FE-3858

NRL REPORT 3858

TOTAL TRANSMISSION OF THE
ATMOSPHERE IN THE NEAR-INFRARED

Harold Yates

September 10, 1951

Lictribution Unlimited

Approved for
Public Release

Approved by:

H. S. Stewart, Head, Radiometry Branch
J. A. Sanderson, Superintendent, Optics Division

NAVAL RESEARCH LABORATORY

CAPTAIN F. R. FURTH, USHN, DIRECTOR

WASHINGTON, D.C.

=l

~oar Y
Y 1IN

a3



OpNav
Attn:

Attn:

ONR
Attn:
Attn:

BuAer
Attn:
Attn:
Attn:

BuOrd
Attn:
Attn;
Attn:
Attn:
Attn;

BuShips
Attn:
Attn;

Op-34H
Op-413

Code 421
Code 463

Code EL-T1
Code EL-84
Code TD-42

Code Ad3

Code Ad6a
Code Rede
Code Re%a
Code Rexg

Code 364
Code 853

CO and Dir., USNEL

CDR, USNOTS

Attn: Reports Unit

CDR, USNOL

Attn: RO, Phys. Optics Div.

Attn:
Attn:

Office, Chief of Ordnance

Attn:
Attn:

WG
HL

ORDTR-FC
ORTX-AR

DISTRIBUTION

CO, Frankford Arsenal, Philadelphia, Pa.

Attn: Fire Control Div.

0OCsig0

Attn: Ch. Eng. and Tech. Div., SIGTM-S
Attn: SIGGG-S

ii

B DD



CONTENTS

Abstract
Problem Status

Authorization

INTRODUCTION
EXPLANATION AND DESCRIPTION
CRITIQUE

REFERENCES

11

22

N

N

(EEEBENE



ABSTRACT

By combining the results of two reportsalready in exist-
ence, the atmospheric transmission of near-infrared black-
body radiation has been calculated as a function of water
vapor and carbon dioxide concentration, visibility, path
length, and blackbody source temperature. Nonew experi-
mental data are presented.

The results are presentedin twoforms: 1) curves from
which the transmission of all the radiation between 0.7 and
12 microns can be read as a function of any given set of at-
mosphenc conditions andblackbody source temperature (up
to 6000°K) and 2) tables from which curves of the above na-
ture can be manufactured for any desired wavelength region
within the limits of 0.7 and 12 microns.

PROBLEM STATUS

This is the final report on one phase of this problem.
AUTHORIZATION

NRL Problem NO7-17R
RDB NO 284-511

Manuscript submitted for publication June 28, 1951



TOTAL TRANSMISSION OF THE ATMOSPHERE IN THE
NEAR-INFRARED

INTRODUCTION

At present the best information available on atmospheric transmission in the near-
infrared is to be found in two reports, each dealing with one phase of the problem only.
With the purpose of presenting a complete picture, these two reports have been combined
to produce one set of results. With a blackbody source, the over-all radiation transmitted
in an entire spectral region (0.7 - 12 microns) is calculated as a function of the atmospheric
conditions and the temperature of the source.

In the wavelength region considered are two processes of major importance*: (a) the
selective absorption by water vapor and carbon dioxide in the air, and (b) the scattering
by fog and dust particles suspended in the air. The first has been considered in detail in a
report by John Nelson Howard of the Ohio State University Research Foundation(1). This
report gives individually, as a function of path length and concentration of absorber, the
absorption by all the important water-vapor and carbon-dioxide bands in the region 0.7-12
microns. Also included are graphs of the total transmission of the atmosphere between
0.7 and 12 microns calculated for various blackbody source temperatures, water-vapor
concentrations, and path lengths. The empirical formulae used in these calculations were
developed from absorption spectra (2,3,4) taken through a multiple-beam absorption cell
where water-vapor contents between 0.002 cm and 0.02 cm precipitable watert and carbon-
dioxide contents between 5.6 atmo. cm and 105 atmo. cm were investigated between 0.7 and
12 microns. It was considered that these measurements through small amounts of water
vapor established the laws of absorption well enough to justify extrapolation to the larger
amounts used here.

The second process, scattering, has been investigated and reported on by the Admiralty
Research Laboratory(5). Measurements were made of the transmission in regions free
of water-vapor and carbon-dioxide bands (the so-called “windows” between the bands), and
the values obtained were related to the transmission of visible light as measured by eye
and by their spectrometer at 0.61 micron. These results are shown in Figure 1, where,
for four values of the visible transmission, values of the transmission at 2.18, 3.61,
10.01, and 11.48 microns are plotted and smooth curves drawn through the points. For con-
venience, the positions of the water-vapor and carbon-dioxide bands considered here are
indicated above the wavelength scale.

