limits r = o.o5p and r = lp by numerical integration

of the functions

dZ(r,v*,ge) = T (r,*)°dN(rv*) (5)

and

dV(r,v*,Ze) = I(r,fA) 4 nr3dN(r,v*) ( 6)

The integrals of these functions are
n(r O ) or"ro r r- V* - I

Z(r,i,v*,e) = n 0 o (r,2)r dr (7k)
r..

and
v* r~

4nn(ro ) -r O  t ( r ' 90) r - %,* + 2 dr()V(r,i,v*,3) = In o d

The results of the integration are presented in the Figures
W4andf8ctin which the relative quantities

Zrel = . *( 9 )

and
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Vrel C )

have been plotted as functions of the dynamic shape factor 'i,
the pw:.ameters being the JUNGE exponents v* = 2, 2.5, 3, 3.5,

4 and 4.5. ZreI is the quotient of the number of the nonspheeic-

al particles collected in the jet impactor to 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.

The size distributions in equivalent radii are identical for both

the nonspherical particles and their equivalent spheres. The

graphs show that as well Z rel as V rel ar; smaller than 1 for all

values of v* between 2 and 4.5 and for all values of stuetween
1 and 2. This means in accordance with Fig.62fthat less non-

spherical little particles are collected than spheres of their

equivalent radii.

The computational results will be specified Dy measurements

of dynamic shape factors. The values of the dynamic shape factors

depend on the mean REYNOLDS 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 have

shown that for computing Re with the help of the equation (I ),
the first approximation Urel = 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 qnd CHRISTIANSEN [4] have found in their

measurements that at(ke = 3) * 1.o9 for cubes and V(Re = 3)
W 1.25 for tetrahedrons. McNOWN and MALAIKA [41 have found

in their measurements that X(Re = 3) O 1.4 for rod-shaped

rotation ellipsoids, cylinders, prisms, or spindles if the
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ratio of their axes is 1:4 and that X(fe = 3) z 1.6 for

disk-shaped rotation ellipsoids, cylinders, prisms, or

spindles if the ratio of their axes is 4:1. KUNKL [48] could

show in his measurements that dynamic shape factors

6(ke = 3) A 1.6 are to be expected in case of agglomerations

of 3 spheres of equal volume. If these values of Wamounting

to 1.o9, 1.25, 1.4, and 1.6 are used for the computations,

the relevant values of Zrel for v* = 3 are o.84, o.65, 0.52,

and 0.42 and the relevant values of VreI for v* = 3 are 0.94,

0.89, 0.84, and o.78. Thus, only slight deviations frola the

spherical shape complicate the interpretation of '.masurements

if the aerosol particles are collected with a jet impactor.

Up to now nothing is known about the dynamic shape factors of

the aerosol 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 jet 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 STOKES'S radius r. of the

aerosol particles which is related with a specific value of

collection efficiency 1, e. g. 0.5, from the operational con-

ditions of the jet impactor and the well known function

t = T( Y). r. is the radius of a ghere which has a specific

density 3. Mostly, it is set: 30 = 1 g cm-3 . The equation (2)

for the inertia parameter for irregularly shaped particles can

be used for evaluating r. as follows:

It 2 t t r si. ])= S r (1 +- [A Qexp(- 1 s)]) (

It can be seen from the equation (44) that the 5TOKA'] 'S



radius depends noz only on the eqaivalant ra-us r GLit

on the ratio S oMP which is not known for the atm&sph0eif

aerosol particles. Thus, the STOK2S'S radius cannot be taken

for an exact measure of the aerosol particle size. If the

ratio S/(. 0 ) is not constant for all particles, 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.

