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AN INFRARED CLOUD INDICATOR
I - ANALYSIS OF INFRARED-RADIATION EXCHANGE WITH TABLES
AND CHART FOR CALIBRATION OF THE CLOUD INDICATOR
By Calvin N. Warflield and Robert L. Kenimer

SUMMARY

An experimental model of a flight instrument that
utill zes Infrared radiations for detecting and indicatling
the locatlon of clouds at nlght 1s briefly described. In
order to determlne the lmportant parameters that contrlbute
to the net exchange of radiatlon between the recelver of
the cloud indlcator and a cloud, a preliminary Investlga-
tion 1s made of data in the sclentific litersture. The
Important parameters are then used ln an analysls of the
net exchange of radlation between the recelver of the
cloud indlicator and a cloud. As a result of the analysls,
several tables and:-a chart have been devlsed, which malke
it practical to determine the magnitude of the net exchange
of redlation for eny particular atmosphere of known composl=-
tlon and dlstribution of temperature. The analysls and
the resulting tables and chart take 1nto consideration
both water vapor and carbon dioxide and also the effect
of the spectral absorption and emisslon of the optlcal
system of the cloud lndlcator,

The tables and the chart that resulted from the
analysls were devised to provide & basis for extrapolating
the results of ground observatlons to the range anticlpated
during fllght use.

INTRODUCTION

As a result of a number of alrline accldents that are
attributable 1n part to lnadequate weather forecasts or to
the 1nablllty of the pllot to estimate correctly the turbu-
lence of the atmosphere, an experimental model of a fllight
Instrument designed to asslst pllots in avolding highly
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turbulent regions during night flights has been developed
at the Langley Laboratory. The perfection of such an
Iinstriment should lncrease the safety of flight and may
ultimately meke possible a reduction of the design gust
load factor.

Although clouds are frequently assoclated with
reglons of high atmospheric turbulence, some clouds are
elmost wholly devold of turbulence. The origlnal objec-
tive cf the present project therefore was to devise an
Instrument that would indlcste ths degree of turbulence
of clouds at a dlstance. A preliminary investigation
falled to reveal any practical means of lundicating the
degree of turbulence of clouds at a distance. The
I1mmedlate practical objlective was therefore limited to
the development of a device utllizing infrared radlation
that locates clouds at night and thereby enables the pillot
to avold them. Such an Instrument should also be useful
in weather-reconnaissance flights at night to assist in
the observation of cloud formations. 4n experimental
model of such a device has been constructed and 1s referred
to herein as the 'eloud indicator."

The 1Indlicatling meter of the cloud indicator should
be callbrated to enable the ollot to read dlirectly the
distance to the cloud on whicx the instrument is siih:ted.
A direct celibratlon of the cloud lndicator could be
obtalned by making numerous flights with the instrument
under varlious atmospheric conditions. A number of flights
were made which conclusively demonstrated that the cloud
Indicator could detect the presence of clouds at night
when they could not be seen with the unalded eye. Plans
for a direct callbration of the cloud indicator by a
series of measurements in flight, however, had to be
ebandoned because of the difficulty and expense of simul-
taneously measuring the net sxchenge of radlation and the
helght and distence of the cloud sighted on relative to
the airplane on which the instrumrent 1s mounted. It has
therefors been necessary to rely upon measurements made
wlth the instrument mounted on roof tops or on the ground
at Langley Fleld, Va. Because these ground observations
cover only a part of the range of atmospheric conditions
and distances to be encountered in flight observations,
extrapolation of the results of the ground observations
1s necessary.
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Because of the wldely varying condltions under which
the ground observations were made, extrapolatlon into the
range .expected in flight 1s possible.only by means of
computations based on an analysis of the net exchange of
radiation. The present project was therefore extended
to include an analysls of the net exchange of radlation
involved 1n the calibration of the indicating meter of
the cloud indicator. This snalysis 1s used in computing
the net radliation exchange for the atmospherlic condlitions
that exlsted durlng the ground observations, and these
values are correlated with the readings of the indicating
meter. The analysis 1s then used in designing a scale
for the indicating meter to cover all ranges of atmospheric
conditions anticipated for flight use.

The present report includes a brief statement of
the fundamentsl princlples involved and a brief descrip-
tion of the cloud indicator., Results are given of a
preliminary investligation that was necessary before the
enalysls was started to determine the important parameters
which contribute to the net exchange of radiation. This
investigation 1s based upon daeta found in existing scien-
tific literature.

As an aid in applying the analysis to the calibra-
tion of the cloud indicator, a number of tables and a
rediation chart have been constructed and are included
in the present report. Examples of the use of the tables
and chart are also glven herein.

FUNDAMENTAL PRINCTPLES AND DESCFRIPTION
OF CTLOUD INDICATOR

The thermal emlission of Infrared radiation is the
fundamental physical property upon which the cloud indi-
cator is based. Every substance emlts some of this
Infrared radiation with an intensity snd a spectral
distribution that are determined by 1ts nature and
temperature. For substances within the range of atmos-
pheric temperatures, all the thermal radiation of any
significant intensity lies in the part of the invisible
spectrum that 1s beyond the range of infrared photography
and of infrared photoelectric cells. The sensitlve element
of the cloud indicator must therefore respond to these
relatively long infrared radliations. For the present
experimental model of the cloud indicator, a senslitive
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quick-response five=-junction thermoplle equipped with a
blackened recelver that responds to the entire infrared
apectrum has been chosen as the sensitive element. The
so-called cold Junctions of the thermoplle are kept at
the temperature of the thermopile housing. The other
Jjunctions are exposed to radlation that orlginates out-
s8lde the housing.

Wwithin the reglon of the spectrum in which the
thermal emissions at atmospheric¢ temperatures are found,
the liquid-water content of all except thin transparent
clouds emits radtation with an intensity about as great
as that of any other substance. The clear atmosphere,
however, emlts much less radlstion 1n thils samre spectral
reglon. An instrument equlpped with a sensitivse quick-
response thermonlle with a recelver that rasponds to the
entlre infrared spectrum should be able to distingulish
between a cloud =2nd the: clear sky. Such an instrument
mast also have an optical system to restrict the fleld
of view of the sensltive element to only a small part of
the hsavens at any instant. The pressant experimental
model of the cloud ladicator has the two essentlal com-
ponents - a sensitive element emd an optical system -
mounted 1n & single housing. This assembly 1s referred
to 1In the present report as the "thermoelectric eye."
The complete cloud 1ndlcator also Includes an amplifier
and an indiceting meter. A dlagram of en 1nstallation
of the thermoelectric eye, the amplifler, and the
Indicating meter on an alrplane 1s shown in figure 1.

A cutaway view of the optical system of the thermoelectric
eye 1s given 1In figure 2. The llne of sight may be seen
to be elevated slightly above the horizontal.

Becaude the fleld of view of the cloud indicator 1s
limited and because a relatively thin layer of cloud
surface emits as much radiation as any substance at the
same temperature, the response of the cloud indicator is
determined 1n part by the surface temperature of the part
of the cloud ¢on which the cloud indicator 1s sighted.
Because some Jjunctlons are kept at the housing tempera-
ture, the output of the thermoplle 1s partly determin=d4
by the housing tempsrature.

The surfacs tempverature of the part of the cloud
sighted on probably apnroximates closely the temperature
of the adjacent clear atmosphere at the same height as
the cloud surface; otherwlse, convection currents would
occur at the surface of the clouds. Vhatever convectlon
occurs at the surface 1s known to be small relative to that
at the interior of cumulus c¢louds. Unpubllished data 1ndicate
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that interior temperatures of violent cumilus clouds
differ by not more than a few degrees from the tempera-
ture of the ed]acent c¢lear air, and consequently the
validity of the statement regarding the relation between-
the temperature of the cloud surface and that of the
edjacent clear atmosphere 1s established. The atmosphere
external to an actlve cloud, furthermore, 1s qulescent
relative to the activity within the cloud and consequently,
as flight measurements have shown, the temperature gradient
in a horlizontal plane wilthin the surrounding clear atmos-
phere 1s small. It 1s therefore reesonable to assume that
the temperature of the cloud surface sighted on 1s almost
the same as the temperature of the clear atmosphere at
equal altitude within reasonable dlstances. The difference
In temperature that 1s partly responsible for the readling
of the cloud 1Indicator may therefore be taken as the
temperature difference along a vertlcal passing through

the thermoelectric eye. It 1s known that a temperature
gradlent of approximately constant valus usually exists

in the clear atmosphere along vertlcsl lines. Thls
gradient 1s known %to meteorologists as the “"lapse rete"

of ths atmosphers.

The cloud 1ndicetor may be callbrated for quantlita-
tilve estimates of the dlstance and height of clouds by
assuming the validity of the following conditions: (1) The
emitting surface of a cloud is at the same temperature as
the clear atmosphere of equal eltltude within the distance
range of the cloud indicator, (2) the temperature gradient
of the clear atmosrhere 1s constant in the vertical direc-
tion, and (3) the angular elevation of the lins of sight
13 constant. Craeduated scales can be provided to take
Into account the temperature of the clear atmosphere along
the flight path. %hen the elevation of the line of sight
remalns constant during flight, the slope of the cloud
surface slghted on can be estimated from the rate of move-
ment of the 1ndicator and from the speed of the alrplanc. This
slope 1s Important as an Indlcation of the nature of the '
weather beyond that surface. The cloud 1ndicator there-
fore 1s expected to warn the pilot of the exlstence, approxi-
mate lncation, end probabls types of cloud not visible
to ths unalded eye at night and, as a result, 1t 1s
expected that storm areas associated wlth clouds can be
avolded by alrplanes equlpped with this device.

SR
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The three conditions assumed in the foregoing dls~
cussion reovrssent an 1deal simplified cese. The actual
case 1s complicated by the followlng two addltlonal
phanomena:

(1) The abaorption of the clear atmosphere bstween
the cloud and the thermoelectric eye. This absorption
is small 1n some reglons of the spectrum in which atmos-
pherlc redlation exlsts end has gliven rise to the concept
of a "window" in the atmosphere for etmospheric radia-
tion. The ebaorption elsewhsre ia, however, far from
negllgible and consequently must be taken into consldera-
tlon.

(2) The aebsorption of the various parts of thse
thermoelectric eye through which the redlation passes in
transit to the recelver of the thermopile. Thias absorp-
tion 183 not n2glliaible and must also be taken into account.
The present analysis of nct radlation exchangs tekses 1lnto
conslideraetion thess two groups of absorption sffects and
leads to a saries of tebles and a chart that are useful
1n callbrating the cloud 1ndicetor. Because the three
condltions previously listed are not always valld, the
cloud 1ndicator cannot be considerced a precision lnstru-
ment.

The symbols used throughout are defined in appendlix A.