The Admiralty data shows a sharp decrease in transmission beyond 7 microns due to
weak bands of water vapor and the wings of rotation bands lying farther out. A strong depend-
ence on water-vapor content was observed in this region. In order to separate the effects

* All other effects (e.g., molecular scattering and absorption by atmospheric constituents
otherthan water vapor and carbon dioxide) are small by comparison and have therefore
been neglected.

T Defined as the thickness of the layer of liquid water which can be condensed from the
column of air forming the path.
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Figure 1 - Atmospheric transmission in regions
between absorption bands

of haze from this dependence, it would have been necessary to take measurements on days
of widely varying visual transmission and constant water-vapor concentration, a condition
they were unable to realize. They therefore corrected all values of transmission measured
at the 10.01- and 11.48-micron points to a standard day when there was 17 mm of pre-
cipitable water in their 2264-yard path. The expression found most satisfactory for

this correction was T = Ce'bw, where b is a constant at constant wavelength, C is a constant
at constant visual transmission, w is the amount of water vapor in the path, and T is the
transmission over the path.

In this report, the effects of the 17 mm of precipitable water are removed in a manner
described later, and the corrected values showing the transmission of the haze alone are
plotted in Figure 1 for the 10.01- and 11.48-micron regions. All other points in Figure
2 are taken directly from the Admiralty Report. The dependence of transmission on water-
vapor content at the 2.18- and 3.61-micron points was observable but negligible compared
to the effects of even small amounts of haze.

EXPLANATION AND DESCRIPTION

For the computations of this report, the spectrum from 0.7 to 12 microns was divided
into 12 regions numbered 1 through 12 starting at the short-wavelength end. Five regions
(Nos. 2, 4, 6, 7, and 11) contain water-vapor bands; two (Nos. 6 and 9) contain carbon-
dioxide bands; and the remaining six (Nos. 1, 3, 5, 8, 10,and 12), the “windows” between the
bands, are considered to contain no absorption bands of water vapor, carbon dioxide, or
other atmospheric constituents—a condition true only to a first approximation as
mentioned above. The exact limits of the regions, taken from the Ohio State report, are
tabulated on the next page.

Figure 2 shows the division of energy among the regions for six blackbody temperatures.
Also included for the same blackbody temperatures are the total energy radiated in
watts/cm?, the wavelength at which the most energy is radiated, and the percent of the total
energy lying in the whole region considered (0.7 to 12 microns). So far as possible the
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Region Wavelength Range' | Av (Bandwidths in Wave Numbers):
(microns) @
1 0.70 - 1.20
2 1.20 - 1.50 1687
3 1.50 - 1.70
4 '1.70 - 2.00 880
5 2.00 - 2.40 '
6 2.40 - 3.00 800
7 3.00 - 3.50 700
8 3.50 - 4.17
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Figure 2 - Division of energy for black-body temperatures

energy distribution was calculated from tables of Planck Radiation Functions(6). Since these
tables are carried only to AT = 2, all additional points out to AT = 7.2 were calculated.

Figure 3, a plot of Beer’s Law, is used to facilitate calculations of attenuation due
to scattering. For example, if the transmission through 2000 yards of a certain atmosphere
is known to be 75%, the attenuation coefficient, B, for this transmission would be 0.289.
Substituting this into the expression % Transmission = e 7, the transmission over
any path of x yards can be calculated. For convenience, this expression has been plotted
for four path lengths (100, 1000, 10,000, and 20,000 yards) so that the transmission over
these paths can be read directly from the value of transmission for 2000 yards. The value
of 75% transmission per 2000 yards, for instance, would give 99.1% through 100 yards, 87%
through 1000 yards, 24% through 10,000 yards, and 5.8% through 20,000 yards.
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The best values for the transmission of a haze-free atmosphere containing water
vapor are to be found in a report by Hulburt (7), where several sources of experimental
data have been used to compute the effects of water vapor alone in the 7- to 14-micron
region. In the Admiralty Report, all data on haze (expressed as visual transmission per
2000 yards at 0.61 micron) versus transmission at the 10.01- and 11.48-micron points,
taken on days of widely varying water-vapor concentrations, were corrected by an ex-
ponential formula to a representative value of 15 mm of precipitable water in the path. As
the visual transmission increased, the transmission at 10.01 and 11.48 microns approached
the values of 88.0% and 78.5% respectively as the visual transmission approached 100%.
Hulburt’s tables give, for 15 mm of water, transmissions of 84% and 77% at 10.0 and
11.5 microns respectively—a fairly good agreement. Therefore, it was assumed that any
departure from the values approached at 100% visual transmission in the Admiralty data
were due to the haze present. The tables in Hulburt’s report were used in calculating the
effect of water alone. Figure 5, taken from the Admiralty report, illustrates the method
of computing the effects of haze alone. For example, for 50% visual transmission, the
transmission of the haze at 11.48 microns is 72.5/78.5 = 92.3%. At the right are indicated
the values predicted from Hulburt’s data for the transmission of the same amount of water
vapor.

