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ABSTRACT

The transmission of the atmosphere in the spec-
tral range from 0.5 to 15 p has been studied over three
sea-level paths 0.3, 5.5, and 16.25 km in length, with
an average spectral resolution, A/AX, of 300. The con-
ditions encountered covered a wide range, from 0.11
cm precipitable water in the 0.3-km path to a maxt-

I G.M -- -mumtL n-. of 34cmn p-r eciptLab)l e water if Liu the& L.•.)-NJ INL pCaLh,
and values of the visual scattering coefficient were
measured from 0.048 km- 1 to 9.24 km- 1 . Data have
beet, evaluated on selective transmission vs water-
vapor concentration for the infrared "window" regions,
and the behavior of the scattering coefficient with
wavelength has been plotted for representative atmos-
pheres. Similar data were plotted for several meas-
uremeni ,-., - over a range of 27.7 km at an altitude
of 10,000 F.

PROBLEM STATUS

This is a final report on Problem N03-05, which
was terminated Sept. 30, 1959.

AUTHORIZATION

NRL Problem N03-05
Project NO 501/825/51032/02371

Manuscript submitted January 12, 1960.
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INFRARED TRANSMISSION OF THE ATMOSPHERE

INTRODUCTION

The present study was undertaken to satisfy a basic requirement in the field of
military infrared technology - the measured transmission of long paths in the lower

atmosphere. There have been a number of excellent direct studies of this sort in the
past (1-11), but their assembled results leave a few important factors ill-defined. For
one thing, tne paths investigated were mostly only a few thousand yards long, the longest
being three miles. Modern practice requires a knowledge of path lengths many times
greater than this, and extrapolation from data on quite short paths is highly unreliable.
In addition, most of the earlier experimental studies have dealt individually with either
one or the other of the two major processes involved in atmospheric attenuation -
sclcctivc --.oecular absorption hv the atmospheric gases and dissipation by scattering
from fog, haze, or smoke.

Ln order to expand the limited knowledge of atmospheric transmission, it was felt
advisable to be able to measure and account for both absorption and scattering in one
direct observation and to have these data apply without extrapolation to atmospheric
paths of significant length. Therefore absorption spectra covering the entire practical
infrared have been obtained over paths up to nearly 30 km. The instrumentation employed
could not be carried to desired elevations for measurements in the upper atmosphere -
certainly it was not capable of being airborne - but one path lying between two mountains
about 10,000 ft above sea level was investigat-d in order to supply some of the informa-
tion needed. The present report is the final summary of this effort. Two earlier reports
have described the problem and the instrumentation and have given some of the first
results (12,13). In an effort to be concise, much detail and some of the results contained
in these earlier reports have not been reproduced here. It is necessary, therefore, to
consider these three reports together as the final product.

INSTRUMENTATION

The three sea-level horizontal paths used in this work were of lengths 0.3, 5.5, and
16.25 kin, at the Chesapeake Bay Annex (CBA) of the U.S. Naval Research Laboratory.
The Annex is situated on the west shore of Chesapeake Bay near North Beach, Md. The
two long paths are shown in Fig. 1. The 0.3-km path lay along the shore within the
fenced area of the Annex. The measuring instruments were housed in the Optics Building
at the Annex, and sources were placed at the ends of the three paths. A fourth path,
27.7 km long, lay between the mountains Mauna Loa and 1tmina Kea on the Island of
Hawaii. In this installation the source was located at an elevation of 9300 ft at the end
of the road up Mauna Kea, while the recording instruments were housed in the U.S.
Weather Bureau Station at the 11,100-ft level of Mauna Loa. Both installations were on
thUe opposing faces of the two mountains, which are 13,784 and 13,680 ft high, respectively.
Figure 2 shows the geometry of the Hawaiian path.

Note - H. W. Yates is now at Barnes Engineering Co., Stamford, Conn. J. H. Taylor
is now at Southwestern Univerhitv, Memphis, Tenn.

1
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Fig. I - Long transmission paths in the
Chesapeake Bay area
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Fig. 2 - Optical-path geometry for the
Hawaiian measurements
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The instrumentation consisted of an unmodulated source of radiation at one end of

the atmospheric path, and a monochromator with collecting mirror at the other end of

the path. An auxiliary instrument was used for measuring and continuou3ly recording

the transmission of the atmosphere in the visible region of the spectrum. The sources

were 60-in.-diameter carbon arc searchlights -ith the glass windows removed to permit

operation in the infrared. With the windows removed the arc is extremely sensitive to

wind, so the searchlights were placed behind baffles that acted as windshields (Fig. 3).