FACTO®S DETERVINING NET FADIATION EXCHANGE
Nocturnal Raedlatlons and Emisslion of Clouds

At night there are three natural sources of visible
light: the moon, the stars and planets, and the "light
of the night sky." The 1lluminations on a horizontal sur-
face fue to these sources ars piven in the following table:

Source of Incldent raediation
nocturnal Illumination [relative to change in
illumination fmeter candle)|black-body temgerature
from 0° ¢ to 1° ¢

Full moon at zenlth

(reflected energy 0.2 0.3
only)

Starlight . 0009 2.1 x 10~6

Liggﬁyof the night . 0003 9.0 x 10~7
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The i1lluminations for the full moon at zenith and
for starlight are taeken from page 570 of reference 1 and
the 1llumination for the light of the night sky 1s derived
from page 3 of reference 2. By assuming that the spectral
distribution of all these sources of visible light has
the same dlstribution as in sunlight and by taking into
account the smallness of the angular dimension of the
moon relative to the fileld of view of the cloud indicator,
an eastimate has been made of the relative lntensitles of
the radiations 1lncident upon the instrument. These estl-
mated incident intenslities, relative to the change in
Intenslty produced when the temperature of a nelghboring
perfect black body on which the instrument 1s sighting
changes from 0° ¢ to 1° ¢, are also shown in the table.

As may be seen from the table, the atarlight and the
light of the night sky combined do not appreciably affect
the lnstrument, but the effect of the reflected energy
of the full moon 1s not negligible. Computations based
on the thermal radlation emitted by the full moon, with
its temperature assumed to be 101° ¢ (reference 3 ) and
wlith absorption by the intervening atmosphere neglected,
indlicate that 2.2 must be added to the value of 0.3 glven
In the table so that the total relatliwve valus for the
moon 1is 2.5,

Except when the Instrument 1s sighting dlrectly on
the moon, the only radiations from natural sources in
the heavens that are lnteonse encugh to affect the lnstru-
ment &t night are the invisible thermal emissions. The
atmospherlic temperatures giving rise to these thermal
emisasionas range from about 200° K to 300° ¥. Calculations
based on Planck%'s radiation equation show that more than
99 percent of the black-body radlation characteristic of
8 body at 275° ¥ is in the long-wave part of the spectrum
where the_wave numbers are less than 2500 per centimeter

(2500 cm'l). (Wave number 1s reciprocal of wave length;
therefore 2500 em™1 corresponds to a wave length of

L x 10™ em.) For this reasonllonly redlations of wave
number less than about 2500 ecm — need be considered.
Data on the absorption coefficients (reference l,
pp. 269-270) and spectral transmission (reference 5) for
liquid Yater show that, for the apectral reglon between

555 em — end 2500 cm'l, the over-all trensmiassion factor
for black~body radiations chearacteristic of atmospheric
temperatures 1s less than 0.01 for 0.0060 centimeters or
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more of liquid water. It has been reported (reference 6)
that clouds have a liquld-water content ranging from 0.5
to 1.5 grams per cubic meter and thet higher values
probably often occur. For the range of liquid-water
content from 0.5 to 1.5 grams per cublc meter, by
neglecting the small amount of atmospheric radiation
beyond thls spectral region and the fact that scottering
by the water droolets lncreases the amount of transmitted
radiation, 1t is concluded thzt from O to 120 meters of
cloud heving a liquid-water ccntent within thls runge
absorbs at least 0.99 of infrered radiations character-
1stloe of atmosnpheric temperatures. Because of the

effects of scattering, a cloud cannot be assumed to absorb
the same fraction of the radistion as an equivalent sheet
of water, but experiments indlcate that an average cloud
100 meters or more In thickness acts essentlally as a
black-body absorber in the Infrered spectrum. (See ref-
erence T.) With this qualitative experimental check on
the blackness of clouds to infrared radlatlon, 1t is
reasonable to assume that all clouds having a liquid-water
content within ths renge of 0.5 to 1.5 grams per cubic
moter . and measuring from LO to 120 meters or more along
the line of sight act as almost perfect black-body emitters
of Infrared radlation. Callbrsting an lnstrument on the
basis of perfect emission of clouds conseguently 1s valid
for all such clouds except those consldersebly less than
about 100 meters 1n thickness end those too amall to fill
completely the field of view of the instrument.

Composition of Clear Atmosphere

The clear atmosphere conslsts of a number of gases,
which exlst In almast constant 2roportions up to sltitudes
of at lesst 20 kllometers (reference §, p. 151). Only
about 5 percent of the total mass of alr 1s above this
altitude. The nine more abundant atmospheric constituents
that exist in constent proportion are given In table I,
along with five variable components (references S to 10).
At least 85 percent of the ozone and nitrogen oxides
exlst in the stratosphere. (Ses refersnce 11l.) Since
the amount of dust present obvlously cannot be s»eaclifled
In the same mennsr as wes used for ths gases end the
dersity of the water vapor varles with temperature at a
much more rapld rate than the gaseous constituents, the
number of grams in a vertlcal columm with a cross section
of 1 square centlmeter ls usec, instead of the reduced
thicimzss, 1n speclfying the amount of dust and water

—
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vapor present. The range of values for the water-vapor
content of the atmosphere is based upon some observations
made at the Mt. Wilson Observetory. (See reference 8,

p. 153,) 1If all the water vapor in a vertical column of
the atmosphere given in table I were ocondensed, 1t. would
form a layer over the bottom of the columm from 0.5 to
7.0 centimeters deep. The amount of water vapor 1s
stated herein in terms of "centimeters of precivitable
water vapor."

In estimating the quantity of Sust in the clear
atmosphere, only the minute particles of volcanlic origlin
that are always present are considered and the followlng
average values are used:

Number of dust particles in a vertical
colum 1 ¢ in cross sectlon above sea
16731 L] . L] . [ [ . . L] L] [ . L] [ ] . . L] L] [ ] . 5,-‘- x 10’4'

Diameter of dust particles . . « . . . . 1.85 x 10'h cm
Density of dust particles . . . » ¢ ¢« « «» 2.3 grams/cm5

These values are taken from reference l, pages 598, 591,
and 593A respectively. The result of the estimate 1s

3 % 1077 gram per square centimeter, as given in table I.

Attenuation of Infrared Radliation

By scattering.-~ Only the molecules of the air and
of water vapor produce true scattering. e diameter of
these molecules 1s of the order of 5 x 10-Y centimeter.
(See reference 12.) The attenuation of infrared radia-
tion produced by true scattering by the molecules of air
and of water vapor has been computed by means of a
modified form of Raylelgh's equation for scattering and
found to be less than one-tenth of 1 percent for all 1
radiations having a wave number less then about 6230 cm™
(reference 13). Attenuation of the infrared radiation
involved in operation of the cloud indicator due to
true scattering by the clean air therefore 1s negligible.

diffuse reflection.- Particles having diameters
of the same order of magnitude as the wave length of
the radiation cause diffuse reflection (sometimes
referred to as secattering). By use of equation (1)
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and figure 1 on page 10L of reference 7 for the attenua-
tion by large varticles and of the estimated wvalues given
for the slze and number of dust particles, the nef trans-
rission for all wave numbers from 500 to 2500 em™* 1s
found to be in excess of 0.998. Attenuation by the dust
of the clear atmosphere therefore ls also concluded to

be negligible.

Absorption by Atmosphere

It 1s known that none of the monatomlic or dlatomiec
gases of the atmosphere (table I) ars responsible for
any 8lgnificant wyart of the emission or absorption by
the atmosphere of any Infrared radlatlion of wave number
less then 2500 em~l., The principal constituents of the
atmosphere thet contribute to tho emlssion and absorption
therefore are carbon dioxlde, nitrogen monoxide, nitrogen
pentoxide, ozone, &nd water vapor. Eech of thase five
substances has one or more absorpiion bands 1n the region
from 500 to 2500 em~1., A preliminary investigation
revealed that all but five of these absorption bands are
either so wea% that they are negligible 1n comparison wlth
the stronger tands or thelr effect 1s masked by other con-
stituents which absorb much more strongly in the same
spectral region. These flve remaining bands are due to
carbon dioxide, ozone, and water vapor.

Carbon dioxlide.~ The only carbon-cdloxide absorption
bands of any signiflcance in the pIesent worlk are those
centered at about 667 and 2320 em™+t. From referenie ik,
the transmission by carbon dioxide in the 2320 cm™" band
may be seen to be

Reduced thickness of
carbon dloxide Transwlission factor
(cm)
0.02l 0.71
.3 L5
7 .12
33 .10
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The absorption remelns constant es the cerbon-dloxide
content increases beyond 33 centimeters (reference 1l.).
More recent data (see table I of reference 15), however,

‘- show that within the band fror 2220 to 2500 cm~1 the
absorption 1s 100 percent for 220 centimeters at stendard
temperature (0° ¢) and pressure (1013 mb). The data of
references 1l and 15 were combined in figure 3, which is
used to evaluate certain quantitlies for the present
analysis. )

More data are avallable on the 667 ecm™' absorption
band of carbon dloxlide. The spectral transmisslion
factor T, can be represented by (see equation (2)
of reference 16)

Ty = —= (1)
1l + Fu,
where
K Callendar's "spectral absorption coefficient"
(see fig. hg
u, quantity of carbon dloxlide at standard pressure and

temperature, centimesters

A smooth falred curve has been substituted for the
irregular curve of reference 16. This falrad curve, shown
in figure L, was then used in computing by equation (1)
the transmission factor T, for each of seversl thick-
nesses of carbon dloxide. The values s0 computed are
shown in flgure 5.

The effect of pressure upon transmission by carbon
dioxide cen be computed by the method described 1n the
section entitled "water vapor."

Qzone.- The absorptlon band due to ozone 1s shown
in figure 6, which represents the transmission of solar
radlation by the atmosphere, contalning 0.21 centimeter
of preclpltable water vapor. The zenlth dlstance of the
sun was such as to make the alr mass traversed 1.5 times
the alr mass along the vertical. The dlp in the curve,
which extends from about ¢80 to 1100 em™, 1s principally
attributed to ozone. The absorption outside the ozone
band 1s caugsed by water vapor. Because of the narrownsss
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of the ozone band, 1ts moderate 1ntensity, and the fact
that only about 15 percent of the ozone 1s in the tropo-
sphere, the effect of ozone upon the response of the
Instrument 1s estimated to be negligible when the 1nstru-~
ment is sighted on clouds.

Wwater vapor.~ The data of Adel and Lampland on
atmospheric transmission (reference 17) show that the
water-vapor spectrum contalns a large number of absorp-
tion lines. These closely spaced weak linss are illus-
trated by the small dips in figure 6. The abrupt dip in
the curve at high wave numbers, however, is attributed to
the very_strong water-vapor bsnd centered at about
1590 em~l, The fact that the curve does not indicate
complate trensparency ct any wave number is probably due
in part to the water~vapor band centered at about 200 cm'%
which is so powirful thet 1ts effect 1s avnarent esven as
far as 2500 em™*.