Figures 6 through 20 show, for e 1_ T T 1 | T
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tration, visual transmission, and [ SRR A AT ""| ) :
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In each case the amount of water vapor present is specified in gm/ meter3 and the amount
of haze is specified in terms of the percent transmission of 0.61-micron radiation
through 2000 yards of the atmosphere. Values of t, , were obtained from the report-by
Howard (1), and those of t), were taken from Figure 1. The inverse-square /law has not
been considered. The values from the curves are to be applied after computing the signal
through an ideal or nonabsorbing atmosphere.

Tables 1 through 20 containing the individual values of Equation (2) from which the
curves were plotted, are included to make possible the manufacture of curves like Figures
6 through 20 for wavelength regions other than from 0.7 to 12 microns. Here the points on
a curve are presented broken down into the contributions from each region. Column W
contains the water-vapor concentration in grams/cubic meter, there being four values for
every set of remaining conditions. The numbers in subsequent columns are the fraction
(not percent) of the total emitted energy of the blackbody that will traverse the atmosphere
under the given conditons. The first three numbers are the significant figures, the number
after the dash the negative power of 10 by which the first figures must be multiplied.

For example, in Table 4, 373°K, 50% visual transmission5 the figure in column 7 for
100 yards and a water-vapor concentration of 5 grams/meter”® is 3.07-3. This, a shorthand
expression for 3.07 x 10~°, means that between 3.00 and 3.50 microns (region 7) the flux
density received from a 373°K blackbody placed 100 yards from the observer, in an
atmosphere of 50% transmission per 2000 yards at 0.61 micron and with a water-vapor con-
centration of 5 grams/meter® would be

F watts/cm?=3.07x10"°x 1.04 x 10~" xwmx (Area of Source in cnf)

= 8.42 x 10™"° x (Area of Source in enf),

where 1.04 x 107" is found from Figure 2 to be the total energy radiated in watts/cm’ from
a blackbody at 373°K and where 1/[« (1.10 x 10°)*] is the inverse-square-law factor (100
yards =1.10 x 10°cm). By summing all figures in the first row of Table 4 and sub-
stituting the result (4.02 x 10~") for 3.07 x 10”7 in the example above, we obtain the flux
density received between 0.7 and 12 microns (regions 1 to 12 inclusive) through 100 yards
of the same atmosphere.

CRITIQUE

These curves have been calculated considering the atmosphere as an isotropic medium.
They therefore apply only to horizontal paths through the atmosphere, since both the density
of scattering materials and the concentrations of water vapor and carbon dioxide change
considerably with altitude. Also, since there is a pressure effect on the absorption bands,
and since there is reason to believe that the nature of the scattering agent changes with
altitude, these curves should be considered to apply only to sea-level paths, where all the
data were taken.

Disregard of the effect of absorption bands in the “windows” introduces an error,
particularly for large path lengths. The lack of data, however, makes it impossible to
include this effect. The alternate effect, that of the scattering present in the absorption
bands, has been included, and the values used have been obtained from the smooth curves
drawn through the points measured in the windows (Figure 1).

Finally, although they are based on valid experimental data, the curves should be
subjected to an experimental check to investigate the validity of the assumptions and of
the technique.
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(For 373°K, 100" Transmission)
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TABL™ 5

(For 500°K, 100% Transmission)
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TABLE 6
(For 500°K, 85% Transmission)
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TABLE 9
(For 1000°K, 100% ‘1 ransmission)
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TABLE 10
(For 1000°K, 85% Transmission)