The successful use of the carbon axc in this program required considerable care, and

the interested reader is referred to the first report on this program for a detailed dis-

cussion of its operation (12). For the 0.3-kim and the 5.5-km paths, one light was used
as the source, for the 27.7-km path two lights were used, and for the 16.25-km path

three lights were used. Multiple sources were employed both to overcome the inverse-
square loss of intensity with distance and to minimize atmospheric fluctuation, or
"twinkle," which usually was the linmiting factor in any given measurement. By increas-

ing the angle subtended at the collector by the source, the refractive noise, or twinkle,
in the intervening atmosphere can be reduced. The rms ac noise due to twinkle has been
shown to be proportional to me square rout of the angle subLte•nded by the source at the
receiver (14).

Fig. 3 - Rear view of 6 0-in. searchlight
facing into a house-type windshield

The recording instruments used hi this program were Perkin-Elmer monochromators.
The installation at CBA included a Model 83 Monochromator, with LiF prism, covering
the region 0.5 to 5.5 W,and a Perkin-Elmer Model 12-C Spectrometer, with NaCl prism,
covering the region 5 to 16 x(Fig. 4). These two instruments were used simultaneously
to reduce the time required for taking data and to allow the use of prisms appropriate to
those two spectral regions without frequent prism changes. Frequent exposures of an
NaCi prism to the air during prism changes, particularly in the atmospheres of the test
areas, would result in rapid fogging and unknown changes in the spectral transmission
of the instrument. Flux collection for each monoehromator was accomplished by a 16-

in. focal length, f/3.8 parabolic mirror arranged so that by reflection from two secondary
mirrors, the images of several sources placed side by side would be rotated through
90 degrees and appear vertically along the entrance slit of the instrument (12). For the
installation on M1auna Loa, one instrument was used, the Medel 12-C Spectrometer, and
prisms were changed to cover the full spectrum.
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Fig. 4 - Receiver installation for the Chesapeake Bay measurements.
One c oll ec to r rmrror is shown in the right foreground, The two
monochromators with auxiliary Newtonian flats are shown center and
left. One recording rack is visible in the background.

The collector mirror for the Hawaiian installation was a 24-in.-diameter, f/3.6
parabola designed for optimum use with the Perkin-Elmer instrument and manufactured
by the Optical Shop, U.S. Naval Weapons Plant. The shadow of the Newtonian diagonal
mirror was matched to the head of the thermocouple detector in the instrument, and the
shadow of the Newtonian support rod was arranged to fall on the t~hermocouple support
rod so that there was no loss of effective collector area. This increase In effective
collector area and optical quality relative tu the 16-in. collecturs caused the signal level
from two lights over the 27.7-km path in Hawaii to be only moderately less than the
signal from three lights over the 16.25-km path at OBA. The use of only two lights in
the Hawaiian installation was the result of logistic limitations. The installation and
maintenance of such large equipments in difficult areas are formidable problems.

The radiation detectors were Perkin-Elmer thermocouples. The outputs from the
thermocouples were amplified by Perkin-Elmer 13-cps breaker amplifiers and recorded
on Speedomax Type G recorders. Wavelength calibration was carried out on the spec-
trometers at all installations by using the emission of a General Electric H-4 mercury
lamp and the absorption bands of HO, CO, COC, CH4 , 11C1, HBr, and CH3 OH. Wave-
lengths for this calibration were taken from Ref. 15.

In Hawaii, the transmission in the visible region of the spectrum was determined
by observing a calibrated lamp with a visual telephotometer. The telephotometer is of
the low-brightness Rochester type and must be used at night (16). Therefore, operation
at the Hawaii site was limited to night, when measurements of the visual trarnsmission
could be made before and after a transmission spectrum was taken. At CBA, two
recording transmissometers were installed, and they continuously recorded the visual
transmission over the 5.5- and 16.25-km paths by day and night so that infrared trans-
mission spectra could be measured at any time. These transmissometers are linear
recording instruments that require nighttime calibration by the low-brightness
telephotometer (16).
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Conventional use of the low-brightness telephotometer requires the use of a calibrated
lamp and absolute calibration of the telephotUwneter. The lamp is placed at one end of the
path to be measured, and the illumination produced at the other end of the path is meas-
ured with the telephotometer. Any reduction below that calculated from inverse-square
loss is attributed to the losses in the atmosphere. These quantities are related by the
following equation:

R K K , (1)

where

R = telephotometer reading (arbitrary divisions)

K = calibration constant of photometer (ft-candles/divisIon)

I = intensity of lamp (candlepower)

D path length (f)'

T = transmission of the atmosphere over path length D.