The spectral transmisslon factors of water vapor may
be readily determined bty making use of two graphs presented
by Elsasser (reference 18, pp. 43 and 57). In evolving
these graphs, Elsasser smoothed over the small dips in
the water-vapor spectrum and made use of thc data of Adel
and Lampland (reference 17), Fowle (reference lh), Strong
(reference 19), and Randaell and others (reference 20).
The effect of temperature upon the transmission factor
within the range of atmospherlic temperatures 1s belleved
to bes smell (reference 1E, pp. /;7 and ). One of the
two graphs by Tlsasser (reference 18, p. 57) shows the
gonerall zed absorption coefficlent plotted egainst wave
nurber end i1s reproduced herein in a modificd form as
figure 7. The modification consists in using cnly ons
curve to cover all temperatures within the atmospheric
range and 1s Justified by the smallness of the tempera-
ture effect and by the uncertalnty of the temperatures
tentatively assigned by Elsasser to the three curves
glven on page 57 of reference 18.

The pertinent part of the other graph by Elsasser
(reference 16, p.,h3) 1s reproduced as figure 8. By use
of fipgures 7 and S, the transmission factor for water
vapor at any part of the spectrum between 3CO and 2100 em™1
can be estimated. =lsasser (reference 18, p. 22) also
shows that, insofar as tranamission by the water vapor
of the atmosphere is concerned, the variation with total
pressure can be taken into account by use of a "reduced
specific moisture"
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q‘/I
T B RS

where

q actual specific humidity of atmosphere; ratio of
denslty of water vapor to density of moist eir

ho) actual pressure of atmosphere

Pgy, atandard pressure at sea level

The reduced amount of water vapor in the atmosphere between
two levels where the pressures are Po and Py is then

q‘/ﬁp- dp (2)
SL

1 o]
e = g
1l

where g 1s acceleration of gravity (980 dynes/gram).

Absorption by Opticael System
of Thermoelectric Eye

The radlation exchanged between the cloud and the
recelver mast traverse the lens unlt, the alr within
the housing between the 1lans unit and the receiver, and
the window of the thermonile housing. (See fig. 2.)

In the section "Analysis" the net exchange of radiation
1s determlned partly by the over-all spectral trens-
mission factor Ty (which includes reflection as well

as absorption effects) of the entire optical path within
the thermoelectric eye and 1s shown (equation (9)) to
be

Tt = CTL'Ta Tw'

where the subscripts L, a, and ¥ refer to the lens
unit, the housing air, and the thermopile window,
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‘respectively, prime indlicates that reflection effects are
not taken into account, and C 1is a factor that allows
for roeflection effects. The spectral transmlssion
factor Tp' 1s flrst evaluated.

Iens unit.- The lens of the experimental model of
the cloud indicator 1s of rock salt and 1s double convex
with spherical surfaces. Ths dimenslons are as follows:

Thickness at center, centimeters . . . . . . . . . 1l.62
Radius of curvature, centimeters . . . . « ... 681
Dl ameter of effectlive aperture, centimeters « « « 5.50
The outer surface of the lens 1s covered wlth shset
Pliofilm 0.00L3 centimeter thick bound to the rock salt
with a thin coatlng of assphalt varnish of high transparency
to infrared radiation.

In use, the rays are lncident upon the lens at an
angle of about 15° with the optic axis of the lens.
(See figs. 1 end 2.) For siwrplicity, however, com-
putations for the transmission factor of the lens were
made for incldent rays perallel to the optliec axls. The
error due to this simplification 1s sstimeted to be less
than 1 percent. For monochrometic radiation, the trans-
mission factor of the lens unit is computed by

T' = Tg'Tp! (3)

where the subscripts L, S, and P rsfer to the lens
unit and its rock-salt and Pllofilm commonsnts, respsc-
tively. Equation (3) 1s not exact because Tg' does

not vary exponentlally with thlickness.

The transmlasion factor of the rock salt 1s computed
by

R
/ Te “¥SYS(2nr) dar
0

R
Lé I(2mr) dr

2 M

ﬁidf e "8YSy ap (L)
Rq

U
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where
I spectral intensity of incident radiation

ks spectral-absorption coefficient of rock salt (ref-
erence li, p. 270)

ug length of path through rock-salt lens, measured
along refracted path (function of r)

r radius of elemental ring
R radius of lens aperture

Equation (l) shows the actual variation of Tg' with thick-
ness. The deviation of. TS' from an exnonential veria-

tion with thickness, however, i1s small and equetion (3)
is therefore valid for practical purposes.

The net transmiasion factor of the Pliofilm component
1s comnuted by

T ! = e_kPuP (5)

where

kP absorptlion coefficient of Plliofllm estimated from
well's data (refersnce 21)

Up thickness of Pliofllm sheet

In estimating kp from Well's data, allowance was made

for reflection by assuming that at the two surfaces the
intensity transmitted was dimlnished 10 percent by thils
effect. Well's data were obteined with finite slit wlidths
and consequently the transmissions reported are not true
monochromatic values. ESince the dlfference in thickness
between the specimen of reference 21, which was 0.0030 centi-
meter thick, and the one used in the present analysis 1is
small, the error resulting from the use of squation (5)

is also small.

Housing alr and thermoplle window.- The average path
length through the alr inside the thermoelectric eye is
6.73 centimeters. The amount of precipitable water vapor
along this path under the most humid conditions to be
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encountered in vractice 1is estimated to be about 0.0001 centi-
meter, and the amount of carbon dlioxide along thls same

path 18 estimated to be about 0.0020 centimeter at standard
temperature and pressure. Figures 7 and 8 show that the
transmission factor of the water-vapor content is almost
unity for &ll parts of the spectrum of Iinterest here. By
referring to figures % and 5, 1t 1s apparent that the
carbon-dioxide content has a transmlssion factor of at

least 0.995 for all pertinent wave numbers. For all prac-
tical purposes, therefore, T, 1s unity.

The &average path length throuzh the window of the
thermopile 1s estimated to be 0.26 centimeter. By use
of the wvalues of spectral absosrption coefficlents listed
on page 270 of reference li, the spectral transmission
factors for the window Ty, are computed by an eguation

of the same form as equaticn (5).

Ontical nath withlin therroelectric eye.- The numerical
values of the spectral transmisslon factors for ths three
parts of the ontical path ere multiplied together to
obtain the spectral tranamission factors of the entlire
optical system within the thermoelectric eye. The results
of these corputations are shown In figurs 9. A fector ¢
of 0.9 1is used to approximate the over-all effect of
reflection at the surfaces of the lens unit and of the
thermoplile window.

AFALYSIS

The net exchange of radlation at the recelver of the
thermoplile vhen the device i1s slghting on a cloud is seen
to be determined primarily by the followlng parameters:

(1) Thermal emission by receiver of thermopile

(2) Thermal emission of cloud.

(3) Absorption and emission by water vapor and carbon
dioxlde 1n atmosphere along line of sight

(L) Absorption aend emission by rock salt and Pliofilm
of lens unit
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In addition to the foregoing parameters, others of second-
_.ary importance are

(5) Absorption end emission of relatively dry elir
within maln housing

(6) Absorption and emission of rock-salt window of
the thermoplle housing

All these parameters are determined partly by the tempera-~
turesof the various materials involved.

The analysis therefore consists 1n first setting up
an equation for the net exchange of radiatlion 1ln terms
of the individual emissions and absorptions. This egua-
tion is then reduced to the minimum number of terms and
a general equation 1s derived for monochromatic atmospheric
radlation. In deriving this general equation, the atmos-
phere is assumed to be homogeneous 1n any horlizontal plane.
No assurmption 1s made concerning the dilstribution of tempera-
tures or humldity along the vertical., The general equation
1s then multiplied by the spectral transmlission factor
of the optical path withlin the thermoelectric eys and
Integrated over the entire spectrum. A modifled form of
this equation 1s developed that leads to a practical
solution of the radiatlon-exchange problem.

Net Exchange of Racdiation between
Recelver and Atmosphere

The first step 1n setting up an equation for the net
exchange of radlation flux AF between the recelver of
the thermoplle and the cloud, as modified by the inter-
vening atmosphere and parts of the thermoelectric eye,
is to write an equation 1h terms of the slx parameters
previously listed. By letting AF be the net loss of
flux by the recelver, thls equation obviously 1s

AF = Fp - Fp = Fy - Fp = F, = Fq (6)

where
Fg emlsslon by recelver of thermoplle
Fw emission by window of thermopille
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Fy emigsion by alr within maln housing modified by
losses in window

emlission by lens unit modified by losses in housing
alr and window

Fp redlation emerging from surface of atmosphere in
contact with 1lcns, due to self-ecmission by
etmosphoere modified by losses In leons unlt,
housing air, and window

emission by pert of cloud (or other body) sighted
on modified by losass in atmosphere, lens unit,
housing air, and windcw

and each term renresents the flux in the radiestion beam
having bouncdaries determined by the lens unit and the
recelver of the thermopnile. (See fig. 2.) For convenience,
each term of equation (6) is expressed in terms of sn
equivalent flux 1In the part of the same beam outside the
thermoelectric eye that 1s incident upon the lens unlit.

A common unit for sll terms of equation {6) might be

watts per sguare centimeter of the aperture area within

the solld angle of the field of view of the thermoelectric
eye.

In the present cloud indicator, the field pf view
corresponds to a conlcal half-angle of about 21 at the

thermoelectric oye. Tn appendix B the trensmission
factors of conlcal beams with half-angles less than L.5°
are shown to differ by less than 1 pesrcent from the
transmission factors for parallel beams when all other
conditions sre the =ame. For present purposes, thers-
fore, parallel-bear transmission factors can be used in
the asnalysls involving the equivalent beams outslide the
thermoclectric eye.

Since parallel-beamr transwission factors vary
oxponentlally with the thickness of the absorhbing sub-
stance (fhat is, T = efku), it thersfore follows that
when such transmission factors are used, and only when
these are used, the over-all transmission factor of the
entire optical path can be calculeted by taking the pro-
duct of the individual transmisslon factors.

The effect of the size of the fleld of view is taken
Into account in the analysis by use of the factor

7 8in®g , which appears in equation (Bl) of appendix B.
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Another simplificetion can be made in the analysis
by assuming the following ideal condltlons for the - -
thermoelectric eye, which are valid in the normal use
of the device:

(1) All parts of the main housing and all components
within 1t are at a uniform temperature.

(2) All interior surfaces of the thermoelectric eye
exposed to view of the thermoplle receiver, except those
wlthin the cone defilned by ths lens unit, are perfect
black=-body radlators.

For the present, 1t 1s also assumed that there are no
losses due to reflection. The right-hand side of equa-
tion (6) then becomas

(-]

/ ( - wr T SfR'w T LiRTw' A
0

- fA"TW'Ta'TT_,' - fc"Tw '-rL') dv (7)
where
f flux of monochromatic vradiatlon Ior conditlons
previously specified for the various F-quantitles
T! transmission factor of parallel-beam monochromatic
radlation, not Including reflectlon effects
€ emission fector corresponding to T (1l - T!)

The double prime indicates no modificetion by the lens
unlt, housing alr, and wilndow, and the subscripts refer
to the same bodles as before.