AL i o e Tt e ] W 8
qll oo = seRd|eedy [5=es
Lalll [t ] L Sk i ) i s T M i
o B B (=3 =, M- = =2 -] [Tl ] o B
590
i w
—
S 5 T 5
o | - - - -
= H.IvIR, ® 1””, HIPHH ﬂlB
oo o5 o ]
o = -«
@ =) 2
=] 3””’ L 4”” OPIF
— o =
i w B i
1 |
C-l R = wn R[er e 8
- - - =
miaa [aggal aaaa[aaae v
owag | moom| oW — 0w
| T|8CES [ES]RS | EE=S | S888 (8
= oo | o0 | rowe | Fed A |
I
SSwa
Clan<s
o 01 a0
% = T 0
o
s.a“aa-. M.’s’ ﬁuu» wnnu w.u
= w3 L o
TeeR 9293|773
el nooo nan o
“ISSRS | 8E87| £88
cieied e | mieded | S
I 5 L 147
o = Y (=1 (=]
o j’.” L ‘N”’” gﬁ””' DI
it - [ e
mmmm | mmeod| e | o
Sadglagas| oaga s
“|R%3§ EBRL| SRER | &
W= W | el W Q0o |
% 7 A 3
ol B Se ks Se o Sexce S
od - - bl
2 %
o= oW
ey
-l =T = wowe |wowe (wowo
.mn.-W .
aDg
Eo
—
] w o o o =
(=] i=1 =
MM = S g s 2
m,w. & 8




NAVAL RESEARCH LABORATORY

TABLE 11
(For 1000°K, 75% Transmission)
Water-Vapo: : Region
Path LengthiContent
(yards) |(gm/meter®] 1 2 3 4 5 [ 7 8 9 10 11 12
5 2.20-318.30-31.58-212.83-2 [7.39-23.90-2/1.03-1 [1.28-1|1.89-2|8.74-2|1.75-2|1.101
100 10 " |7.40-3 " l2.42-2| " 2.30-3] 1.00-1 " o " |4.30-3|1.09-1
15 " |6.80-3 " j2.13-2| * 1.45-219.75-2| » » 1.00-31.08-1
20 " |6.30-3 " |1.81-2| * |B.BO-3|9.54-2] " » » 1.0741
5 1.90-3|4.00-3|1.44-2|1.03-2 |6.87-2 8.46-2{1.23-1/5.70-3| 8.72-2 1.00-1
1000 10 * |2.40-3 "  14.60-3 » 7.66-2] ”~ ¥ = 9.47-2
15 * 11.50-3 " |2.20-3| * 6.99-2| = P - B.822
20 * |s.00-4] " |1.10-3 ¥ 6.43-2| " -~ " 8.50-2
5 1.70-3|2.20-3|1.30-2]4.50-3 |6.36-2 7.38-211.17-1|3.30-3] 8.65-2 9.37-2
2000 10 * |9.00-4] * |1.00-3 T 6.35-2] - 4 . 8.40-2
15, " |4.00-4] " |3.00-4| * 5.45-2| " 4 = 7.06-2
20 " |1.60-4f " i 4.75-2f * ® = 6.36-2
5 6.00-4/3.33-5/5.90-3 3.48-2 3.40-2|8.43-2|6.00-4| 8.39-2 5.00-2
10,000 10 i " s 2.03-2 ” 4 » 2.492
15 2 » i 1.30-2| * . - 1.252
20 " » = 8.10-3 » ” " 6.20-3
5 2.00-4 2.20-3 1.63-2 2.00-4{5.55-2 7.95-2 2.272
20,000 10 1 » 4 " ! 5.66-3
15 F . * y = 2.273
20 . " » " el 5.634
TABLE 12
(For 1000°K, 50% Transmission)
Water-Vapo] Region
Path Lengthl Content
(yards) |(gm/meter3)] 1 2 3 4 5 6 7 8 9 10 11 12