FEI N [20] has measured gaps in the size distribution of

STOKES'S radii of atmospheric aerosol particles with an

aerosol centrifuge by GO2TZ. F-NN has found these raps also

by mess of optical measurements. The physical explanation

might be the fact that well the ratio 3/(9080 as the

refractive index of the adrosol 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 addition, there is no agreement in the

calibrations of impactors which various authors have made

under different atmospheric conditions. Therefore, it is

necessary to improve the theory of the jet iLpactors. A

first approach upon which will not reported here is

considered being successful since the theory is in agree-

ment with the measurements. Furthermore, this new approach

could be used for explaning e. g. the quantitative dis-

crepancies between the impactor calibrations by R!UTZ and

IWONG [Ilj.J and those by ST2RN et al. [21J. At present, it is

being tried to improve this first approach.
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Lis% of Symbols

D. Width of Jet

1. Mean Free Path of the Air Molecules in the xit

Plane of the Jet

N(r,v*) Number of tne Aerosol Particles Whose .quivalen-L

Radii are Smaller Than r

n(ro) = (dN(r,v*)/dlogr)r=ro
0

Pa Air Pressure in Front of the Jet

r .;quivalent Radius

ro  Reference Radius

rs  STOKJS'S Radius of an Aerosol Particle

Re REYNOLDS Nunber for the Plow Around an Aerosol

!,article
Recrit Critical REYNOLDS Number for the Flow Around an

Aerosol Particle

a Air Temperature in Front of the det
u5 iSpeed of the Aerosol in the ]xit Plane of the Jet
Urel Mean Relative Speed Between Aerosol Particles and

Air in Between the xit Plane of the Jet and the

Collecting Plate in the Jet Impactor

V Volume of the Aerosol Particles Collected in the

Jet Impactor

Z Number of the Aerosol Particles Collected in the
Jet Impactor

I1 Collection Efficiency of Aerosol Particles in a

Jet Impactor
Dynamic Viscosity of the Air in the :xit Plane of

the Jet

at Dynamic Shape Factor of Aerosol Particles
v* JUNGE .2xponent

Density of Aerosol Particles
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SSj Air Density in the Exit Plane of the Jet

So, Arbitrary Density Value

Inertia Parameter for Any Given Shapes of Particles

in the Jet Impactor

IS Inertia Parameter for Spheres in the Jet Impactor

TSI
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D. Contribution to the Polarization of the Sky Radiation.

1. Diagram for Determining the Variation of the Degree of

Polarization as a Function of V.irious Parameters.

The diagram shows the variation of the maximum degree of

polarization of the sky light as a function of each of the

following parameters: Turbidity T, wavelength X, exponent

of the aerosol particle size distribution v*, zenith

distance of the sun Z, ana albedo A. The conclusions drawn

are of qualitative nature.

The ordinate represunts relative units. The 24 columns

do not comprise all the possible combinations of these five

parameters, they r.present an arbitrary selection of these

combinations. For example: In case of increasin, turbidity

in the column 1 wnile v- has a small value and the albodo A=O,

the degree of polarization decreases mord slightly at short

wavelengths (OoluM 1) than at longer ones (Column 2). This

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 increas in turbidity is com, bined with a

great value of v*, the wavelength dependence of the maximum

degree of polarization makes itself haraly felt any j;orv

(Columns 3 and 4).

This diagram 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 the maximum dogree of polari-

zation, but the degree of polarization at scattering angles
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S= 8o* and = IooO resp.

Some cases enable one to make a qualitative statement not

only on the variation of the degree of polarization, 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 mae 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, Germany.*)

4f-7I
The figurestshow the spectral distribution of the

percentage degree of polarization of the sky radiation for

the wavelengths X1 = o.449., X2 = o.624P and X 3 = o.844P 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 counterverticall the

angular distance between two neighbored verticals is 450 . The

measurements have been plotted for 6 solar elevations.

*) The fully automatic measuring device has been described

in the Final Tech Rep Contract DA-91-591-2UC-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 of the curves as e. g. due to erratic or multiple

maxima. It can be assumed that the circle of maximum polari-

zation in the sky almost coincides with the circle of

= 9o. This prerequisite implies a theoretical curve pattern

as follows:

The maximum of the 9o°-curve is always found at the zenith

distance z = 900, i. e. at the intersection with the horizon,

independent of the zenith distance Z. From the 9o°-curve

towards the countervertical, the maximum polarization shifts

to gradually decreasing values of z; in the countervertical,

i. e. in the 18o0 -curve, the maximum polarization reaches its

greatest height at the zenith distance z = 900 - H0 (H0

denotes the elevation angle of the sun). In between the 9oO -

curve and the sun's vertical, i. e. the 00 -curve, this maximum

point is located underneath the horizin or beyond the zenith

resp. This implies that both the 45*-curve and the 00 -curve

show an increase at both their ends and a minimum at z = Z.