Expression (7) can then be regrouped snd simplified
as
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Jlesl - @) - @ e - (- )]

- " - " '
fA Tw'Ta'TL' fc Tw'Ta'TL }.dv

= - n o "
fTw'Ta'TL' (fp = £," - £") av

which does not take into consideration the effect of
losses by reflection. In order to allow for the effect
of reflection, a reflsction function can be 1ntroduced.
This function 1is almostl}ndependent of wave number
betwesn 2500 and 500 cr™ and consequently a constant
factor ¢ can be put in equation (6) to allow for
reflsction losses. Equation (6) then may be written

AF =f7tfR av -f'rth" dv -thfC" av  (8)

where

and represents the over-all spectral transmission factor
of the entire optical path within the thermoelectric eye.
Each term on the right-hand side of equation () has the
transmission factor T, &as a cormon factor. Because of
this fact, a general equation for self-emission of the
atmosphere as transmitted by the thermoelectric eye is
First derived.
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General Equation for Self-Emission of Atmosphere as
Transmitted by Thermoelectrio Eye

There are two important selectively emitting con-
stituents in the atmosphere, namely, water vapor and carbon
dloxide, Assume an atmosphere composed of these two self-
emlitting constituents, water vapor and carbon dloxide, and
denote them by the subscripts w and e¢, respectively;
assume further that the atmosphere 1s homogeneous in any
horizontal plane and that temperature and compositlon vary
with changes in altitude. Figure 10 18 a diagram of a
horizontal slab of such an atmosphere,

Let du, be the amount of water vapor and du, Dbe

the amount of carbon dioxlde in an elemental layur of unit
cross-sectlonal area. The monochromatic-radlation inten-
sity emittsd in the direction & (fig. 10) is

Ikaw sec © duw + Ikac sec @ duc

where k2 &and k., are the absorption (or emission)
coefficlents and Ibq 1s the intensity of monochromatic

radliation in the normal directlon emitted hy u perfect
black body.

The transmission factor of the part of the slab below
the elemental sheet 1s

e‘kwuw secB—kcuc soch

The monochromatic intensity emerging from the bottom
surface of the slab of atmosphere in the direction 8
therefore 1is
vwy ey
I" = - (kguy+keu, ) 8008
4 e cre IbN sec 9 (k; du, + k, du,)

)
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Iet fA" be the radiant flux emerging from the
bottom surface within the cone of half-angle 6. Then

)

£," = 2ﬂf I," 8in B cos B 48
0
s 8
ey ter ~(kyug+kyu,) sec
= 2 IbN(kw duy + k, dug)| e sin 6 46
s 0
qu‘%b (11)

The transmission factor 1'A of a slab for monochromatic

radiation of conical half-angle 8 1s derived as equa-
tion (B3) 1in appendix B. Egquation (B3),when esdapted to
thls sleb, is

2 8 —(kwuw+kcuc)sece
Ty = cos O sin 6 e 49 (12)
sU@GO

For any nartlcular atmosphere, u
80 u, = ugluy)

Then

¢ 18 a functlon of wu,

0

o7 du, {uy) ~Tewty*g v (19, )]s00 8

A 2 Uy L e e

—-m‘[ -[k,w-i-kc———o————J sin 8 e a0
0 (13)

Also, the expression within the first parentheses of
equation (11l) may be written as

au, (ug)
Mo " Tw!
by Gy + Yoo
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ﬁTherefore

PO

1;" .
1 BTA

"= .

fA " sinaa IbN 6uw

du,, | (1)
0

where f, 1s the black-body flux within the cone of half-
angle 6. Therefore

UWO aTA ( L )
n = —a G
twy

If Tt is the over-~-sall transmission factor of the thermo-

electric eye for conlcal-beam radiation of half-angle 0,
the self~-emlission of the atmosphere of all wave numbers Vv
and within the zone of half-angle 6 and transmitted by
the thermoelectric eye 1is

FA =f 'rth" dv

0
v sy,
0 oT sUa, 8,V
=f 74(v,8) dv £,(T,v,8) Al0w e )duw (16)
0 Ouy

1

where the absolute temperature T 18 a function of u.
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For a glven instrument the field of view, and there-
fore O, 18 fixed; consequently, 6 1in equation (16) is
considered constant. Also, use 1s made of the fact that,
for all fields of view of the slze contemplated for the
cloud indicator, the transmission factors are almost the
same as for parallel beems. (See aspendix B.) Equation (16)
therefore may be written

3 u"O 6TA(uw.!uch)
Fp = T (V) duJ[ Tp( Ty V) duy, (17)

Suy
0 “wl

Equation (17) 1s the general equation for self-emission
of the atmosphere as transmltted by the thermoelectric
eye.

¥Modlfled Form of General Equation Leading
to a Practical Eadiation Chart

Evaluatlion of FA by dirsct appllication of squa-

tion (17) would involve a point-by-polnt double integra-
tion. A modification of equation (17) that greatly
facilitates this evaluation can te made by a method which
closely follows the method of Elsasser (reference 18,

pp. 19-20). The first step in the modification consists
of integrating by parts the second integral of equatlon (17)
as follows:

uwo
bTA(uw sUg » V)
Tyl ug,v) 3 duy
Uwy Y

Ywg bo(?“O)

::fb(uw,u) T(ug,ug, V) - TA(uwl’uC’U) dfb(uw,v)

Sy Top (Pwy)

(18)
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where

6fA(uw’ U) o - e wemer

d.fb(u',v) = Ouw d.uw (19)

Since wu, 18 a function of T, equation (19) may be
written

3L, (T, V)
dfp(ug,v) = TdT (20)

eand equation (17) therefore becomes

Fa = th(U) fyp(T,0) Tp(uy, ue,v) dv
0 g

70 (Ywq
(v ( Ofp(Ty,v)
- at | Ti(v) —__SE—_—— TA(uw,uc,U) dv  (21)
)
Let

(=]

6fb(T,u)
/Tt(u) —— T(WysU,V) AV = Q(u,,u;,T) (22)
0 oT

The quantity Q, which 1s defined by equation (22), 1s
fundamental. The evaluation of @ 1s briefly outlined
in avnpendix C. For any particular atmosphere, in which
u, 1s a function of wuy,, the second term of equation (21)

therefore becomes the line integral

Y _»Tg

 Q(uy,T) aT
uwlDTl
SR

o
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In order to convert the first term of equation (21)
to a form simllar to thet of the last term, conslder the
first term with the upper 1limlt, make use of the fact
thet T 1s a functlon of wuy, and agaln drop u,, because
for any particular atmosphere u, 1s a function of u,.
Both uy and wu, can be computed from radlosonde data.
Each 1s a functlon of altitude and of temperature and con-
sequently one can be expressed as a function of the other.
Then

(o]

qu
Te(v) fb(T:U) -r(u.w,uc,v) qv
0
:f Tt(U) fb(T0,U) TA('U-WO:U) dv (23)
0
But
£p(0,v) = 0

The first term with the upper limit therefore may be
written

e -]

f T (V) [fb('ro,v) - fb(o,u)] TA(UWO,D) dv
0

T @

0
df (T, v)
= aT T (V) -——SE——— T(FWO'U dv

0 0
d{?
0

The first term of equation (21) with the lower limlt
likewlse becomes .

'/o‘ lQ,(uwl,T> aT

0
G (bwprT YT (2ly)
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and equation (17) may therefore be written

To Tl uwo,To '
F = Q AT = aT - Q Ty 4T
A I ER RO RS
0 . uwl,T1
(25)
Finally, if uwo =0 and uwl = Uw and the terms are
rearranged,
To Tl,uwl 0
FA =/ Q(0,T) 4T +f Q(%,T) 4aT +fQ,(Uw,T) 4T
0 To,uwo T,
(26)

The path of 1ntegratioﬁ on a QT-plane 1s a closed fig=-
ure, the area of which represents the radiant flux transe
mitted by the thermoelectric eve due to self-emlsslon in

the atmosphere, If To is the terperature of the

receiver of the thermopile and T; 1s the temperature

of the cloud, 1t 1s obvious that FA also represents

the second term of equation (8) /%th" dv,

A Radlation Chart Adapted to Cloud Indicator

Equation (26) takes into account both carbon dioxide
and water vapor. For any one atmosnhere, 1in which the
quantity of carbon dloxide 1s a functlon of water vapor,

a chart can be constructed with Q and T as axes,

from which the radiatlion transmitted by the thermoelectric
eye can be determined for that atmosphere; that 1s, each
atmosphere can be represented by a radiation chart,

Figure 11 illustrates the type of closed curve defined

by equation (26) plotted on & QT=plane., In figure 11

T 1s the termperature of the recelver of the thermopille

0
e
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and T1 is the temperature of the cloud. The atmosphere

1s represented by the line immediately under area B. The
significance of the various areas on this chart 1s as
follows:

Area A + B.- As hes been stated area A + B represents

the second term of equation (8)‘/;th" dv.

Area A.- Area A represents self-emlission of an
isothermal etmosphere contalning T, centimeters of

precinitable water vapor and uc(Uw) centimeters of
carbon dioxide at a temperature Ty, a8 transmitted by
the thermoelectric eye.

4Area A + D.~ Area A + D represents the self-emlssion
of a black body at a temperature T; transmitted by the

thermoelectric eye.

Area D.- Area D represents the black-body emisslon
characteristic of temperature T,y trensmitted by the

atmosphere contalning U, centimeters of precipltable
water vapor and u,(Uy) centimeters of carbon dloxide
and by the thermoelectric eye. This area therefore

represents the third term of equation (8) J/;tfc" dv.

Area A+ B+ C + D.- Area A + B+ C + D represents
the self-emission of a black body at a temperature of TO,

transmitted by the thermoelectric eye. Thls area there-

fore represents the first term of egquation (8) u/;tfR dv.

By equation (&), the exchange of radlant flux at
the receiver of the thermopile AF 1s therefore given by

AF = (A+ 3+ C+D) - (A+3B)-D
=C (27)
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This erea C 4s the line integral represented by the
--second term of equation .(26).-or in more conclse form by

To

c=f Q 4T (28)
Ty

Preliminary computations show that, for the range
of atmospheric temperature and atmospheric content of
water vepor and carbon dloxlde expected in flight use
of the cloud indicator, the relative values of J(uy,u,,T)

range from 1 to 2000. The variation of Q with each
parameter, while the other two are held constent, 1s so
great that numerous tables or familiess of curves would

be needed to represent the values of ¢ withln reesonables
tolerances. In order to avold the necesslty of using a
great number of tables or families of curves, a plane
different from that used for figure 11 1s used for the
radlation chart.