The technique used in the present program takes advantage of the fact that transmis-
sion is a dimensionless number requiring absolute calibration of neither the lamp nor the
telephotometer. A calibration of the teiephotorneter relative to a given large lamp is
carried out by using a small intermediary lamp to simulate at short distance the effect
of the large lamp at great distances. This small lamp (about I candlepower) is placed
sfriit 15a ft rrrnm te tenhn~rMtnn !o-nr 4 -1-te dta-ca -p I fl - ---

by whirling sector discs in front of the lamp. The telephotometer readings are then given
by

R = K - t, (2)

where

I = intensity of the small lamp (candlepower,

d = effective distance (increased by sector discs) between
telephotometer and lamp (ft)

t - transmissiun of 150-ft path used.

If R e i4justed to be the same for both the large distant lamp and the small lamp, &p..
(1) and (2) can be equated.

-T =.it, (3)
DO d'

with K dropping out. Over the short 150-ft path, t can he considered to be 100 percent,
so that

T uoF)(P) (4)

It in therefore necessary only to know the intensity ratio (i/1) for the two iamps and the
two distances d and D. The large lamps used were 1000-waft airway beacon lamps of
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about 1500 candlepower, and the intensity ratios between them and the small 1-candlepower
lamps were obtained on a photometry bench, where one leg was about 130 it.

Measuring d for each individual transmission measurement was not practical in the
field, and so the telephotometer was calibrated in terms of 1/d' for one particular small
lamp. Thus, when a measurement was made over a particular path of known length D,
the telephotometer was used to measure a value of 1/0I for the large remote lamp, and
transmission was calculated from D, l/d 2 , and the previously measured Intensity ratio
(0/I).

EXPERIMENTAL PROCEDURE

The first step In the measurement of the infrared transmission of the atmosphere
was to measure the radiation from the source over the 0.3-km path. It was felt that a
satisfactory vacuum envelope could be drawn from such a spectrum. The LIF instrument
scanned the spectral region from 0.5 to 5.2 gi, and the NaCI instrument scanned the region
from 2,72 to 15 -. In recording the spectirum uver the 0.3-km path, maximum resolution
was not used. Instead, a slit schedule was used which would give sufficient signal when
used with the longest paths. The choice of a 0.3-km reference path, rather than a much
shorter one, was made primarily to make the geometry approach that which existed in
the case of the distant lights. In all cases, it was the searchlight mirror which was imaged
on Lie entrance slits. The vacuum envelope used in reducing the data was obtained from
several runs made on the 0.3-km path. All of these runs were reproducible to about two
percent.

The second step in the procedure was to record the infrared spectrum over one of
the distant paths with the same slit program used in the 0.3-km path. By taking the ratio
of the deflection at a given wavelength obtained over the distant path to the deflection
obtained over the 0.3-km path, a number proportional to transmission was obtained.
Since absolute transmission values were required, it was necessary to determine a factor
which, when multiplied by the above-mentioned ratio, would yield the absolute transmission
at the given wavelength. This factor was determined at 0.55 pL for each path by means of
the visual telephotometer and auxiliary light source.

When the factor at 0.55 g which -would yield absolute transmission values was deter-
mined, the spectrum obtained with the LIF instrument was then reduced point by point to
absolute transmission values. A plot was then made of transmission versus wavelength
from 0.55 to 5.2 u. Since the region from 2.72 to 4.2 p was scanned by both the LiF and
NaCl instruments, it was used as a tie-down region for the normalization of the NaCl
measurements. For this region, the area under the curve obtained with the LiF instrument
was planimetered, and an average absolute transmission was calculated. The same pro-
cedure was repeated for this window using the spectrum obtained with the NaCI instrument.
The value obtained was proportional to the average absolute transmission in the window.
it was then possible to calculate the factor which, when multiplied by the average value
obtained with the NaCI instrument, would yield the average absolute transmission as
obtained with the LIF Instrument. Knowing this factor, it was possible to reduce point by
point the spectrum obta-ined viRth the NaCl instrument in the long-wavelength region to
absoiute trAnsmission values.

RESULTS

The basic data on which thu results of this report are based consist of ... ±, a:plete
spectra covering the region 0.5 to 15 ai with an average resolution, XsAX, of about 300.
Of the 51 complete spectra, 15 were reduced to absolute values of transmission vs wave-
length over the full spectral range, five more were reduced only to values of scattering
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coefficient vs wavelength, and five others were reduced only to values of selective window
transmission vs water-vapor content. The remaining 26 were found, upon examination,
to duplicate the conditions and results of spectra already reduced. Except for a cursory
check sufficient to establish the degree of agreement (45 percent for selective window
transmission and ±10 percent for scattering coefficient is the average agreement found
between any two runs covering near-identical conditions), nothing further has been done
to these spectra. They are all on file at the U.S. Naval Research Laboratory in the form
of unreduced Speedomax chart records.