The minimum value of the 450 -curve amounts to half of the

maximum value, whereas the minimum value of the 00 -curve is

zero.

The knowledge of the height of the polarization maximum

along a vertical does not enable one to draw 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 0 -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 be fully realized due
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to the time lag between two zenith measurements and due to a

small polarization effect of the multiplier. A measuring set
for each of the verticals comprised 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 multiplier

window of 3%. This effect can be eliuinated only if besides

the degree of polarization also the position of the polari-

zation plane in the sky is determined.

The examples of the measurements presented in the graphs can

be evaluated as follows: At the beginning of the measurements

at the solar elevation Ho = 1603o ' a.m., the maximum

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 becoLle almost

equal in amount; from 'I = 260 a.m. on, the maxima at

X = o.449P and at 4 = o.624p are nearly the same and in the

afternoon, 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.

Moreover, two separate maxima occur. This oan be seen from

the great.r values in thi 135 0-curves and the 9o0 -curves

compared with the 18o0 -curves, i. e. the counterverticals,
which according to the theory, should htve the only maximum.

Furtlerijore, the ratio of the maximum values of the 135* -

curves to those of the 18oO-curves varies: This variation

manifests a displacement of the maxima; with increasing solar
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elevation the maxima are shifted towardB the countervertical,

in the afternoon, however, back towards the horizon.

A striking fact is the great bulge of the 9oO-curve at the

wavelength X = o.844 4 at the solar elevation H = 350 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

momentary atmospheric pIlution due to suok, pluues 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

distance z = 720 because this has been the lowest point

under obsurvation.

These figures are only a few selected examples of quite

a number of measurements in order to prove the fuasibility

of obtaining information on the amount of the Idaxiaum

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 oeen

developed in the past twentyfive years, all more or less

based on the design of Waldram L2]. The mathematical

expression for this property, called the scattering

function, is found in the equation in polar coordinates:

TIr s--=- o~ = 2n , f (a,m,y) sinydy 1

0

where 8(a,m) is the volume scattering coefficient,

physically the flux I scattered out of a unit volume

Vs per unit irradiance B of the volume; f (a,m,y) is

the scattered function, y is the angle between the

forward direction of the incident beam and the scattered

light, called the scattering angle, and a and m are the

scattering parameter--r and the index of refraction,

respectively.
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The instrument which will be described(was basedCzloosely on Duntley's/evice, but differs from it in
several important and essential ways. Pirst, portability

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 increase the signal to
noise ratio and to eliminate the effect 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 soucelit side of the instrument,
irradiates the scattering volume at twice the chopper
frequency. Finally, the blackened inner aall of the
instrument, half cut away where the chopper is located,

provides a means of masking the scattered 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, complenients the
function of the chopper as shown below. Tne resulting
irradiation of the scattering volume during one period
of rotation of the chopper about its centerline is

as shown in the following table:

|I
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Source of Irradiation Portion of the Period

a. through apeeture 1: Sky Sky + Sun Mask Mask

b. through aperture 2: Mask Mask Sky Sky + Sun

c. total irradiation
through both aper-
tures: Sky + Sky, Sun + Sky + Sky, Sun +

Mask Mask LMask 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 scattering volume by source light

alone. As the entire instrument rotates about the axis normal

to th- scattering plane, the angular variation of this signal

is measured, from which one may obtain the scattering function

directly.

The following calculations were made to determino 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:

ds(a,m) = I(a,m,4,) (2)

The flux received at the lens having area A at a distance

from the scattering volume is riven by:

IA Eo A f(c,m,y) VP r= r 2 (3)
r r

The flux density irradiating the scattering volume, ', was

calculated from extraatmospheric irradiation per micron for

.555 ji as given by Johrion [l20.J and corrected for attenuation
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through an atmosphere having a turbidity factor of 6 along

a slant path of 300 elevation. The resulting irradiation of

the scattering volume was estimated at 1.76 x lo
-2 watts/cm2 /p.