Let the coordinates of the new plane be y and x,

where
[v ax =/Q. ar (29)

in which Q = Qluy,u,,T), as defined in equation (22),
eand y 1s an arblitrery constant Yo for u, =0

and u, = O . Also let
x =fg(0,g,'r2 a7
0

= x(T) (30)
When equations (29) and (30) are combined,

QUuy,ug,T) v
a(0,0,T7) O

¥(uy,us,T) (31)
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The yx-plene that 12 used 1n constructing the redle-
tion chart 1s defined bty equations (30) and (31). The
verliation of y with T, as uy; end u, 4are held
constant, 1s found to be so smell that flve tebles are
sufficient to represent within a small tolerance the
velues of y for eny combination of w,, u,, and T

expected In flight use.
RESULTS

Values of y (equetion (31)) have been computed for
the limiting quantlitles of water vepor, carbon dloxide,
and temperature expected durlng use of the cloud indicetor
In flight. These values of Yy, along with others for
some intermedlate flight quantities, are nlotted in fig-
ure 12 in which Yy, has been arbitrarily asslgned a

value of 100. The nonunlform temperature scale of fig-
ure 12 results from using x(T) of equation (30) for the
abscissa.

I'lgure 12 shows that, for the majorlty of combina-
tlons of water vapor and carbon dloxide, the variation
of y wlth temperature 1s small. The curves for
u, =0 and u, =550 saend for u, =1 end u, =0 show

the greatest variatlon = about 15 percent of the maximum
ordinate of 100. Further computations of ¥y show that
the maximum varletion of y wlth temperature occurs for
e comblnetion of about 0.25 centlmetcr of precipltable
water vapor and no carton dloxlde. For thils combinatlon,
the varlation of y wlth temperature 1s shown in fig-
ure 13. The maximum verlation for thls cese 1s found to
be 19 percent of the meximum ordinate.

The percentage varlation with temperature can be
made smaller than any deslired value by dlviding the
temperature scale lnto sufflclently small intervals.

For each of these 1ntervels, a table can be mads which
glves & value of y for any specifled comblnation of
water vepor and carbon dioxide and is valld throughout
that tempereature range withlin any cdeslred tolerance.

The number of tables glving valucs of §y 1s determined

by the accurecy required. For presznt purposes, it 1s
estimated that tables covering temperature renges i1n which
the varlation of y wlth tempereture 1s no more that

2 percent cen be tolecrated. Flve such tables are there-

fore needed.
L
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An inspection of flgure 13 indlcates that the total
variation 1s divided into.flve approximately equal parts
with a meximum varlation of +1.8 percent by the five
temperature ranges in the following table:

Range 1in Représentative
temperature temperatures Table
(°K) (°K)
213 to 235 o224 IT
235 to 256 245 ITI
256 to 282 267 IV
282 to 299 289 \'
299 to %23 311 VI

Figure 13 also indicates that representatlive values of ¥y
for each of these flve lntervals can be obtalned at the
temperatures given in the milddle column of the table.
For each of ths flve temperatures glven 1n the middle
colum, evaluations are made of the quantity y (equa-
tion (31)) for numerous combinations of water-vepor and
carbon-dloxlde content. Some detalls of these esvalusa-
tions are glven in appendix C. The result of these
evaluations are presented ln tables TII to VI, 1n which
all temperatures are expressed, for the user's convenlencs,
In degrees Centigrade.

For convenience in plotting y agalnst temperature
in such a manner that the area under the curve 1is a
measure of the net exchange of radlatlion at the recelver
of the thermoplile, a plane 1s ruled (fig. 1) with
uniformly spaced horlzontal llnes for directly plotting
as ordinates values of y from the tables and with a
nonlinear absclssa scale (divided according to equa-
tion (30)) for plotting tempsratures. For the experimental
model of the cloud indicator, the area scale 1s such that
the entire ruled area of figure 1l represents

6560 8in29 microwatts of radiation per square centi-
meter of lens aperture. '

Elsasser states on page 57 of reference 18 that
not much 1s known about the accuracy of the individual
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measurements upon which the generallzed absorption coef-
ficlents are based. Thls fact, comblned with a further
loss of accuracy as a result of the smoothing process
lnvolved 1n Elsasser's generalized absorption coefficlent,
precludes any clalm for high accuracy in the results
obtalned by the analysls when flgure 7 1s used to deter-
mine the trensmission factor of water vapor. Any definilte
statement concerning the over-all accuracy of the values
glven In tables IT to VI therefore 1s impossible, When
the experlimental setup 1s such as to satisfy the condl-
tions that were assumed 1ln making the analysis, however,
1t seems reasonable to expect that the probable over-all
error 1n integrated radlation exchange obtelned by means
of the tables and chart will not be large, probably not
greater thean about 5 percent for many comblnatlons of

the 1ndependent variebles.

DISCUSSION

The tables that have heen cdeveloped for the cloud
Indicator can also be used for any similar Infrared device
provided that the angular extent of the beam, both within
and wlithout the thermoelectric eye, 18 not much greater
than 1n the present device and provided that the spectral
transmission factors ere essentlally the same as for the
present device. Tho sscond speclfication effectively
limits the use of the present tables to simllar devices
that contaln a lens unlt of rock salt and Pliofilm and
have average thlcknesses about the same as 1n the present
device. The lens, however, may have different dimensions,
and therefore dlifferent speeds and different flelds of
view, provided that ths foregolng spveciflications are ful-
fi1lled. Simlilar tables could be constructed for similar
Infrared devices that do not conform to the foregolng
specilfications.

The radlation chart (fig. 1lly) has the same valldity
and limitations as the tables. Simllar charts could also
be constructed for simlilar infreared devices.

The tables and the chart can be used to determilne
the exchenge of radlation between the recelver of the
cloud indicator and any black-body radlator including,
for example, any blackened surface of known temperature
that might be used in callbration.
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. The tables and chart for calibrating the cloud
indicator are valld for a'clear atmosphere with the --. -
normal complement of minute dust particles. The larger
dust particles end haze are known to affect markedly
the net exchange of radiation, but these effects are
not consldered 1n the present analysis because no prac-
tical flight method of readily determining the density
of elther of these constituents in the atmosphere 1s
known. This omisslion, however, appears not serious for
the c¢loud lndicator when used as contemplated by trans-
ocean transport alrplanes because under such flight
condltions the occurrence of haze, and especlally of
large dust particles, is not frequent.

Callbratlon of the c¢loud 1ndicator 1s greatly
simplifled by means of the tables and the radiation
chart. W®wWithout these alds, the determination would
Involve a polnt-by-point double integration over the
spectrum and over the range of altitude or of some
parameter defined by altltude.

The area under a curve that represents the 1lnter-
venling atmosphere, on elthar a QT- or Yyx-plane,
represents the eachange of radiation at the receiver 1in
terms of the field of view of the cloud indicator. The
accuracy wlith which the effective fleld of view 1s knowm
consequently determlnes, 1n part, the over~all accuracy
of the determination. Errors dus to faulty values of
the effectlve fleld of vliew, as well as to the use of
parallel-bsam transmlssion factors, howsver, can be
largely eliminated by a dlrect callibratlon mede by
slghting the devlce dlirectly on a nearby black body at
known temverature.

The present analysis and the resulting tables and .
chart are directly applicable to conical beams of radla-
tlon with their center llnes perpendlcular to homogeneous
slabs of the atmosphere and hence may be appllied directly
to the cloud Indicetor when it is sighted vertlcally
upward. For all practical purposes, the same tables and
chart cen be used when the device 1s not sighted vertl-
cally by using, as the quantity of absorber sighted
through, the amount along the center 1line of the inclined
1line of sight rather than the quantity along the vertical.
Thls procedure obvlously 1s not entlrely accurate because
rays that constitufe a hollow cone about the center line
of the flald of vliew 1n thlis case do not traverse paths
wlth ldentical charectsristics. The errors introduced
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by the rays above the center line, however, tend to com=-
pensate for the errors introduced by the rays below the
center line and, consequently, since the field of view

of the cloud indicator is small (about L%P), the error

introduced by this simplifying assumption 1s small -
probably not more than a few percent. The analysis and
the resulting equation (equation (26)) are exact. The
transmission factors appearing in this equstion, however,
are the values for conical beams of monochromatic radia-
tion and for the spatlal distribution of energy that
actually exists; that 1s, an error, though usually small,
1s introduced In any numerical computation that uses
transmission factors for parallel beams traversing slabs
with parsllel surfaces and for finite spectral intervals.
Two exemples of the way in which the tables and chart

can be used in determining the radiation exchange when
the cloud Incdicator is sighted eilther toward the zenith
or In some other direction are glven in appendlix D.

CONCLUSIONMS

An experimental model of a cloud indicator, which
is a flight instrument utilizing infrared radlations for
detectlng and indicating the locatlion of clouds at night,
has been develoned. The prelliminary investigation, based
upon data in the scientific literature, of the factors
that might determine the exchange of radiation between
the receiver of the cloud indicator and a cloud, indicated
the following conclusions:

1. Except when the cloud indicator is sighting
directly on the moon, the only radiation from natural
sources ln the heavens that are intense enough to affect
the readings of the instrument are the thermal emisslons
in the infrared region of the spectrum.

2. Clouds of moderate thlickness are almost perfect
thermal emlitters of infrared radiations.

3. Attenuation of Infrared radiation emitted by
clouds due to scattering by molecules of the atmosphere
or to diffuse reflection by the normal complement of dust
particles in the atmosphere 1s negligible.
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li. water vapor and carbon dioxide are the only con-
stituents 6f the clsar stmosphere that are important in
modifying the exchange of radiation.

The analysls of the exchange of radiation given in
the present paper indicated the following conclusions:

5. A practical means has been provided for deter-
nining the exchange of radiaetlon between the receiver
of the cloud indicator and a cloud as modified by emission
eand ebsorption of the intervenling atmosphere and by the
selectively absorbing parts of the thermoelectrlc eye.
The determination takes into account the effect of the
carbon-dioxide content as well as the water-vapor con-
tent of the atmosphsre.

6. The tables and the radiation chart presented
are expected to serve &s a valld gulde in extrapolating
results of field observations made with the cloud indi-~
cator to cover all probable flight conditions. They
should therefore aid in devising a practical scale for
the cloud indlicator for use 1n flight.

Langley Memorial Asronsutlical Laboratory
Natlonal Advisory Commlttee for Aeronautlcs
Langley Field, Va.
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APPENDIX A
SYMBOLS

reflection constent

first radiation constant

(1.1906 x 10712 yatt cmd steradian"l)
second radiation constant (1.1:38L cm deg)
fluz of monochromatic radiation, watt cm™2/cm~1

net exchange of ronochromatic raediation flux,
watt cm"z/'cm"1

total flux of all radiation in spectrum, watt em™2

acceleration of gravity (989 dynes/gram)

relative humidity

Intensity of monochrometic radiation,
watt cm™2 steradian~l/cm-1

absorption coefficient, em~1

Callendar's "ebsorption coefficlent" (reference 16)

Elsasser's generallzed absorption coefficient
(reference 18)

mixing ratio, gm of water ner kg of dry air
atmospheric pressure, mb

function defined by equation (22), watt em™2 (°K)'1
radius of elemental ring, cm

radius of lsns anerture, cm

ebsolute temnerature, °x

reduced thick¥ness of absorbing material, cm
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U total reduced thickness of absorbing material in
- slab of atmosphere, _cm
specific humidity
x function of tempe?ature; defined by equation (30)
y function of carbon-dloxide and water-vapor content
and of temperature; defined by equsetion (31)
€ emission factor
¢ angle with normel to surface, radians or deg
v wave number of monochromatic radleation, em'l
T transmission factor
Subscripts:
a alr within housing of thermoelectric eye
A atmosphers
b black body
c carbon dloxide
C cloud (or other bleck body sighted on)
L lens unit of thermoelectric eye
N normal to surface
D pressure
P Pliofilm
R recelver of thermoplle
8 saturated water vapor in atmosphere
S rock-salt component of lens unit
SL sea level
t thermoelectric eye
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water vapor
window of thermopile

o) specified level in atmosphere or zero quantity of
absorbing material

1 another level in atmospher&
Prire indicates that reflectlon offects are not included.

