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THE ATMOSPHERIC SCATTERING OF LIGHT
By Frederick E. Fowle

Rayleigh has indicated how the amount of energy scattered from

a beam of light within a gaseous medium may be used to determine

the number of molecules in that medium. It will be shown in what

follows that, whereas the application of the process to the enumera-

tion of the number of molecules in dry air leads to normal results,

its application to atmospheric aqueous vapor leads to an anomaly.

Further, this anomaly, like the aurora and certain atmospheric optical

phenomena, seems to be related to certain phases of solar activity.

In the process of determining the intensity of the sun's radiation

as it reaches the outside of the earth's atmosphere, certain so-called

atmospheric transmission coefficients are obtained.
1

These coefficients

express the fractional amounts of the sun's energy incident at the

outer limits of the atmosphere which would reach an observer at the

earth's surface with the sun in the zenith. They are determined at

some 40 different wave-lengths between 0.35 and 2.5 fi. In the follow-

ing discussion only those values will be considered which belong to

the region from 0.35 to 0.57 yu practically free from any complication

due to selective or banded absorptions.

These, which for the moment may be called " crude " transmission

coefficients, a,\, will be subjected to several " refining " processes. It

will first be assumed that the composition of dry atmospheric air

remains in general practically unchanged from day to day above an

altitude like that of Mount Wilson (1,730 meters) where the air is

nearly free from dust contamination. The amount of aqueous vapor,

however, changes many-fold. Let the coefficient ci\ for wave-length A

be assumed composed of two parts, aax ,
proper to dry air,- and awf due

to an amount of aqueous vapor above the station, which, if pre-

cipitated, would form a layer of water w centimeters thick. Then

or taking logarithms,

log ax= log aaX + a- log a irX .

If the logarithms of the observed transmission coefficients, log a\,

are plotted as abscissae against the precipitable water, w, as ordinates,

1 Annals of the Astrophysical Observatory of the Smithsonian Institution,

vol. 2, p. 13 c t seq., 1908.
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the points will be found to lie nearly on straight hues. The tangent

which the straight line best representing the points for the wave-

length A makes with the axis of abscissae gives log aw\ and its inter-

cept on the axis of ordinates gives log a„A

.

The observations taken each year at Mount Wilson
(
generally dur-

ing the months from June to November, inclusive) have been sub-

jected, year by year, to this refining process. They yield the results

given in tables i and 2. The process is described in more detail and

Table i.—Yearly Mean Dry-air Transmission Coefficients, aa -^

Obtained at Mount Wilson, altitude 1,730 m., barometer 62.3 cm.

Wave-length, (i
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The coefficients a„\and a^xwere then subjected to a second refining

process. Following" the lead of Rayleigh, Schuster and L. V. King,

aa\ may be placed equal to erh where c is the base of the natural

logarithms. Then

32 f

3
{l(„-i). $-. + «/£ + D

where ;/ is the index of refraction of air ; H, the height of a " homo-

geneous atmosphere " in cm. when the pressure p is 76 cm. H equals

7.99 X io5
; p, the observed atmospheric pressure ; A. the wave-length

in cm. ; N , the number of molecules per cm. 3 at 76 cm. pressure and

0° C; b, a factor to represent the amount of energy absorbed and

changed into heat and which approximates zero in the region con-

sidered (no selective absorption) ; D, a coefficient of transmission

suitable to whatever dust may be present. This dust is presumed to

be composed of particles so large that D is invariable with the wave-

length.

Treating N and D as the unknowns, least-square solutions were

made by Miss F. A. Graves from the values of a„\ grouped year by

year. Table 3 contains the results.

Table 3

Ar
, the number of molecules per cm. 3

, 76 cm. pressure, 0° (.'.

D, the value of K for dry atmospheric dust.

191O-II. .

I9I3.....

1914
1915
1916

No= (2.7s ± 0.02) io'°

(2.69 ± 0.03) IO10

(2.66 ± 0.05) IO19

(2.74 ±0.05) IO10

(2.89 ±0.08) IO19

Weighted mean (2.72 ±0.01) io10

D = 0.005 ± 0.002
0.026 ± 0.003
0.010 ± 0.006

0.0 10 ± 0.005

0.032 ± 0.007

Weight 18

6

3

3
1

(The separate values were weighted inversely as the squares of their probable errors.)