Nine of the complete spectra, selected to be representative samples of the total
number, are reproduced in Figs. 5 through 10. One additional spectrum (Fig. 11) was
recorded for a short path under maximum resolution with the prism spectrometer by
using LiF, CaF, NaCl, and KBr prisms to cover the interval from 0.5 to 26 j' with a
resolution ranging from 1 to 2 wave numbers in the region beyond 2 p. Another set of
three spectra, one each over the 0.3-, 5.5-, and 16.25-km paths, was published in an
earlier report (12) and is not included here. A wide range of precipitable water is repre-
sented from 0.11 cm in the 0.3-km path to a maximum of 38 cm in the 16.25-km path -
and values of the visual scattering coefficient range from 0.048 km-1 to 0.24 km- 1 .

ATTENUATION BY SCATTERING

Introduction

Scattering acco4nts for a significTnt loss of flux from any collimated or narrow light
beam passing through the atmosphere. The molecules of air scatter light, but their effect
is negligible in the infrared, which is the region of the spectrum considereld here. Although
some solid matter :is suspended in the air and contributes to the scattering, it is priinkrily-
droplets. of liquid water, deposited on condensation nuclei, that account for most of the
scattering in thib atmosphere. Arid regions are always known for atmospheric clarity and
humid regions for haze and fog. A short atmospheric path on the east coast contains suf-
ficient haze to give a milky appearance to the terrain beyond, while the Rocky Mountains
are usually visible for a hundred miles or more.

The scattering properties of the atmosphere are most frequently described by the
scatterinig coefficient a, which gives the flux scattered into 4v steradianp from a unit
volume of air irradiated by parallel light producing unit-irradiance at the unit volume.
,The transmission t of a purely scattering path of length x for parallel radiation is related
to the scattering cpefficient by the expression

ax
t=e

where the assumption is that a does not vary along the path.

- Most generally, the quantity a is a function of wavelength and isCproperly defined
only by reference to the spectral distribution of the light. In this re~ort it is defined for
monochromatic light and should be called the nionochromatic !scattering coefficient. For
convenience the shorter term is used. -

The variation of a with wavelength was one of the areas of interest in the present
work, and it is appropriate to review briefly the parameterfs which -deermiine-the 'variation.
The theory of light scattering by dielectric particles predicts that a is defined by the fol-
lowing expression:

a - ' 2 rK r2N (5)

N
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where N is the concentration of particles with radius r, K is a function of the quantity
r/X and the refractive index of the particle, and x is the wavelength. The quantity K (r/x).
can be computed theoretically.

The key parameter is the quantity r/X, the dimension of the particle relative to the
wavelength. For r/X < 1, a varie-- as 1A 4 (Rayleigh scattering). For r/ >> 1, a is
independent of X, and the scattering is nonselective. The intermediate case r o¢ A is
called Mie scattering and Is theoretically the most complex case. In any real atmosphere
there is a wide distribution of particle sites, and the scattering coefficient at a particular
wavelength is determined >.y .itýrnrnig over the whole size range.

The present data were used to estimate typical values of a as a function of wavelength
for real atmospheres. There are very few published data for this type of function through
the near inirared, yet the information is quite necessary to estimate transmission over
long paths.

The present work deals with real atmospheres, and in any work of this type it is
convenient to characterize an atrmosphere by indicating its transmittance for visible
light. Frequently this is expressed as a "visibility," or the distrnce at which a large
black object can just be detected against the horizon. This concept, however, involves
the variable contrast threshold of the. human eye and is not a satisfactory one. A sort of
idealized "visibility" is preferable, and this has been termed Meteorological Range (MR).
This is the length of air path in which the scattqred light produces a luminance equal to
98 percent of the luminance of an infinitely long airpath of the same characteristics. The
contrast of a dark object against the horizon is thus reduced to 2 percent if the object is
at the MR. Although the concept involves white: light and the standird curve of human
vision, it can also be applied to monochromatid.: light at. 5500 A, :and is so applied here.
The MR is related to the scattering coefficient .ar by the relation

MR 3.94
a

.Figtire 12 shoWs a plot of MR vs hcattering coefficient. Also shown in Fig. 16 as a
series of solid points are values of visual range vs scattering coefficient, as derived from
the International Visibility Tables. The two sets of values differ slightly because the
contrast threshold of the human eye, which enters into the visibility criteria, differs some-
what from the 2-percentthrgshold assumed for the-MIR.