Double prime i1ndicates no modification by lens unit
housing alr and window.
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APPENDIX B

TRANSMISSION OF A DIVERGING EEAM OF
MONOCHROMATIC RADIATION

The transmission factor T'! of a horlizontal parallel
slab of homogeneous absorbing material of thickness u
for a parallel beam of monochromatic radiation is given

by

1 = g-Kusec?®

where

8 angle between incident beam and normal to surface
of slab

k ebsorption coefficient of material of which sleb
18 composed

Assume that a horizontal-plane black-body surface
1s emitting 1lsotroplic diffuse monochromatlic radiation
into the sare slab. Iet IbN be the intenslity of the

radiation emitted normally to the surface and I, the

intensity in the direction 8 with the normal. By
Lambert'!s cosine law

I, =1 cos §
b bN

The total flux of radistion emitted wlthin a cone
of half-angle 6 1s then

erfIbN cos 0 sin 0O 46

¢/

£y

waN 81n2@ (Bl)



Lo SN NACA ACR No. ISIOL

Likewise, the total flux transmitted by the slab of
thickness u 1is

0
fbu = 2n'f IbN cos 0 sin © e'ku secede (B2)
0]

and the transmlassion factor 1s

)
Zf cos 6 sin 90 e-ku secede
hig
T =&= O (B3)
A fb sinae

It 1s apparent that, as © approaches O, Ta

approaches e ka, Furthermore, an evaluation of equa-

tion (B3) shows that, for conical beams of half-sngle 6
less than L.5°, the difference between the value of T
end e~ ¥Y 15 less than 1 percent even when the absorp-
tion 1s great enough to cut the net transmission to less

than 0.001 of the 1ncldent value; that 1s, even when ku
1s as large as 6.9.
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APPENDIX C

[

EVALUATION OF QUANTITY y 1IN EQUATION (31)

The quantity ¥y 1n equation (31) can be evaluated
only after evaluation of Q in equation (22). The
: of
quantity Q 1involves the term -2 which, by equa-

oI
tion (Bl) becomes 1 81n28 -S%H'
By Planck's radlation law

I L
oy Cav (c1)
e_qr--l

where the values of the radiation constants are

12 1

watt cm® steradian”

C; = 1.1906 x 10~

and

Co = 1.4384 cm deg

of
These constants were used i1n the evaluation of EE? for

various combinations of temperature T and wave number v.

The expressaion for Q (equation (22)) also involves
the spectral transmisslion factor of the atmosphere Ty

For monochromatic redlatlon

Ty = Ty Tq (c2)

where the subscripts w end ¢ 1ndicate the water=~vapor
and carbon-dioxide contents of the atmosphere, respectively.
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Hence, 7, was computed by equation (C2) with the use

of figures 3, 5, T, and 8. The other factor in the
expression for Q 1s T, for which values were obtalned

from figure 9.

The integrations over all wave numbers, for each
combination of water-vapor and carbon-dloxide content
and of temperature, were carried out for all possible
combinations of the followlng values of the three
paramsters;:

Water-vapor content | Carbon-dioxide content| Temperature
(cm) (om) (°K)
0 0 22,

.01 .23 2%5
.10 1 267
25 L 289
1 20 311
2.5 100
p, 550
10
25

After Q was computed for each of the combinations,
the corresponding values of §y were computed by equa-
tion (31). An inspection of these values of y showed
that graphical representation was not practical and that
smaller increments were necessary for tabular representa-
tion. The addltional values were obtalned by a system
of plotting and falring curves and are included 1in
tables ITI to VI.
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APPENDIX D
EXAMPLES OF USE OF RADIATION TABLES AND CHART

A numericel example ls glven to 1llustrate the way
In which the radiation tables and chart derlved in the
present report can be used to estimate the net radlation
exchange at the recelver of the cloud 1ndicator for
purposes of callbration.

The etmosphere used as an example 1s one that
exlsted at Langley Fleld, Va. on the evenling of Octoberl,
19h5. The values of pressure, temperature, and relative
humlidlity were determined by a radiometeorograph and some
of the importent results obtalned are glven in table VII.
During the ascent of the radiometeorograph, en overcast
with e base helght varying from 5600 feet to 7200 feet
was observed.

Equation (2), which involves the specific humidity q,
18 used to compute the amount of water vepor between
each of the 1l; levels of table VII. Avallable tables
and charts, however, glve only the saturation ratio mg4

end therefore values of the actual ratio m mst be
obtalned by

m = hm (D1)

whers h 18 the relative humidity. The corresponding
values of speclfic humldlty are then determined by the
equatlon

q =m(l - m) (D2)

which holds to within one-tenth of 1 percent throughout
the range of values found in the atmosphere. The values
of q thus obtalned are also glven in table VII.

Standard atmospherlic pressure at sea level Pgr, 1s
1013 millibers. By using this value, the reduced

specific molsture qMEE— 1s computed (columm (5),
cL
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table VII). Multiplying the mean of this value for any
slab between two adJacent layers by the difference in
atmospherlic pressure and dividing by the acceleration of
gravity g glves the quantity of water vapor along the
vertical within that slaeb, as indicated by equation (2).
These values are shown in_columm (8). (It may be noted
thet 1 mb = 1000 dynes/cm®; and g = 980 dynes/gram;
hence the factor 1/0.980 in column (8).)

In order to compute the guantity of carbon dloxlde,
use 1s made of the fact that the percentage composition
1s constant at all levels involved and hence the amount
of carbon dloxide above any level 1s proportional to
the pressure at that level. When the total carbon-
dioxide content of the atmosphere is tasken to be 2,0 centi-
meters at stendard pressure and temperature (table I),
the amount of carbon dioxide along the vertical above
that level 1s

2Lo —Be
Cp h 1013

=]
n

= 0.236p (D3)

where p 1s the pressure in millibars at the level
involved. The amount of carbon dlioxide 1n an elemental
sleb is then Au, = 0.236 Ap, values of which are

given in column (9). The reduced carbon-dloxide content

in en element Ap 1s 0.236 Ap/%z:-, which 1s given

SL
in column (10) of table VII.

Example 1 - cloud indicator at ground level,
sighting vertlically upward.- Assume that the cloud indi-
cator 18 sighting on a cloud base at 5600 feet, where
the gressure 1s 825 millibars and the temperature 1s
11.7° ¢. For thls case only the flrst four rows of
table VII are pertinent. The summations of the reduced
quantities of water vapor and carbon dloxide between
ground level and each of these levels, and corresponding
values of y taken from table V, are given in the
following table:
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Tempera-.| .Reduced water vapor |Reduced carbon
ture above ground level, uy|dloxlde &bove Ty
(Sc) {cm) ground level, u,
(om)
21.2 o) 0 100
20.9 .%8 10 Ez.h
20.0 .83 : 18 g.z
9.3 1.97 . L8 38.

The values of y are plotted agalnst temperature 1n

the radietion chart and a curve is falred through these
polnts 1n figure 15. The area under the part of this
curve between temperatures of 21.2° ¢ and 11.7° C has
been determined by mechanical integration and found to

be 277t sin®8., If the half-angle of the effective

fleld of view is teken to be 2&9, the radiation exchange

at the cloud indicator for the specifled conditions 1s
1.3l microwatts per square centimeter of aperture area.

Exemple 2 - Cloud indicator at altitude, sighting 15°
above the horlzontal.- Iet the cloud Indicator be at an
altitude of 10,000 feet where the pressure is 699 milli-
bars and the temperature is 3.2° C. Let the line of
sight be elevated 15°. Assume further that the instru-
ment 1s slghting on a cloud at a pressure helght of
0O millibars and that the surface temperature of the
cloud 1s the same as the temperature measured by the
radiometeorograph at this level, that 1s, -19.8° c.

The last 10 rows of table VII are therefore pertinent
for this example.

Equetion (26) and figure 10 show thet water-vapor
end carbon-dioxide contents above the lower surface of
the slab =~ .that 1s, above the cloud indicator - are
needed. For this reason, it 1s necessary to make the
summations from a reference level at 699 millibars. A
preliminary computation shows that the content of the
element between 699 and 662 millibars 1s 0.197 centi-
meter of water vapor and 7.1l centimeters of carbon
dioxide. In the followlng table, the summations of
these two quantitlies from the base level of 3.2° ¢
(cor?e§pond1ng to 699 mb) are given in columns (2)
and (%):
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(1) (2) (3) (L) (5) (6)
Reduced emount above Reduced amount along
Tempera- 699 mb 15° line of sight
ture water Carbon water Carbon Y
(°¢) vapor dioxide vapor dioxide
(cm) (cm) (cm) (cm)
3,2 o] o o] o] ¢ o] 1&3
. .2 .1 . 2 .1
-u.g .60 2%.3 2.51 93 3.8
-5.6 . 27.2 2. g 106 3.0
-g.o .67 29. 2.5 11l 33,6
- .Z .71 3§.h 2.36 133 32.6
-9. .72 ﬁ .1 2.80 139 32,1
-10.5 .7% 0.2 2.88 155 722.0
-13.0 .7 Lhh.2 2.96 171 31.L
-17.8 .59 u9.g 5.03 191 32.0
-19.8 .80 51. 3.0 200 31.9

In order to adapt the table to a line of sight elevated 155
columns (l}) and (5) are included. The values of ¥y are
selected from tables III and IV by using the values given
here in columns (1), (L), and (5) as the independent
parameters.

The values of y are plotted against temperature
in figure 15, and the area under the curve is found to

be OO sin“8. Again, where the half-angle of the effec-
tive field of view is taken to be 2=, the net radiation

exchange at the cloud indicator is 1.9l microwatt per
square centlmeter of aperture area.
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TABLE I

50

COMPOSITION OF TROPOSPHERE AND APPROXIMATE
REDUCED ' THICKNESS OF SEPARATE CON-

N i gmy - - ——

STITUENTS .IN. ENTIRE ATMOSPHERE

-

[Reduced thicimess at 0° ¢ and pressure of 1013 mb;
data for first 13 constituents from reference 8;
first 2 reduced thicknesses have been corrected
by use of Birge's new value for speciflc volume
of an ideal gas (reference .9, p. 234); value for
reduced thickness of ozone modifled 1n accordance
with ¥25-percent variation reported in refer-

ence 10, p.