5 2.20-3 |8.20-3 |1.56-2|2.81-2 (7.34-2|3.88-2|1.02-1(1.28-1|1.87-28.24-2|1.75-2/1.10-1
100 10 *» |7.30-3] * |3.40-2 " |2.38-2|9.95-2] » " 14.30-3/1.08-1
15 »  16.80-3 " |2.12-2| * |1.44-2|9.71-2] "~ », " 11.00-3{1.08-1
20 " |6.30-3 ¥ 1.80-2| = |8.50-3|9.50-2| " .. = 1.074
5 1.70-3 |3.50-3 (1.31-2{9.40-3 |6.38-2 (5.00-4|7.85-2|1.16-1 |5.30-3 |B.13-2 9.80-2
1000 10 " |2.20-3 ”  14.20-3 ¥ 7.10-2 " - i 8.28-2
15 » 1.40-3 " |2.00-3 » 6.48-2 ~ > > 8.64-2
20 »  |8.00-4| " 1.00-3 ” 5.96-2 " ' = 8.32-2
5 1.30-3 |1.80-3 (1.07-2|3.80-3 |5.47-2 6.35-2|1.05-1{2.90-3 [7.51-2 8.99-2
2000 10 iy 7.00-4 o 9.00-4 ¥ 5.46-2 I 1 ol 8.06-2
15 " |3.00-4| " |(2.00-4| * 4.70-2 = P 3 6.78-2
20 Ly 1.00-4| = a 4.10-2 A - u 6.10-2
5 2.00-4 2.40-3 1.67- 1.52-2 |4.73-2[3.00-4 |4.10-2 4.07-2
10,000 10 N R > 9.00-3 v o » 2.03-2
15 = - - 5.80-3 > = g 1.02-2
20 - " 3, 3.60-3 iy N - 5.05-3
5 3.00-4 3.70-3 1.00-41.79-2 1.92-2 1.452
20,000 10 » . i » 3.613
15 x - o » 1.453
20 » = ki i 3.604
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18 NAVAL RESEARCH LABORATORY
TABLE 13
(For 2000°K, 100% Transmission)
Water-Vapon Region
Path Lengthf Content
(yards) |(gm/meter3) 1 2 5 6 7 9 10 12
5 1.33-1|1.31-1 1{1.27-1/1.16-1|6.94-2|86. 1.87-2|2.81-2 |4.2! 3.00-2
1 10 »  |1.30-1 1| = |1.12-1{6.82-2 » LA . A | )
15 " |1.20-1 1| = |1.09-1/6.90-2 » = s »
20 » 1.28-1 1 >, 1.07-1|6.89-2 " z 3.3 ®
5 1.33-1|1.25-1 1 1/1.27-1|8.50-2|6.88-2|6.07-21.35-2|2.81-2|2,80-2(3.00-2
10 10 " |1.21-1 1.04-1| * |7.62-2/6.82-2| ~ » » o |2.22-21 *
15 " |1.18-1 1 1| * |6.91-2|6.76-2 » o |ET2-2f "
20 * 11.16-1 9 2| = |6.38-2|6.72-2 " " |1.45-2f "
5 1.33-1(1.06-1 8 211.27-1|3.50-2|6.55-2|6.07-2(7.30-3 |2.81-2 |4.50-3|3.00-2
100 10 " |9.50-2 7.50-2| ™ |2.06-2|6.38-2| ~ i " 11.20-3|2.972
15 " |8.68-2 6.60-2| " |1.30-2{6.22-2 " " |3.00-4/2.94-2
20 * |8.00-2 5.87-2{ " |7.60-3|6.10-2 » " 2.91-2
5 1.33-1|5.08-2(8.85-2| 3.20-2|1.27-1 5.57-2|6.0 2.20-3|2.81-2 2.76-2
1000 10 r |3.08-2] ~ |1.45-2] " 5.05-2 ¥ = 2.61-2
15 »  |1.90-2 6.80-3| ~ 4.60-2 T o 2.43-2
20 " |1.18-2 3.40-3) ” 4.20-2 = 4 2.342
5 1.33-1]3.34-2 1.66-2]1.27-1 5.01-2 1.30-3|2.81-2 2.61-2
2000 10 = |1.33-2 3.70-3| " 4.32-2 4 " 2.34-2
15 " |6.00-3 9.00-4| " 3.70-2 1 4 1.96-2
20 " |2.60-3 b 3.22-2 e s 1.77-2
5 1.33-1)1.30-3 1.27-1 3.94-2 3.00-4{2.81-2 1.50-2
10,000 10 . » 1.78-2 i o 7.50-3