The lens used in the instrument has an area of 37 cm ,

approximately. An expression for (dk/dw)R, the Rayleigh

scatting function, derived from Johnson [2,], was used as

a starting point. The expression obtained was:

dk _ f(a,m, ) 2n2 (m-1)-gas (l-+ cos.2 ). (4)=w "y X4n

where m is the index of refractio: of air, (m-l) as refers

to a cubic centimeter of gas, given as 293 x lo- 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 9o0 falling on the lens as roughly

2.3 x lo-9 watts/p or 2.3 x 10-11 watts for a 1o mp inter-

ference filter bandwidth. Assuming that Mie scattering

exceeded this value by a factor of lo, that the lumped

transmissions of the filters and the lens amounted to

3o0 and all energy reached the photocathode, and further

calculating an noise effective power of 8 x 1o
- 3 watts for

the photomultiplier with a 1 cycle noise bandwidth using

the resonant amplifier's, asignal to noise ratio of 8 was

arrived at, showing that the critical elements of the .7sign

were adequate for obtaining useful information for the

arbitrary cohditions chosen.

III. Mechanical and kptical Design 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 consi3ts of a 7.5 cm diameter lens with a

focal length of 15 cm located toward uhe rear of the
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instrument. A polarizing filter, manufactured by i&'se.iann,

is set behind the lens in a rotation mount, so that 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 measurements, these are

inserted sequentially benind the lens. A .aurer SJV photo-

multiplier with a side looking photocatnode having a

7 mm x 7 mi., surface is located 1 cm uenind the focal point

of the lens. A field stop having a 7 mm aiameter placed at

the focal point restricts the field of view of the lens so

that no direct rays througn the apjrtures lor rays reIlect. d

froma walls or stops in the instrument tube fall on the photo-

cathode. ?orward of the lens, a series of movaule 3tops

sprayed with 3M Black VeLvet optical uacquer nave ueen

placed witnin the tube, each one w.asxin ; the side of the

Tube in front of it from the lens, while those on either

side of the chopper apertures screen the lens and light -rap

from direct rays of the sun and at the same time lijit the

Liaxium forward axw back scaittering angles for ;ihicn the
scatterin; volume rezmains constant. On the outur wall of tile

tube on eitner side of the chopper apertures, additional

stops have been placed to screen the lens and light trap

from sky radiation.

,he instrument tube is made of brass and consists of three

sections, the photoi.,eter, tho chopper and the lignt trap,

easily separated for transport and repair or adjust.ient. '2n

chopper is driven by a 3ooo r.p.m. synchronous motor through
a ring gear operating at 8:1 reduction, mounted on its outr

edge. The motor is mounted partially within the instrumezL

tube rather than flush so as to reauce the diamEr of the

ring gear tiounteu on the ciopper. T2his is necessar'y to prvcw it
the ring gear frowi foriaing an outside stop for source rays

L'



-61-

before the maximum planned backecattering 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 a worm gear arrangement

by a synchronous motor at o.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 18o0 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 2o kg.

To allow use of the higher operating voltages, a cooling
housing for the photomultiplier has been developed. Crushed

dry ice is 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 each 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 2merging From the 3arth'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 f f 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 slightly changed from

where(k) is the scattering coefficient for the molecular

and (X) for the turbid constituents of the air near the

ground under normal conditions. By means of the quotient

D/H R it has been taken into account that the homogeneous

turbid atmosphere, which is characterized by (X), does not

reach the vertical extension of the homogeneous Rayleigh

atmosphere.

If the irradiance I(X)[cal sec -1 cm-2 j is incident upon a

volume element dV, the radiance dJ(y,X) [cal sec -1 cm-2 ] is

scattered on it under the angle y:

fp 4 fb 'V (I
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where fk(y.h) is the scattering function for a volume of
molecular air and fL(q.X) for a volume of turbid air. Both

the equations (1) and (2) are based upon the assumption that
the aerosol particle size distribution remains the same in

the vertical distribution, namely following I Junge's [26]

measurements in the air near the ground. The term HIHR 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. Radiation 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 ScatteringCZ7 C2 ]