52]

Reduced thickness 1n

Constltuent Relative volume entire atmosphere
Nitrogen 0.7809 62413 .4 m
Oxygen .2095 167Th.9 m
Argon . 0093 Th., m
Carbon dioxide . 0003 2.4 m
Neon 1.8 x 1072 Uy em
Hellum 5.2 X 10~6 L.2 em
Krypton 1 x 10'6 .8 em
Hydrogen 5 x 10~7 Ji em
Xenon 8 x 1070 .06 cm
Ozone Variable 2 to 4, mm
Nitrogen monoxlde Varlable Several mm
Nitrogen pentoxilde Varlable .03 mm

Total for clean, dry atmosphere 7?95.5 m
Water vapor Very variable | 0.5 to 7.0 grams/om®
Dust Variable 3 % 10-6 gram/cm?

—

NATIONAL ADVISORY

COMMITTEE FOR AERONAUTICS




VALUES OF vy

TABLE IT

(EQUATION (31)) FOR TEMPERATURE RANGE FROM -60° ¢ to -38° ¢

carbon-dioxide
content, u,

Water-vapor—_ (om) 0 jo.1l0.25]0.50f 1} 2| 3! 5}10] 20{30] 50}100{200 ]L00 {600
content, u,
(cm)
0 100 981 96 92{89186|8Li81] 79 77176! Tl 71| 70} 69 68
.005 971 951 93| 90|87|83181|78| 76| Thi73] 71| 68) 67| 66} 65
010 961 93| 91} £8|85181|79|76{7L} 72{71{69} 671 65] 6L { 63
.025 931 91| B8] B6{B2{78{7617h|T2] 70169] 67| 65] 63{ 62| 61
.050 911 891 86] 8L.i8o|76{7h{T2]T0]68167165] 63} 611 601 5
.075 o} 871 851 83179175173 171169] 67165{63] 62] 60} 591 5
.100 9{ 86| 8 8217817l |72]70{68] 66161 621 611 59{ 58] 5
.150 871 8Lt 82| 80|76]72]|70168166]6l.162]611 591 58] 571 5
200 85{ 82| 80| 78{7h{70{68166]6L} 621611601 58] 571 561 5
.250 82] 8oy 761 76172 g 67165{63| 61{60]591 571 56{ 55| 5
.300 81| 791 76] Th|T71]{6816616l162]601591581 56( 551 5L | 53
550 791 1 Thi  72|70]|67]65163{61159158|57| 55| 54| 53] 52
000 781 761 T3 71169]66(6[{62|60|58(57{56| 5l 531 52| 51
150 771 75] 2] 70168165]163161159157(56]55] 53] 52| 51} 50
.500 761 Th 1{ 696716L{62160|58| 56{55{50.] 52} 51| 50| L9
. 600 73 Zl 9{ 66|6l161|60(58(56]5L|53{52{ 501 Lho{ L8| L7
. 700 711 69| 671 €L162(59158(56(5L| 521511504 L8} L7| Lé6| L6
.800 69| 671 65| 62|60 BZ 5615L{ 53| 51|50| 18 uz L6 ug L5
+900 671 65| 63| 61159156155153152} 50|49 uz L ua LL | L
1.000 66| 6L} 621 6015815550 152151109 L8 1L6 ) L) LIt L3} L3
1.200 631 611 59| 57(55(53152|50\L9{LhT7iké6ibl| b3 La| 1| L]
1.400 61| 59 | 57| 55[53|51|50 (L8 L7({L5Libha| 1| Lot 39 33
i e 7| 35| 3| Al o| 59| 38| 27 31
2.000 55| 5k | 952 %MM&MLQMM%9ﬁB7%36

16
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TABLE II - Zoncluded

WCIGI

VALUES OF y = Concluded f
Carbon-dioxide
content, u, E
Water-vapor ~~(cm) 0]0.1[0.25]0.50] 1| 2| 3| 5{10}20{30]50 {100 }200 {400 {600
content, U, ;

(cm) :
2.500 11 50 L9 L7ihsibhih2 h1ihol39(38{37{ 36| 25; 3k { 34
3800 3 07| 18| EEL3(IT N0 55138137 136150 | 2l 33| 33| 32
a~500 Lei 5| L3t L2lL1]39138137]|36]35|34{35 | 32| 31| 30| 30

.000 by} b3 1 L1} Loy39137136]35{3L133]32(31] 50{ 30} 29] 2
l;. 500 ha| L1t 3 3813713534 |33132|31{31]30{ 29| 29{ 28{ 2
5.000 Lot 291 3 37135(33133132{31{30130{29 | 26{ 28] 27| 27
6.000 371 361 35 34L{32]31{30{30{29|28{27{27{ 26] 26} 25{ 25
g.ooo 3L ) 221 22 31130129(28128|27126]25)25]) 2lij 2] 23] 2%

.000 31130 30| 29|28|a7|26|26]25]|2 {23123 ] 221 221 211 21
9.000 29| 281 28| 27{26i25{al{ahj23|22]22121} 21} 21§ 20] 20

10,000 271 261 26] 25|2h |2l |23(23]|22]21]21]201 20f 20{ 19] 19
12.000 2y 231 23} 22}21}21}20]20]120119{19{18} 18] 18} 17| 17
1. 000 211 20| 20| 20{19(18{18{18{18|17]17{16{ 16{ 16} 15] 15
16, 000 19| 18 | 18) 18|17|16{16{16{16]15i15 2| 1] 1L 13] 13
18.000 171 16 16] 16{1s5i1hilijaljahi13i13]12] 12f 12| 12| 12
20.000 15y 1 | by itz ficjiziiziaclizgaijaag rif 1aj 11l 12
22.000 13| 12| 12| 12f11{11)11{10}10}j10]10j10| 10| 10} 10{ 10
2. 000 11{11{ 10| 10{10{10{10 g 9 91 91 91 9] 9] 91 9
26,000 10| 10 9 91 94 91 9 8{ 81 S 8] & 8 8 8

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
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VALUES OF ¥

TABIE IIT

(EQUATION (31)) FOR TEMPERATURE RANGE FROM -38° ¢ to -17° ¢

Carbon-dioxide
content, u,
Water-vapo (cm) 0 {0.1]0.25/0.50] 1| 2{ 3} 5}10]20{30{50 {100 {200 |;00 | 600
content, uy
{cm)
0 100] 98] 96 3190187186{8%{81{79{78176{ 741 731 721 71
-005 961 9L 2 9186183182179177175{7h| 72| 70| 69] 68} 67
.010 9li| 92 9f B7i8L181179176175173|T2]T0] 68| 67 66 65
.025 1} 891 86 8LI81{78{76 7L 721|708 671 65] | 63| 62
. 050 81 861 8| 61§78{7517317116916T16616L] 631 61} 60] 60
.075 861 8 82 791771731 711T0(6T 16616631 61} 60! 59) 58
.100 85 8 81 7Bi{76{72170]169,66165]63162{ 60| 591 58{ 57
.150 831 821 791 76iTLh|70]6816T16l165{61160] 581 57| 56f 56
.200 81 80| 771 Th|72168166165163161160{59{ 57| 56{ 55{ §
+250 791 781 75| 72]70167165|6L[62160159158f 561 551 5Li 5
300 701 76| 73| 71{6B|66{6li163161159158) 571 55] 5L 53| 53
- 350 761 Thi 721 701671641 63(62160(58157f 56! 5L 531 52f 52
.400 5] 73| 71 69|66]63]62|61]59(57 (56| 55| 53| 52| 51 51
150 7hi 721 701 6Bl 65(62(61160158156155|50 | 521 51 50] 50
- 500 73] 71| 691 67|6Li61160{59(57|55(5L] 53] 51{ 50] Lo} L9
. 600 701 68| 66| 6L162]59(58156155153%(52| 51} Lol L& L7t L7
.700 681 661 6L} 62{60 52 56|5l15% |51 Bo ug L7 uZ Lél L
.800 661 6| 621 60[58{56|5l153{51{50 g L81 L6} L uﬁ uz
-900 el 62| 60| 58/57155|53152|50(L9 |L8|LT ﬁg uZ Lh) L3
1.000 631 61| 591 57|56|5L152|51 L9 [L8IL7IL6 LIy L3p Lo
1.200 601 59| 571 55|53|51|501L9 |7 L6 |Ls5| kL) La) L2| L1} Lo
1.1,00 581 571 55i 53{51|L9 U847 |L5 Ll [h3ih2] Lol Lo 39} 38
1. 600 561 55 53| 51 hg MZ L6 MB L3 e fh1iliol 391 39/ 38/ 37
1.800 5L1 531 511 50148|L6|L5 (L2 L1iLoj39] 38| 38] 37| 36
2.000 551 51| 50 LolL7iLs|LhiL3|k1{Lol39]|38] 37| 37| 36| 35

¢
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TABLE III - Concluded
+ VALUES 0F y - Concluded
Carbon-dioxide
content, u, i .
Water-vapor~e_t cm) 0{0.110.2510.50{ 1| 2} 3} 5]10{20{30}50{100 {200 |L,00 |600
content, uy |
(cm) - ‘
2.500 Lol L8y L6{ LéjhLihaihiiLol38i38|37{36( 35] 34{ 3L | 33
3.000 Lol LS| L3{ L3|L11L0|39]38|36{36{35{3L] 35| 32 32| 31
. 500 L) L3 L1} LO{39|33]37|36|3L{3L133]32].31]| 30| 30| 2
.000 Lol L1 391 38{37{36]35/3L{33|32{31{31| 30| 29{ 28] 2
L. 500 Lol 39| 37| 36|35|34|33|32|32{31]30{30] 29| 28] 27| 27
5.000 381 37| 361 35{3L|33|32]{31|31]30{29]29] 28] 27] 26 26
6.000 251 3L 33| 32{31]30{29|29{28|27{26]26{ 25| 251 2l.{ 2l {
g.ooo 7221 31| 21§ 30(29|28{27i27(26]25(2l 12l ] 23| 231 22| 22
.000 30] 291 29| 28|27{26|25|25|al|23{22]22] 21| 21} 21} 21
9.000 281 2 271 26(25]2li{23]| 23|22} 22(21}21| 20 20 20} 20
10.009 26 2 251 al{23{23122f22|21f21120{20f 19| 19} 19} 19 {
12.000 231 23| 221 21]20{20|20{19{19}19(18{18] 17| 17| 17} 17
1l,. 000 21| 20| 20| 19{18|18]18|17|17{17]16]16{ 15| 15] 15} 15
16.000 19 18| 18| 17{16|16{16j15{15{15{1kj1l} 13} 13} 13} 13
18.000 17! 16| 164 1s5{il|iji|13]13]{15(12{12] 124 12 11{ 11
20.000 15f 14§ 14| 13j12{12j12|12{11{11{11f11f 11| 11} 10} 10
22.000 13y 12} 12} 11{11}10{10}10{10}10{10j10| 10} 10 g g
21,.000 11} 11{ 10} 10]{10 g g 9 g g g g g g
B 26.000 10| 10 9 91 9 8 _ 71 7
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TABIE TV