Experimental Results ...

":Settking coefficients, crAm, were determined at 12 wavelengths from 14 of the
most reliable, speutra. The determination was based on the assumption that absorption
is -negliglb!e at ce-tain spectral points away from intense absorption bands, and that in
these "wiitdows" the measured attenuation could be completely attributed to scattering.
This assumption appears quite valid for the wavelengths 0.55, 0.60, 0.70;. 080, 0.90, 1.06,:
1.26, 1.67, 2.17, 3.6, and 4.0.g, and a was computed for these points. Values of a were
also computed for 4.70 A&, even though the assumption is nit vklid at this wavelength
"becauseof'the preSence of weak absorption bauids throughout -the "window." The assump-
tion is also genei-lly invalid at longer wavelnths. It -pt-ibl&-hat-with-V-ery-tigh-

.... resolution smaz.'regions free of absorption could be found at longer wavelengths, but
-.... none were discernible In this work.
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Fig. 5 - Atmospheric transm-ission over 5.5 km and 16.25 kit; in the
Chesapeake Bay area. Data from runs 58 and 60 over 5.5 km and
from runs 59 and 61 over 16.25 km.

5.5 kr - April 19, 1956, 38'F, 66 percent R.H.,
2.2 cm H2 0 in path, 40 percent transmission at 0.55 .L

16.25 km - April 19, 1956, 530 F, 41 percent R.H.,
6.5-6.9 cm H.0O in path, 29 percent transmission at 0.55 At
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Fig. 5 (Continued) - Atmospheric transmission over 5.5 km and 16.25 km
in the Chesapeake Bay area. Data from runs 58 and 60 over 5.5 km and
from runs 59 and 61 over 16.25 km,

5.5 km - April 19, 1956, 38 0 F, 66 percent R.H.,
2.2 cm H-1O in path, 40 percent transmission at 0.55 sA
16.25 km - AprJ 19, 1956, 530F, 41 percent R.N.,
6.5-6.9 cm 1420 in path, 29 percent transmission at 0.55A
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Fig. 6 (Continued) - Atmospheric transmission over 5.5 km and 16.25 km
in the Chesapeake Bay area. Data from runs 70 and 71 over 5.5 km andfromn runs 68 and 69 over 16.25 kin.

5.5 km - June 19, 1956, 9 p.m., 640F, 51 percent R.H.,
4.18 cm H2O in path, 70 percent transmission at 0.55 A

16.25 km - June 19, 1956, 4 p.m., 68.70F, 53 percent R.H.,
15.1 cm H210 in path, 43 percent transmission at 0.55A
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Fig 7 - Atmospheric transmission over 5.5 km and 16.25 km in the
Chesapeake Bay area. Data from runs 78 and 81 over 5.5-kmn path,
and from runs 77 and 80 over 16.25 km.

5.5 kmn - Aug. 27, 1956, 6 p.m., 78 0 F, 73 percent RH.,
9.4 cm H2fo in path, 30 percent transmission at 0.55 L

16.25 km - Aug. 27, 1956, 11 a.m., 740F, 82 percent R.H.,
27.7 cm H20 in path, 10 percent transmission at 0.55 IL
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Fig. 7 (Continued) - Atmospheric transmission over 5.5 km and 16.25 km
in the Chesapeake Bay area. Data from runs 78 and 81 over 5.5-kmn path,
and from runs 77 and 80 over lb.25 km.

5.5 km - Aug. 27, 1956, 6 p.m., 78(F, 73 percent R.H.,
'9.4 cm H 20 in path, 30 percent transmission at 0.55 p.

16.25 km - Aug. 27, 1956, 11 a.m., 740F, 82 percent R.H.,
27.7 cm H 2 0 in path, 10 percent transmission at 0.55 A.
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The experimental scattlerig coefficients are shown in Figs. 13 through 16. In
Fig. 13, four runs over the 16.25-km path are shown, ranging from a visible-region
scattering coefficient of 0.24 to 0.073 km-', Figure 14 shows four additional curves
for the same path and over the range 0.185 to 0.51 km-1 in visible-region scattering
coefficient. Figure 15 shows four runs over the 5.5-km path, where a in the vitsible
spectrum ranges from 0.58 down to 0.065 km-*

Also plotted on Figs. 13 and 15 are typical atmospheric scattering coefficients in
the 0.3 to 0.6 gi region as measured in NRL work reported by Dunkelman (17). They are
included to indicate the behavior of the atmosphere in the visible and ultraviolet.