15 G > 1.12-2 i} & 3.753
20 * & 7.00-2 o ud 1.863
5 1.33-1 1.27-1 2.81-2 7.97-3
20,000 10 » " " 1.863
15 = o N 7.504
28 " " " 1.804
TABLE 14
(For 2000° K, 85% Transmission)
Water-Vapon Region
Path Length|Content
(yards) |(gm/meter3)l 1 2 5 6 7 9 10 12
5 1.33-1{ 1.06-1 -2|1.27-1} 3.50-2|6.55-2|6.07-2|7.30-3| 2.81-2 3.00-2
100 10 " |9.50-2 -2 * |2.06-2/6.38-2| ~ 2 = 2.97-2
15 ® |8.68-2 -2| " |1.30-2|6.22-2 . » 2.04-2
20 " | 8.00-2 -2l " |7.60-3/6.10-2 ” » 2.912
5 1.23-1|5.08-2 -2| 1.20-1) 5.57-2]|6.07-2|2.20-3| 2.81-2 2.76-2
1000 10 » 3.08-2 -2 & 5.05-2 ¥ 5 R 2.61-2
15 " |1.90-2 =3 * 4.60-2 = ” 2.43-2
20 " 11.38-2 -3f 4.20-2 " u 2,342
5 1.13-1|2.80-2 -2{1.14-1 5.00-2 2(1.30-3| 2.81-2 2.58-2
2000 10 " 11.13-2] -3 7 4.31-2 o » 2.31-2
15 " 15.10-3 -4f " 3.68-2 i ' 1.94-2
20 " 12.30-3 - 3.20-2 # - 1.75-2
5 5.90-2 7.60-2| , 2.95-2 3.00-4{2.81-2 1.44-2
10,000 10 . i 1.79-2 o o] 7.20-3
15 o " 1.12-2 & » 3.60-3
20 » i 7.00-3 i ) 1.78-3
5 [2.67-2 4.44-2 1.00-4 2.81-2 7.17-3
20,000 10 i i = 1.67-3
15 = e » 754
20 x: i - 1.62-4
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TABLE 15
(For 2000°K, T5% Transmission)
Water-Vapoxy Region
Path LengthiContent
(yards) |(gm/meter3) 1 2 3 4 5 6 7 8 9 10 1 | 12
5 1.33-1/ 1.06-1|8.84-2|8.67,2|1.26-1|8.50-2|6.55-2|6.06-2 [7.30-3 |2.81-2| 4.50-3{3.00-2
100 10 ®”  19.50-2 L 7.48-2 = 2.06-2/6.38-2 " L 2 1.20-32.972
15 ” 8.65-2 » 186.58-2 ». 1.30-2(6.22-2 . " - 3.00-42.942
20 ? |7.98-2 L 5.86-2 . 7.60-3|6.10-2 r " o 2912
5 1.08-1|4.88-2|8.05-2|3.16-2|1.18-1 5.40-215.98-2 |2.20-3 |2.80-2 2.73-2
1000 10 ~ 2.96-2 = 1.42-2 . 4,80-2 o " = 2.582
15 % 1.85-2 - 6.60-3 ’ 4.46-2 2. i » 2.40-2
20 2 1.14-2 »  13.30-3 » 4.08-2 i i 2 2312
5 1.04-1|2.64-2|7.25-2|1.40-2|1.08-1 4.75-2|5.89-2 [1.30-3 |2.78-2 2.56-2
2000 10 2 1.06-2 " 3.10-3 " 4.10-2 4 ¥ § 2.29-2
15 * |4.60-3| =~ [7.00-4] " 3.50-2| -~ ” - 1.022
20 ¥ 2.10-3 - * 3.04-2 o ’ ! 1.73-2
5 3.87-2| 4.00-43.28-2 5.94-2 2.28-2|5.28-2 [3.00-4(2,71-2 1.36-2
10,000 10 i = . 1.39-2 L a g 6.823
15 2 7 - 8.70-3 4 s i 3.413
20 2 = * 5.40-3 " = = 1.693
5 1.07-2 1.24-2 2.78-2 4.44-2 2.53-2 B.61-3
20,000 10 4 . ’ ” i " 1.54-3
15 ” » » - = 8.224
20 " " » " » 1.49-4
TABLE 16
(For 2000°K, 50% Transmission)
Water-Vapo Region
Path Lengthi Content
(yards) |(gm/meter3) 1 2 3 4 5 (] 7 8 9 10 11 12