According to the teeft -, this portion at first penetrates
along the path sI to the volume element dv1 and is then scattex
ed on it under the angle q, towards the point B. The radiation

suffers attenuation as well along the path BI as sB'. The

expression for this attenuation is

30(X (_____ CL (3)

f 7:3c~

According to the S, z is the zenith distance of the
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beam s''. The solid angle dwI is defined through

2 14

k' l (4)

where dF1 is the surface of the volume element dV1 which

points towards B. The scattering function for the entire

atmosphere f(y,X) is deter±ined through Y(G,X) =

fL(yX) HD + fA(yX) HR and the extinction coefficient a(,)

is determined through a(X) =G,(x) il +5(X) 11R

2.2. Radiation Due to Secondary qcatteijn.

Two possibilities are given: The radiation can be scatter-

ed upon dVI either into the low;er or into the upper heiai-

sphere. The following mathtematical approach is cased upon

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

for b = b 0but for b = b2:

w zo7Ccz (3a)

where the symbol I denotes prii.lary -nd iI secondary scatter-

in-. A portion of this raoiation is sca-ttreu on Lhe voluu.

element dV 2 under the anile ,, iow-ras -iie surl'ic eleu.eeiL df.

,ith the hielp of the equation (2) it is oouained
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SCC4.~L~ -SCE ? 9Y

Furthermore, dV2 can be substituted with

and morovzr, this scattered radiation is being attenuatud

along its pa h s3 so that it can be written

N [SecC , & $Cj 13

Now, in order uo find the total of all the volume elements dV2

within the infinitesimal solid angle dw3, the equation (7) is
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integrated over b. within the limits b - 0 and b = b

Sec - C'{L IH Lcq, I

Another final integration over tvi -oli.U anje d, 2 i

necessary because the volum- olement dV re~ivus riatin

from the entire upper haiispn-ru which has been ;catered

once.

Hence, the following radiation which has bein scattered

twice is received from the solid angle do.3 by the surface df:

,4wo o

(9)
F ii

SeCIS
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The radiation which has first gone upwards and has oeen

scattered on dVL is expressed witn a similar equation:

jo~ ~ -W eezSonE

-_(A q(AJCec

X(~c&-e4L- (.Lo)

,!0, t2.,.Se
e

J

3. Scattered -'Ldiation merging From %ae Top of the lartis

Atmosphere ,ithout Accounting for thn Reflectiviiyro ton :

jarth's ourface.

This paper does not Leal with the r_fiection uy 1imc . oi..c

out is restrict-d to the consideration of the raoiation .vntjo

after having ueun 6ciitterea once or twic, r~sp., i, -u;r,., l,

into space.
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3.1. Radiation Due to I riwary 6cattering.

The Scientific Aeport io 3 AF 61(o5L-)-5j5 AP,;iL, OAR,

Jan. 1965 contains a deiaileu derivation of rauiation wnich

goes back to space after having been scatterea once. '.ius,

for nol being repetitious, only th. final equation is

presentdd:

J8(q3 ~'5 .e 1-,4 Sec I4'

where the indices nave Oeen s~iht±, clnui . d as iieJi:;; .Ue

aforementioned Report, according o tn.; Slkucri 2.i

3.2. Radiation Due to zecoiiqary 6cattering.

Again, two different possiuilities .,u.,,t oe t ..e1 i.,.o

account: .he radiation can first ou to pri:iary sttri

be turned into the lower i,,,ispliere an(. tIWIv cue .o s.cx,.,ary

scattering oack to space. Cr tn rauiation is scdtturci V.vc

into the upper nemisphere.

The first way via dV is uoing consiuereu in e.tai. now.

The matheaiica'l approach is basect upon tnt. equation (.a).

According to tfe uquation (4), this riuiation is scotc" v

under the angle r) as it is indicated in the 2)ieoe -. lei,

it can be written:
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f NO ,) .(f)R • f4 , H.

ec { (12)

The volume element can be substituted with

HR z (13)

where the infinitesimal solid angle dw 4 is determined by I
dV 2 and s 4 .