First to be noted is the close agreement of the mean value of the

number of molecules per cm. 3 with what is probably the best value

'

obtained from other methods (2.705 ±0.003) io19 . The correspond-

ing value of Avogadro's constant is 6.09 X io23
. Next to be noted are

the dust-transmission values. Remembering that a,i= eD , during 1910

to 191 1 a,i equals 0.995. That is, only about 0.5 per cent of the in-

1 Millikan, Philosophical Magazine, 34, p. 3, 1917. See also " The Physical

Properties of Colloidal Solutions," Burton, p. 38, 1916, for table of determina-

tions of these constants by various methods.
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coming energy from the sun was scattered by this dust or what may
be called " dry haziness " in distinction from a somewhat similar con-

dition to be discussed later but associated with water vapor and there-

fore denoted " wet haziness." During 1912 ' owing to volcanic dust,

this scattering by dust particles increased to about 25 per cent on the

haziest days. It had decreased, on the average, to 2.6 per cent

during 1913, and 1 per cent during 1914 and 1915. During 1916 it

increased again to an average value of 3.2 per cent producing a

marked streakiness in the sky as seen at dawn at Mount Wilson.

Between wave-lengths 0.35 and 0.57 n nearly all the loss of light

from a beam passing through dry, dust-free air is seen to be due to

scattering by the molecules of the air. As has been just noted,

during 1910-11 the air was nearly dust free. In the last line of

table 1 are given the means of the dry-air coefficients for these two

years. They are closely in accord with the values to be expected

from Rayleigh's theory. For the first three values, in brackets,

theoretical values have been substituted since at these wave-lengths

the accuracy of the observed ones is vitiated by field light.

The water-vapor coefficients will next be analysed. Because of the

more normal results, the formula will first be applied to a group of

transmission coefficients for liquid water obtained by Kreusler,
2

Ewan,s
and Aschkinass.

4

Table 4.

—

Number of Molecules N derived from Liquid Water
Transparency

Wave-length in //.
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For the range of wave-lengths utilized in table 4, 0.2 to 0.5 /x, the

mean value of N obtained from the liquid-water data is 2.90 X iolft

which though large is of the right order of magnitude and quite as

accurate as the accuracy of the data warrants. For these wave-

lengths therefore liquid water scatters transmitted radiation just as

would the same amount of water in gaseous state according to

Rayleigh's theory.
1

Values of N of quite a different order of magnitude are obtained

when based on the transmission coefficients for atmospheric aqueous

vapor. A graphical rather than a least-squares method has been

resorted to in the present case. N tp , the number of molecules per

cm. 3 at the pressure p and the temperature t, may be derived from

the expression
2

(n—i)p \
2 (i+at)y6ox io3

i_

(0.81 )p
k=*2

3 (l+a07OO AV + D

„ o.8ip x io-8 . * 1 a. • i_* £Here -,— > ^ is approximately the weight of aqueous vapor in

grams per cm. 3
, or in other words the reciprocal of the height of a

column 1 cm. 2 containing 1 cm. precipitable water at the temperature

t and the pressure p. Plotting the observations with (n— i) 2/a*

and k as variables and calling M the tangent made by the best repre-

sentative right line with the X axis, then Ntp may be obtained through

the equation

N _ 32"-3

.
pXIO3

I

tP
3 0.8l (I + at) 760' M

Figure 1 shows the graphical steps and the following table the result-

ing values

:

Table 5.

—

Number of Molecules N
t{)

, derived from the Transparency of

Atmospheric Aqueous Vapor

Year
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Over the region plotted k may be considered equal to i — a„ x , that

is the scale of ordinates of figure i represents approximately the

fractional absorption of energy by i cm. of precipitable water in the

form of atmospheric vapor. The data for wave-lengths to the right

of the region shown (wave-length less than 0.35 /*) and to the left

(greater than 0.60 fx) are very inaccurate, the first because of spectro-

scopic field-light and very small measurable quantities, and the

second because of selective absorption. The accuracy with which the

observations fall on a straight line is beyond expectation. Within

the wave-length limits just named the average departures from a

straight line for the different years correspond in absorption as

follows

:

Year
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which is derived from

SttW (D'-D) 2 7*
k ~

3 D 2 A
4

» t 2 )

by substituting from

NT(D'-D ,.

where D and Z7 are now the original and the altered densities of the

medium and T the volume of the disturbing particle. That is n,

the index of refraction, is a function of N, the number of molecules

per cm. 3 In the present case the value of n cannot be observed. A
preliminary use of the formula for NtP leads to the suspicion of

something abnormal in the condition of atmospheric aqueous vapor.

For instance, is it in some colloidal state resulting from some form

of ionization of the air? Wilson,
1

for instance, has shown that

under the influence of ultra-violet light, in moist dust-free air,

nuclei are formed and may grow " till they become large enough to

scatter ordinary light." By careful laboratory researches he has

shown that oxygen and water vapor alone are necessary for their

production ; that water vapor is necessary ; that saturated vapor is

not necessary ; that these nuclei persist for some time after their

formation ; that they are different from ions since they carry no

electric charge; that they are probably due to some combination,

H2 2 , which by decreasing the vapor pressure allows drops of water

containing one of them to form and grow where pure water drops

would evaporate. Bieber ' has since shown that H 2O a is formed by

the action of ultra-violet light. Although the ultra-violet energy

in sunlight is too weak at the surface of the earth to be very efficient

in the formation of these nuclei, in the clear air above Mount Wilson

it may well be very active. In such nuclei, dependent directly upon

the presence of water vapor, there seems a possible explanation of

the increased absorption. Or, is it possibly due to some emanation

from the sun producing some change in the condition of the water

vapor ?