5 1.31-1|1.04-1{8.75-2]8.65-2(1.26-1|3.48-2|6.51-2 (6.06-2| 7.30-3|2.80-2|4.30-3/ 2.99-2
100 10 " 9.25-2 o 7.40-2 " 2.05-2|6.34-2 2 » » 1.00-3{2.96-2
15 ~ 8.50-2 " |6.53-2 - 1.29-216.18-2 i » bl 2.93-2
20 " |7.85-2 2 5.80-2 i 7.60-3|6.06-2 = L * 2.90-2
5 1.01-1|4.40-2(7.35-2/2.90-2{1.09-1 5.01-2 |5.53-2|2.10-3|2.24-2 2.68-2
1000 10 i 2.65-2 il 1.30-2 » 4.55-2 » » . 2.53-2
15 = 1.65-2 ud 6.00-3 > 4,14-2 2 » " 2.36-2
20 ¥ 1.03-2 2 3.00-3 - 3.78-2 = = o 2.27-2
5 |7.74-22.17-2 |6.00-21.18-2 [9.40-2 4,05-2(5.00-2|1.10-3 [2.40-2 2.45-2
2000 10 » 8.70-3 iy 2.50-3 . 3.50-2 > » i 2.20-2
15 ” 3.90-3 3 7.00-4 2 2.98-2 " " ” 11.84-2
20 » |1.70-3| *~ ¥ 2.59-2| * i e 1.66-2
5 18.40-3 |1.30-3 [1.31-2 12.91-2 1.02-2 [2.25-2|2.00-4 [1.32-2 1.11-2
10,000 10 ” " & 6.20-3 p " i 5.55-3
15 " " ” 3.80-3 » ® . 2.77-3
20 -+ e 2 2.40-3 G n " 1.373
5 7.00-4 2.00-3 16.30-3 18.50-3 6.20-3 4,223
20,000 10 - i L i 4 9.86-4
15 - i ’ i » 3.97-4
20 " = ” " 5 9.545
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TABLE 17
(For 6000 %K, 100% Transmission)
Water -Vapot Region
Path Length Content
(yards) |(gm/meter3) 1 2 3 4 5 6 7 8 ] 10 1 | 12
5 3.03-1/6.91-2|2.85-2|2.52-2|2.16-2 |1.36-2|6.53-34.80-3 1.40-3 (1.90-3|2.20-3(1.10-3
i 10 I 6.85-2 o 2.48-2 o 1.32-2|6.50-3 » bt . 2.14-3| "
15 g 6.80-2 " 2.47-2 " 1.29-2|6.48-3 r = i 1.97-3 "
20 " 6.77-2 L 2.45-2 . 1.26-2]6.40-3 4 . * 1.88-3) "
5 3.03-1/6.56-2|2.85-2|2.37-2 [2.16-2 {1.07-2 6.50-3-430-8 1.02-3 |1.90-3|1.55-3(1.10-3
10 10 . 6.40-2 o 2.28-2 " .65-36.40-3 »: " » 1.19-3| ~
15 = 6.24-2 i 2.21-2 o .13-3|6.30-3 L r . 9.70-4| "
20 » 6.13-2 P 2,16-2 1 .04-3/6.25-3 3 = » 7.82-4| "
5 3.03-1{5.58-2 2.85-2|1.92-2 |2.16-2 |4.48-3|6.21-3|4.80-3 {5.50-4 |1.90-3 |2.65-41.103
100 10 i 5.00-2 o 1.44-2 i .64-3|6.00-3 ” " 3 6.30-5(1.093
15 ~: 4,56-2 » 1.64-2 o 1.66-3{5.80-3 g . = 2.00-5[1.08-3
20 i 4,20-2 i 1.28-2 ” .75-4|5.70-3 e ¥ T 1.073
5 3.03-1|2.88-2|2.85-2|7.55-3 |2.16-2 [7.50-5/5.29-3 |4.80-3 1.70-4 (1.90-3 1.01-3
1000 10 = 1.73-2 . 3.38-3 o 4,75-3 Ld »: it 9.57-4
19 o 1.07-2 ¥ 1.58-3 il 4.32-3 ” e ol 8.91-4
20 = |g.70-3| * [7.80-4| * 4.00-3| " iz ™ 584
5 3.03-1/1.76-2|2.85-2|3.64-3 |2.16-2 4,72-3 |4.80-3 |1.00-4 |1.80-3 574
2000 10 = 7.05-3 s 7.80-4 ¥ 4.06-3| * » » 584
15 L 3.17-3 5 1.95-5 » 3.50-3 » " » 214
20 fu 1.41-3 . " 3.04-3 it " i .494
b 3.03-1|4.37-5|2.85-2 2.16-2 9.00-4 |4.80-3 1.90-3 5.50-4
10,000 10 i " T 5.00-4 i » JT4-4
1% 3 ) o 3.00-4 i » 1.38-4
20 & ol N 2.00-4 " L2 825
5 03-1 2.85-2 2.16-2 4.80-3 1.90-3 2.74-4
20,000 10 " o - i # 826
15 » » » H ¥ 2.74-5
20 - L » L L .854