In Fig. 16 are shown the points from two runs over the 27.7-km path between the
mountains in Hawaii. These two sets of points lie very close together, and one curve is
drawn through them. The scattering coefficient at this relatively high altitude (one end
of the path at 11, 100 ft, the other at 9300 it) is surprisingly high and, except for the
occasional intervention of dense clouds, also surprisingly constant. There appeared to be
an appreciable amount of scattering material lying below a fairly well defined ceiling at
around 9500 to 10,000 ft. The searchlight beam, originating at 9300 ft and rising to
11,100 it, could be seen from the side to start out bright and rather abruptly decrease in
brightness. From the Weather Bureau Station at 11, 100 it, the 10,000-ft peak Haleakela on
Maui (80 mi away), the mountainous Molokai (135 mi away), and the mountains on Oahu
were always clearly visible when there were no intervening clouds. This would not be pos-
sible .f the scattering coefficient over these high paths were as large as that measured
between Mauna Loa and Mauna Kea. From Fig. 16, it will be seen that at Mauna Loa the
measured value of a at 0.55 gt was 0.05/km which, from Fig. 12, corresponds to an MR
of only about 40 km. It is believed that the measured scattering coefficients would have
been appreciably smaller if the source on Mauna Kea could have been moved another two
thousand feet up the mountain, but the logistical problems involved in such a move were
insurmountable in the present program.
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For comparison, the siupe of a pure Rayleigh scattering characteristic (a - X-1) is
indicated on Figs. 13 through 16. These lines are placed on the graph in a position repre-
sentative of pure sea-level air devoid of any contamination such as smoke or fog. In
such an atmosphere the scattering is by the molecules of 02 and N2.

From an examination of Figs. 13 through 16, it will be seen that the scattering coef-
ficient in the infrared is normally about half the value In the visible region. The reduction
is more pronounced for a hazier-than-average condition and less pronounced for a clearer-
than--average condition. In addition, there were anomalous results (run 57 in Fig. 14 and
run 40 in Fig. 15), but these were rare. The only two encountered are the two shown in
Figs. 14 and 15, and there was nothing anomalous about these days, either visually or
meteornlogically, to aid in an explanation. It can only be construed that these days were
characterized for some unknown reason by a more-than-average uniformity of particle size.

Since the present program was primarily concerned with long atmospheric paths, it
was not practical to Investigate highly opaque conditions such as dense fogs, rain, and snow.
Through such conditions, the received radiation level was usually too low for measurement.
Only two successful measurements were made in fouil-weather conditions, one through a
light snowstorm and one through fog mixed with light rain (12). The results of these two
measurements are listed in Tables 1 and 2, where the transmission ratios between selected
wavelength regions are shown. The actual transmission values fluctuated rapidly through
fog and snow, making it impossible to produce a meanir ° " spectrum. Therefore, the
spectrometer was set successively to the several dis. .Le wavelength regions listed, and
the fluctuations averaged out to produce the transmission ratios. Both runs were made
over the 5.5-km path, and the slits were opened wide in order to achieve a measurable
radiation level. Since the original slit program was abandoned, the actual transmission
at any one point can be estimated only from signal level and is therefore probably inaccu-
rate by a factor of as much as two to five. In the case of the snowstorm (Table 1). the
transmission in the visible (0.54 11) was estimated at 0.004 percent, and in the case of the
fog (Table 2), the estimated visual transmission was 0.04 percent. The impo:tant factor
to remember in looking at these tables, therefore, is that while the transmission in the
infrared - around 3 to 5 p - improved over the visible region by as much as 20 for the
snow and 60 for the fog, this still results in absolute transmission values of only 0.08
percent and 2.4 percent, respectively.

Table 1
Ratio of Transmissions Over 5.5-km Path

During Snowstorm

Ratio of Transmittance at X1
X X2  to Transmittance at X2

(microns) (microns)
Rn1 Ru~n 2

1.26 0.54 8.9 9.0

1.54 1.26 1.58 1.63

2.18 1.54 1.06 1.2

3.98 2.18 1.15 1.46

4.69 3.98 0.77
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Table 2
Ratio of Transmissions Over 5.5-km Path

Through Fojg Mixed with Light Rain

At 1 '2Ratio of Transmittance at X.
t(microns)1(miczrons)I to Transmittance at X,

1.04 0.54 8.14

1.21 1.04 1.45

1.59 1.21 1.45

2.27 1.59 3.0

3.64 2.27 1.25

There have been other experimental programs directly concerned with the meas-
urement of transmission through fog and bheavyv weather, notably the work of Arnuif, et al.,
In France (18), and the reader is referred to this source for more extensive results.