The attenuation along the path s4 is taken into account

by integrating the equation (1) from b = b2 to u = 0 and

substituting the path element by the pressure

H (14)

0|
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Hence

[Cf TC•

(15)

ESC to 4eci12 W

Tnen, in order to find the total of all the volue elements

dV 2 within the infinitcsimal s-liud angle dt , th, interation

over b 2 iust be made from b 0 to b bo:

$CC -Se
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Finally, the integration ovir the solid angle 2

furnishes the total radiation due to secondary scalttering which

is incident upon the surface dF, froi.i the cone dw4:

Zr

ff

The relevant equation for the way via dV', reacIs:

2" - -
T~ ~

.4 (18)

XS-ec ,4 sect' sect. +sec%

V ~~)t +s e at ~ sc.4Seckj

a ,  : Z ., W .f ,

0 zj L(L
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The very complicated equations (9), (lo), (17), and (18)

enable one to compute the radiant flux 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 Evaluation.

The first difficulty results frou the fact that the

numerical values of the scattering function for turbid air

YD(tX) are available only for discrete angles i. Now,

the scatter angles y depend on the zenith distances of the

sun zo, the zenith distances of the scattered beams z and

the angles of azimuth a. An example is given for the angle

Y2 in the uquazion (17):

(k~e SLS(K tLSC05 L S 6(3 + If- tZ 0 j $(&( Z 'h (19)

Cos = TSZ'S + ' 'S ' (19)

Obviously, Y2 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, a 3); it is mere chance if the numerical value of

coincides with one of the discrete angles yi" That could be

helped by fitting an interpolation paraoolic curve in between

three consecutive values yi-l' i and Yi+l 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 thte points ti, ti+1 , ti+ 2 a Newton's intter-
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polation polynomial has been established

where the coefficients l(i ),  2(' ) and 3 are determin-

able. Then, this function Pi(t) has been integrated over the

interval [ti, ti+l].

5. Discussion of the Results.

5.1. Selection of the Parameters.

The equations (3), (9), (1o) or 1l) resp., (17) and (lb)

which have been described in the previous sections, nave been

used for computing the intensities received after primary

and secondary scattering at various zenith distances of the

sun zo , and at various wavelengths X and turbidity factors T.

The latter is included as well in the scattering function
according to

(q in t i coe) fIT ( cci n t(21)

u~s in the extinction coefficient according to

(X IT) = (T- ( 2)
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The following nume.'ical values of the parameters have been

selected: Wavelengths X = o.45 4, o.65 P, o.85 V; two zenith

distances of the sun zo = 370, 780; the turbidity factors

T = 2, 4, 6. Finally, it has to be mentioned that the mono-

chromatic solar radiation has been set I () =

n.1o3 [cal cm-2 sec -1 ] and the solid angles have been set

dwi = 1 str (i = 1, 2, 4) so that the results which will be

discussed are relative values. According to the mathematical

approach, the irradiances I(X) refer to a surface which is

normal to the incident beam.

5.2. The Scattered Radiation Received at the Bottom of the

Earth's Atmosphere.

The results of the computation will be interpreted with

the helpt of a few typical examples. The way of presentation is

the following: The diamter of the semicircle represents the

sun's vertical. This diamter is subdivided in equidistant

values of the zenith distance z which run fromt the center i
in two different directions up to the intersection with the
arc of the semicircle. The angles of azi.uth a run along

the periphery from a = 00 up to a = 18o; in the fig.7

the angles y = 3o, 6o, 9o, 12o ° and 15o are also marked.

Thus, each point (z, a) in the graph is related with a

direction from which an observer in the point IJ receives

scattered radiation.

The effect of scattering is strongest in a turbid atmo-

sphere with a great turbidity factor T and at a small wave-

length X as it is already indicated by the extinction

coefficient. An instructive ey-mple is given with the para-

meters T = 6, X = o.45 k and the zenith distance of the sun

zO = 370
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The graphs with the index a show the radiation due to primary

scattering which is received aa sky radiation from different

directions at the earth's surface or at the top of the earth's

atmospi.ore resp. The graphs with the index b present the

radiation due to primary and secondary scattering. The graphs

with the index c 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 looV0.