TABLE 18
(For 6000° K, 85% Transmission
Water-Vapory Region
Path LengthContent
(yards) |(gm/meter3)| 1 2 3 4 5 [} 7 8 9 10 11 12
5 2.78-1|2.69-2(2.66-2(7.10-3 [2.05-2 5.25-3 |4.80-3 {1.70-4 [1.90-3 1.013
1000 10 il 1.64-2 = 13.00-3 it 4,74-3 o % . 9.574
15 i 9.80-3 . 1.40-3 ” 4.33-3 = i . 8.914
20 n 6.20-3 ». 8.00-4 " 3.96-3 = 4 L 8.584
b 2.57-1/1.71-2{2.45-23.20-3 [1.95-2 4.66-3|4.80-3|1.00-4 {1.80-3 9.474
2000 10 » |7.00-3] " |7.00-4| " 4.02-3] ~ . " 8.50-4
15 a 3.20-3 2 1.00-4 i 3.45-3 » » ! 7.144
20 » 1.40-3 " ” 3.00-3 " N . 6.424
5 1.35-1|3.10-3{1.43-2 1.30-2 2.64-34.80-3 1.90-3 5.384
10,000 10 - - * 1.60-3 » " 2.63-4
15 5 F ” 1.00-3 r ® 1.324
20 i = . 6.30-4 » 5 6.716
5 6.05-2 4.63-3 .00-3 4.80-3 1.90-3 2.46-4
20,000 10 " " 4 i ” 6.145
15 5 A % - » 2.465
20 » " i % " 6.16-6
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TABLE 19
(For 6000°K, 75% Transmission)
Water-Vapor Region
Path Length|Content g
(yards) |(gm/meter3)| 1 2 3 4 5 1 6 7 8 ] 10 11 12
] "12.68-1 [2.57-2(2.58-26.93-3 [2.03-2|7.70-5/5.10-3 [4.73-3|1.70-4] 1.90-3 1.00-8
1000 10 " |1.57-2| " [3.10-3| * 4.60-3| "~ % i 9.474
15 " |8.80-3| " |1.45-3 = 4.20-3| " " L] B8.824
20 " 16.03-3| " |[7.15-4| * 3.94-3| " L 2 B.50-4
5 2.36-1(1.42-2|2.34-2(3.06-3 [1.86-2 4.42-314.61-3/1.00-4|1.88-3 9.38-4
2000 10 " |5.67-3] " |6.55-4] * 3.81-3| - " " 8.414
15 » |2.55-3| * |1.65-5] * 3.27-3| " i = 7.06-4
20 »  |1.13-3| * = 2.85-3| ~ »: M 6.364
5 B.78-2 |2.35-4(1.07-2 1.03-2 2.06-3|3.95-3|2.00-5(1.83-3 5.004
10,000 10 » > Ly 1.23-3| " . » 2.454
15 L] " F 7.85-4| *~ f ” 1.254
20 & & ® 4.90-4| * & w 6.205
5 2.58-2 4.00-3 4.90-3 3.26-3 1.71-3 2.274
20,000 10 " o A ” by 5.66-5
15 = " 2 ®, L 2.276
20 i s = » 3 5.606
TABLE 20
(For 6000°K, 50% Transmission)
Water-Vapor Region
Path Length Content é
(yards) |(gm/meter?)| 1 2 3 4 5 8 7 8 ] 10 i1 12
5 2.24-1|2.34-2|2.37-216.30-3|1.88-2 7.20-3 |4.36-3(1.00-4 [1.77-3 9.80-4
1000 10 » |1.43-2| " |2.80-3| " 6.50-3| ~ % % 9.28-4
15 ®» |8.60-3| " [1.30-3| ~ 5.90-3| 2 ” B.64-4
20 » 15.40-3| * |7.00-4| " 5.40-3| " d = B.324
5 1.68-1[1.14-2(1.94-2/2.60-3|1.62-2 5.80-3 |3.94-3 1.64-3 8.994
2000 10 * |460-3| ~ |6.00-4] - 5.00-3| ~ i 8.06-4
15 »  |2.10-3| ~ X 4.10-3| ~ 2 6.78-4
20 L2 9.00-4 i G 3.70-3 = * 6.104
5 1.49-2 4.20-3 5.20-3 1.60-3 |1.80-3 9.10-4 4.074
10,000 10 » ar ; 9.00-4| " il 2.034
15 » " i 6.00-4| ~ * 1.024
20 = - ", 3.00-4 " L 5.045
5 6.00-3 7.00-4 1.20-3 6.73-4 4.27-4 1.45-4
20,000 10 . 5 ® 2 ) 3.615
15 » 2! : 2 " 1.455
20 L 2 i . x 3.668

Ak E
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