SELECTIVE ABSORPTION

Introduction

The most severe atmospheric attenuation In the infrared region of the spectrum
results from selective absorption by the gases In the atmosphere. Arranged in order of
decreasing practical Importance, these gases are water vapor, carbon dioxide, nitrous
oxide, .ozone, oxygen, methane, and carbon monoxide. This order differs from the order
of atmospheric abundance for these gases, because some of the absorption regions over-
lap, and the rarer constituents may be masked by one or more of the abundant constitu-
ents. For example, methane is more abundant than nitrous oxide, but its absorption
regions occur near intense water-vapor and carbon dioxide bands, so that its presence
or absence is difficult to detect without very high resolving power. It. contributes very
little to the absorption encountered in the lower atmosphere. The relative abundance
of the infrared-active gases which make up the atmosphere are listed In Table 3 (taken
from Ref. 19), where their concentrations are given in atmosphere-centimeters (atmos-
cm), or the thickness of a column of gas at normal temperature and pressure which is
equivalent to the amount of gas contained In a vertical column of atmosphere. To compute
volumnetric concentrations, these numbers must be compared to the entire atmosphere
equivalent, which Is 8.04 x 105 atnios-cm.

Of these constituents, oxygen, carbon dioxide, nitrous oxide, and methane appear to
be uniformly mixed In the atmosphere and to have stable concentrations. Water vapor,
of course, is highly variable in concentration and is pronouncedly stratified. Figure 17
illustrates this large vertical gradient in water-vapor concentration, with the results
of three series of measurements taken from balloon-borne instruments (20). More than
90 percent of the water vapor lies In the atmosphere below 15,000 to 20,000 ft, and it Is
in this region that the most pronounced changes in concentration occur. Above 20,000 ft
the water-vapor concentration tends to follow the air-density curve, indicating a more
nearly uniform volumetric concentration. Ozone, which absorbs appreciably in a strong
band at 9.6 I-L, Is confined principally to a layer lying from 15 to 35 km above the earth's
surface. It exerts little influence on optical paths which do not include this layer, but it
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Table 3
Molecules Identified in Earth's Atmosphere*

Atmos-Cm
Molecule Molecular Weight (NTP)

0, 32.0 167,600

Ollb 34.0 659

O'101 44.0 320

0o1b17 33.0 134

C1 0 2sO 45.0 1.5

CH 4  16.0 1.2

C10"Go's 46.0 0.67
N20 44.0 0,4

0, 48.0 0.3

CO 28.0 0.06 - 0.15

42O 18.0 103 -104

HDO 19.0 0.4 - 4.0

R~e f. 19.

Is discernible in the results of the present study (21). Its concentration at sea level is
only a few parts per million and is highly variable, being generally more evident by day
than by night.

Atmospheric Windows

The striking feature if the infrared absorption by gases Is the localization of regions
of high absorption into marked bands. Generally these bands are vibration-rotation bands
of the particular gas molecules. It might be mentioned that the homonuclear molecules,
such as 0 rtid N2, do not have absorptl, a bands of this type. The near-infrared 0,
absorption structure (0.78 p) corresponds to an electronic transition.

As can be seen from any of the spectra in Figs. b through 11, the selective absorp-
tion bands are scattered through the .nfrared spectrum. Between the absorption bands
lie regions of moderate or no selective absorption. These regions of relatively good
transmission have been named "atmospheric windows" and have the generally accepted
definitions listed in Table 4.

In spf,.ifying the transmission of an optical path at wavelengths which cover atmos-
pheric windows, a very useful quantity is the "selective-window transmission." This
concept was first introduced by Elder and Strong (22) and has become widely used. The
selective-window transmission for a given window is defined as the ratio of the energy
that actua1ly penetrates the atmosphere between the wavelength limits of the window,
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Table 4
Atmospheric Window Definition

Window Number Wavelength Limits

(microns)

I 0.72 to 0.94

II 0.94 to 1.13

III 1.13 to 1.38

IV 1.38 to 1.90

V 1.90 to 2.70

VI 2).70 to 4.30

VII 4.30 to 6.00

VIII 6.0 to 15.00

iX 15.0 to 25.0

divided by the energy that would be received in the absence of any selective absorbers.
The selective-window transmission then accounts for only selective absorption and does
not take a, o consideration scdttering losses.

As part of the present program, an effcrt was made to obtain selective-window
transmission as a function of water-vapor concentration, in order to extend the data
available in Ref. 22.