The comparison of the Figures 144 and 146 proves that

close to the sun it does not.make much difference whether

the effect of secondary scattering is accounted for or not;

the Figurel shows no more than 5%/ increase in radiance in

this 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. Theisolines 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 Figure4c 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 (z4- 750 - 8o) 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 witn the

position of the sun, the second falls within the afore-

mentioned band. Thus, the great portion of forward

scattering due to the turbid atmosphere which is so

characteristic for primary scattering, also shows with

I

4
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secondary scattering.

In case of a small extinction coefficient a(X), namely

for T = 2 and the wavelength X = o.85 g, quite a change is

observed. The percentage increase in the Fig.ISQ reaches a

maximum value of only a little more than 15*/ and goes down

in the minimum to about 1YO. The Fig.jSc 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 = 18o.

5.3. The Scattered Radiation deceived at the Top of the

2arth's Atmosphere.

The Figures-o and 7-7 refer to the same parameters z0 9 A,

and T as in the Figures ?and S ; however, the Figures 74

and U7 show the scattered radiation which is received at the
top of the earth's atmosphere. The comparison between the

graphs lc and 7cas well as 76 and 77d proves that the

radiance due to secondary scattering is greatest at great

extinction coefficients; this is true with the relative

as well as with the absolute values.

The isolines of scattered radiance (zo = 370, X = o.45 v,

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 74aand 76c. This

minimi, however, has shifted from a position at z 250 for

primary scattering to in between z = 50 and z = lo for

secondary scattering.

According to the grapn 76, a band of greatest relative

increase runs between both the miniia, i. e. that at z ' 3o° ,
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= 18o and that at he horizon. he proportion of the
radiation due to secondary scattering partly amounts to

more than 5o1 of the radiation due to primary scattering.

In case of a small extinction coefficient related with

= 0.85 k and T = 2 (Fig. 77), there cannot be seen any

basic change. In accordance with the sky radiation, the

radiation due to secondary scattering shows only a little

increase, ooth in the relative and absolute values. It is a

striking feature of the ;raph 77c that this increase is
distributed very uniformly into all direcLions. The

percentages vary only oetween 6/1 and 161' and the maximum

has been displaced towards the horizon compared with its

location at X = o.45 k and T = 6.

5.4. Scattered Radiation in tne Sun's Vertical.

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

The Fig.78 shows the distribution of the sxcy radiation if

at a high constant turbidity (T = 6) the zenith ais6ance of

the sun and the wavelength varj. he position of tho sun is

marked with an arrow where the curves or-ak off, becausy the

intensities have not been computed for z = z0 .

The comparison between the curves a and b proves the

decreasing influenct of secondary scattering when z approacnes

z0 , i. e. comes close to the sun; for both tne curves

gradually move together. This is true with ooth solar

positions and both wtvelengths. At a great distance from

the sun, however, the relevant pairs of curves for priuary
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scattering I(X)I as well as primary and suconuary scattering

I(x)Ii branch off the more the smaller the wavelengtn

grows. Thus, the influence of secondary scattering incraseu

with decreasing wavelength.

The Fig. 4 refers to th.- same paraaeters as in 2ig. 78
however, the Pig. 71 shows the scattered raciation whicli is

received at tne top of the earth's at,.iosphere. Again, the

predominance of se:condary scatterinr a; small w;avelengtths is

striking tnougn it does not reach as gruaz a v.lue .s with the

sky radiation. 2he arrows in the graph .ark thi directionts of

the )oint in opposition to the sun z o . ,hen tue inte1si-L-ie

due to primary scattering becomc ver, great due to s-trong

forwarascattering (L = 0 and z is gr;at), the ii'±uencu of

secondary scatterin- diuiinisnes at a low sun.

6. Concluoind .,emarks.

So far, only those interisilies navu oeen computeu .;nich
due to primary and secondary scatlerini in the turbio atmo-
sphere can be received at the ear-h's surlf-ce or at tae Lop

of the earth's atlMosphere resp. ?uture computations wust

account for the reflectivity of the earth's surface, too.

lt is intended to take into account not only the diffusc

reflection according to Lamb rt's cosine iaw uut also the

partly specular r,.:flection. 'h, measurniient- ttkcn by 0laLticr

wnich are presentud in this Leport will oo very suitable for

this purpose.
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