Reverting now to formula (2) it is to be noted that if the molecules

cluster together because of some ionization phenomena or other-

wise and in such state each cluster acts as a whole in scattering light

as ordinarily a single molecule does, then, neglecting for the moment
the effect of the factor (D' — D) 2/D 2

, the intensity of the scattering

1
Philosophical Transactions of the Royal Society, 192, p. 403, li

2 Annalen der Physik, 39, p. 1313, 1912.
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would vary directly as the sixth power of the diameter of the

scattering unit and the first power of N, so that diminishing N by -J-,

for instance, may increase the T2 factor by 4- fold thus doubling the

scattering. In table 6 formula (2) has been used to avoid introduc-

ing the unknown index of refraction for atmospheric water vapor.

Table 6.

—

The Variation of the Transparency of Atmospheric Water
Vapor compared with Solar Phenomena

Date
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As has been stated in former communications, this strongly con-

firms the accuracy of our estimations of the atmospheric losses affect-

ing the radiation reaching us from the sun.

There is to be expected above the altitude of Mount Wilson (1^730

meters) a certain amount of what has been called " dry haziness " to

distinguish it from a similar haziness associated with aqueous vapor.

Before the Mount Katmai eruption of 1912, during 1910 and 191 1.

this caused a loss of only about -i of one per cent from the in-

coming solar radiation when the sun was in the zenith. The mean

of the coefficients for these two years ( table 1 ) . given in the lower

line of that table, may be taken as a close approximation to the

transparency of dry. dust-free air. During 1913, this loss due to dry

haziness decreased from its enormous value of 25 per cent just sub-

sequent to the Mount Katmai eruption to about 3 per cent and during

1914-15 to about 1 per cent, but it increased again to 3 per cent

during 1916.

Within the same spectrum region, the transmission coefficients for

atmospheric aqueous vapor (a l0x )
also apparently vary with the

inverse fourth power of the wave-length. The scattering of radia-

tion when passing through liquid water is shown to be the same as

would be expected from the number of (H 20) molecules present if

the same quantity of water existed in a gaseous state. But the same

amount of water in the form of atmospheric water vapor should give

50-fold less absorption than that observed. This may be due to

some combination (HX))., of a portion, at least, of the vapor. In-

creasing the effective diameter of the scattering particle may be far

more effective in scattering the radiation than is compensated by the

resultant decrease in their number ; for the scattering varies with

the sixth power of the diameter and only directly with the number.

This peculiar molecular condition might be supposed connected

with some ionization phenomenon, and possibly, like the aurora

(Stormer), in some way might be dependent on charged particles

coming from the sun. As shown in figure 2 there does seem to be a

connection between this phenomenon, curve a, the solar radiation

intensity, curve b, and the sun-spot numbers, curve c. This amounts

to saying that the smaller the average solar radiation or the sun-spot

number, the greater is the absorptive power of atmospheric water

vapor. This result requires further testing. It is, however, con-
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sistent with the observations of Dorno on various optical atmospheric

phenomena and of Stormer on the aurora.

There is a moist haziness associated with water vapor which pro-

duces losses from the direct solar beam throughout the spectrum of

about 2 per cent. There is perhaps a slight indication that this

varies in the same direction and from the same causes as does a u \.

astrophysical observatory,

Smithsonian Institution,

Washington, D. C,

March, 1918.

Errata to Vol. 68, No. 8, Smithsonian Miscellaneous Collec-

tions, Water Vapor Transparency to Low-Temperature

Radiation, by F. E. Fowle.

P. 44: The ordinates of Fig. 15 should have been called " Frac-

tional transmissions."

P. 45, Table 10: The values given for a u \ are for the altitude of

Mount Wilson, barometer 62.3 cm. For sea level they are as follows

:

x 0.342 0.350 0.360 0.371 0.384 0.397 0413 0431 0.452 0.475

„:\
•53i -565 -597 -631 -662 .706 .742 .771 .808 .835

X 0.503 0.535 0-574 0.624 0.686 0.764 0.864 0.987 1. 146 1.302

aaX .861 .877 .885 .914 .950 .974 -984 -990 -995 -996

X 1.452 1.603 L738 1.870 2.000 2.123 2.242 2.348

o
tl \ 098 -999 -999 -999 -999 -999 -999 -999