Experimental Re sults

Figures 18 through 24 show the selective-window transmission for windows II through
VIII plotted as a function of the precipitable water vapor in the path for a broad cross
section of the results obtained in this program. Window I has been omitted because of Ats
very slight dependence on water vapor concentration and window IX because it becomes
essentially opaque through only 5 or 6 mm of water vapor. Figure 25 illustrates the
apparent precipitable water in the Hawaiian path vs time as measured by the absolute
humidity on Mauna Loa and Mauna Kea. These values, which apply to the time during
which the data in Fig. 10 were being collected, emphasize the. need for continuo"s meas-
urement during data runs.

In each of Figs. 18 through 23, the slope of the appropriate curve from Elder and
Strong's report (22) has been reproduced as a dashed line. The points from the present
study have also been identified as to the individual path - 0.3, 5.5, 16.25, or 27.7 km -
over which the result was obtained. The points for the different paths will be seen to fall
on different straight lines, almost all of which i:le slightly below the lines extrapolated
from Ref. 22.
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This separation of lines with path length indicates that the transmission of an atmos-
phere containlng a fixed number of water molecules is not a function of the precipitable
water alone. There are two phenomena which would give rise to this type of etfect, and
it is probable that both are present in these data.

The first phenomenon is that of pressure broadening, which results in an increase
in the absorption of a fixed quantity of gaseous absorber as the total pressure of the gas
increases. In this phenomenon it happens that self-broadening, or the effect of absorber
molecules, is greater than foreign-gas broadening, or the effect of unlike molecules.
Therefore, for a fixed total pressure and a fixed quantity of absorber, the absorption will
increase with the partial pressure of the absorber. This would be manifested as a higher
window transmission when a fixed amount of absorber is spread out over a longer path.
In Figs. 18 through 23, the short-path points should fall below the long-path points if
this phenomenon is present.

The second phenomenon is the presence of absorption due to atmospheric constituents
other than water. The effect of these constituents, which generally have uniform concentra-
tions and exist in any optical path in a quantity prnporttonal to path lengths, Is to produce
greater absorption in the longer paths. For this effect, the long-path points in Figs. 18
through 23 would lie below those of shorter paths.

Window 11, Fig. 18, whose selective window transmission is almost completely
dependent upon water vapor (it contains one weak oxygen band), is seen to follow the
pressure-dependence pattern, since the points for the 16.25-km path lie above those for
the 0.3- and 5.5-km paths. It is surprising to observe, however, that the points from the
27.7-km path, which should show even higher transmission, because this lower pressure
path lies at an elevation of 10,000 it, lie more nearly on the 5.5-km curve. There is iio
immediate explanation for this anomaly.

Window III, which contains only one moderate oxygen line, should be similar to
Window U, but it shows a strong separation of lines characteristic of the presence of:.
appreciable absorption due to constituents other than water vapor. There is no immediate
explanation for this.

Window IV, which embraces some weak absorption bands of C02 and CH 4 , shows
a very pronounced separation of the lines - rather surprisingly large - and a more
shallow slope than the Elder and Strong curve, It is interesting to note, however, that a
single line drawn through all the points would have a slope s!milar to that from Elder
'and Strong.

Window V contains a large number of moderately strong lines of C02 and some very
weak ones due to CH 4 and N20. It shows a pronounced separation between the 0.3-km
and 5.5-km paths but not between the 5.5-km and longer paths.

Window VI is bounded on one edge by a very strong C02 band and contains consider-
able absorptidn due to weaker CO bands and moderately strong bands bf N2 O, CH 4, and
CO. It shows the most pronounced separation of lines of all the windows except for the
fact that the 27.7-km path falls on the .16.25-km path as it tends to do in almost all the
windows' It is probable that the effect of absorption by constituents other than water
vapor is partially offset by the slight increase in transmission due to the reduced atmos-
pheric pressure in this path, the two effects working against one another.

Window VII contains very strong CO 2 absorption and some very weak O and CO
absorption. The line separation is quite pronounced, although between the longer paths it
is not so obvious because the transmission is so low. This window is almost completely
opaque through 40 cm of water vapor.
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Window VIII is bounded by a strong CO2 band and contains absorption by O, N2 0,
and CH 4 but shows no tendency for separation of the paths. It is probable that it goes to
zero too rapidly for the effect to be manifest with the accuracy of the present study.
Over the 16.25-kin path (Fig. 8), through 38 cm of water vapor, no radiation could be
measared from the source, indicating a transmission everywhere less than 0.5 percent In
the window.
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