VALUES OF y (EQUATION (31)) FOR TEMPERATURE RANGE FROM -17° C to 9° ¢

Carbon-~dioxide

content, u,

Water-vapor~. (cm) " 0 {0.1]0.25]0.50{ 1| 2| 3| 510} 20{30]50{100{200 |00 {600
content, u,
(cm)
0 100{ 98] 96 31911 89] 871861831821 80o179] 771 76! 751 74
. 005 951 931 91 88 6182182[80{78] 76! 75{7h{ 72| 71} 70| 69
.010 21 90t BTl 85!82{80|79177!175 731 721711 69) 68| 67 66
025 81 861 8Lt B81|79|76{7L|73|71| 69| 68{671 65| 6L| 631 63
.050 85) 831 81f 78176|73]71170{68]66}65]6lL] 621 61{ 60} 60
.075 831 81f 7 7617h| 72170 68 166] 6l 63{62] 60} 59| 58| 58
.100 821 80 T 751 73] 70} 6866|651 631 62161 591 581 571 57
.150 8ot 781 751 73 Zl 816616l.163161160{59] 581 57] 561} 5
.200 81 761 T3] T1 66{65163 162|60|59158{ 56] 551 5L { 5
.250 761 Th| 72| T70|68}65|63162160159|58{56] 55| 5L{ 53 53
. 300 i 721 70| 68166]6lL62]161{59157156(55] 5| 531 52| 52
350 73] 71| 69| 67|65/ 63|61159|58156{5550 | 52f 51} 51| 51
1100 721 70] 6 6& 631 61| 60585655 5[{53| 51| 50 BO BO
150 701 681 6 6l 162} 60 58 57155150L| 53152 | 51 50 g g
. 500 6T{ 67| 65| 63[61159(58]|56(5L|53(5251( 50| Lo| LB |L
. 600 661 651 631 61159]57156]5l (53|51 50 &g 81 L7 | k6| L6
. 700 651 63| 61{ 59{57|55{5L{52 51| 50| L9 |LB| LT | L6é uz L5
.800 631 611 591 57156{50{52 (51 |50{L8] L7 L6 hﬁ L) LLj L3
- 900 621 60| 581 56/54152151150|{[i8ILT{L6 uZ Lot L3t bz} L2
1.000 60| 581 56| 55|53|51150|L8 h7iLel L5 Ll b3} L2 | L2 | k1
1.200 571 561 5k| 53]51{49{L8 L6 LsiLlih3ihat k1t k1{ Lo | Lo
1.400 551 Sh{ 52 LR L7 IL6ihs [khihaiha fhi) Lo} 39 38 | 38
1.600 551 52| 511 LolLT ﬁﬁ L ihs haihatholbhor 391 381 37 { 37
1.800 521 51| Lot L8|L6|LL|L3 k2 |h11ho|39|38| 37| 36| 36 53
2.000 50 4ot L7| LéjLLih3|ha]L1{L0|39{38|37]| 36| 35| 35| 3

e
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TABIE IV - Concluded

fIoIGT *ON ¥OV VOVN

COMMITTEE FOR AERONAUTICS

VALUES OF y =~ Concluded
TN Carbon-dioxide
content, u,
Water-vapo (cm) 0{0.1]0.25]0.50{ 1{ 2| 3| 5{1020|30]|50 |100|200 {}00 {600
content,
(cm)
2.500 L7l L6t Lhi L31h21L01391381371361253L | 3| 33} 33| 32
3.000 bt hzy b2t L11ho(38157136135134 (30133 | 32| 31| 31| 30
2.500 et L1 Lo| 29138136(35|3l{33(32(32|31 30| 30| 29| 29
- 000 hoi 391 38{ 37 36/35/30153132131151)30 29| 28| 28 27
L. 500 381 371 36} 35/2L1%2132131|30|30]|29]28 | 28} 27| 27] 26
- 5.000 271 3 3L %31321{31|30]|30{29(28{28]27] 26] 26{ 26] 25
6.000 3L 33| 32| 32130(29(28{28{27!26126{251 2l 2k| 2L 23
g.ooo 31| 30| 29| 28i28|27]|26]26]25. 2l 12lj23 | 23] 22] 221 22
.000 291 281 27| 26]26(25(2 {2l |25 22{22{22 | 21| 21] 21} 20
9,000 2741 261 2 2512hj23)23|22122121121|20| 20f 20{ 19} 1
10.000 261 2L 2 23{23(22]|21]21{20/20420{19| 19] 18f 18{ 1
12.000 231 22| 21| 20{20{19|19{18{18{18{18{17{ 17| 16| 16| 16
1l..000 20| 20 19| 18{18|17|17|16]16|16{16!15] 15] 15| 15| 1k |
16.000 18 18 17| 16]|16|15i15{15|1 |1l |akali{ 1) 13| 13) 13
18.000 16 16| 1 15y ah 1131131313112 12} 12] 121 12
20.000 154 1 1L 13{13(12|12]12]12!12{11{11| 11} 11} 11§ 11
22.000 13§ 12} 12| 12{1211|11{10{10{10{10{10} 10{ 10} 10 g
2. 000 1211} 11} 19{10/10{10f 9 g 9 g 91 91 9 8
26.000 10| 10 9 9| 8{ 8] 8} 8 8 st 71 7 71 17
NATIONAL ADVISORY
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TABLE V

VALUES OF y (EQUATTON (31)) FOR TEMPERATURE RANGE FROM 9° ¢ TO 26° ¢

LS

Carbon-dioxide
content, u,
Water-vapor~_\ ¢ o [0.10.25 p.so| 1| 2| 3| 5]10{20{30}50]|100 {200 |LOO] 600
content, u,
(cm)
0 100| 981 96 1{89188|87|8L.183|82{81| 8o} 78} 781 77
.005 oly{ 92 0 g% 51831{82(80{78{771761751 7| 721 721 71
.010 0| 88 6] 8Li82i79178| 76 7Ll 73T2171| 70| 68| 68] 67
.025 61 8L 81 79|77I7hi73172170168l581661 65 6L} 63] 63
.050 821 80] 781 7T6|7h{71|70|68|66{€6516l163] 62| 60| 60{ 59
.075 8o 781 76| Th|72169168]66{6L163162(61) 60 58] 58] 57
.100 781 771 7| T2]701{68|6616l]63]|62160159| 581 571 56] 56
. 150 761 Thi 72| 70|68|66|6L| 6260160158157 561 551 5| 5L
.200 bt 721 70| 68i6616lL| 62| 60|58{58]561551 5L | 531 52{ 52
.250 72{ 70| 681 66(6L162{60{58157156]|55150.1 53| 52| 51{ 51
.300 711 681 66| 6L162|60[{59|57156]55|5L 5% 521 51 50| 50
50 69| 67| 6| 63161159]158/5615515L155152] 511 50 92 Eg
00 68 661 63| 62160|58]157{55(5L.(53152151) 50 Lol L6} L
L50 671 651 62| 61(59|57|56{5L153152|51|501 Lo L8} L7 uz
00 66 6 61| 60158156155(53|52151{50{L9 | L8 L] Lé]l L
600 631 €11 59| 581565453 El 01L9|L8ILT | Lé ua W Ly
00 61i 591 57| 56/54152|51 g BiL7ihéih6| Lo LL| L3 L3
00 591 571 96| oShj92|5L 0 3|47 L6 ﬁﬁ b5 | bl b3 b2y b2
900 581 56( 55| 53|51 50|L9|LTIL6{LE LML | b3 | ko | L] L1
1.000 571 551 5L 52{50|L9|L8lLeihsiLLih3Ih3 ] L2 | b1 Lol Lo
1.200 s 55| 51| 50|48|L&\LsILLIL3|I2|L1|L1| Lo 39| 38| 38
1.400 521 51| Lot L8ILethLIhs L2l h11hol39139| 38| 37| 37| 36
1.600 50 g Lyt LéejLhhih3|h2)h1140139138137 | 37| 36| 26| 3
1.800 ug L8| Lé uz L31h2|L1]h0139]38137136| 36| 35| 35| 3
2.000 LW8{ L] Lo| LL{Le|L1j{Lo[39]38|37|36]|35] 35| 3L | 3| 33
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TABLE V - Concluded

VALUES OF y =~ Concluded
Carbon-dioxide
content, U,
Water-vapor (em) 010.1]0.250.50| 1| 2| 3{ 5{10{20 |30} 50100 |200 [4,00 600
content, u,
(cm)
2.500 Loy Ly b2 L139138137|36{35|3k4 |3k 33| 32| 32} 32 |31
3.000 b2 | L1} kol 29137136|35|3L133132132[31] 30{ 30{ 30 | 29
3-500 40t 39] 38| 37|35|3L4|33|32]31130130{29] 29| 28] 28 | 2
.000 281 371 36| 35|33132{31]{%0{29i29129|28] 26{ 27{ 2712
li. 500 26| % 2l 331321311301 29128{2828] 271 271 261 26 {2
.000 351 3 33| 32131(30]29]|28(27127127/26] 26} 25| 25 |2
. 000 221 31| 30| 29(28427|26{26l25[25|25(2L{ 2l ] 23} 25§ 22
g.ooo 201 29| 28| 27l26l2s5i2lj2lj23{23 23]22] 22 21| 21:{20
.000 281 27| 26] 25|2h]23|23}22|21]{21]21]20] 20} 20} 19 |19
9.000 261 2 2l 23(22{22{22{21|20{20120{19} 19} 19| 18} 18
10.000 25] 2 22| 22f2121)21l2019]19119}18] 181} 181 17|17
12.000 221 21 20| 20{19{18}18118]17{17|17116| 16| 16 15|15
1l.000 20 19| 18| 18|17l16{16}16{15{15]15/ | 2| 2} 13 |13
16.000 18| 17| 16| 16j15|1kiilj1hi13]13(13{13] 13| 13{ 12 {12
18.000 16 15 14| 1ljizjiejizjizfizji2{iz2}12} 12} 12} 11711
20.000 U} 13) 12| 12f12{11j11}11{11f{211)13f{11{ 11 11} 10 {10
22.000 1%3{ 12| 11| 11{11{10{10}10{10{10(10}{10]| 10} 10 g g
2l;.000 12| 11} 10{ 10{10 g 9 g g g g g g g
26.000 11§ 10 9 9| 9 3 7.1 7
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TABLE VI

VALUES OF y (EQUATION (31)) FOR TEMPERATURE RANGE FROM 26° ¢ 1O 500 C

Carbon-dioxide
\\\\\\\\\iintent, u,
Water-vapor (om) 0 10.1]0.2510.50| 1| 2} 3] 5]10{20]{30|50!100|200 |14OO |600
content, u,
(cm)
0 100| 98 6 1}92{90{88|87|86|8l;|83|82| 81| 80| 8o} 79
.005 9g 1| 8ol B87(85|8381180|79|77|76|75| Th 73 73 2
.010 ) 61 8L| 82{8017817717517 7§ 72171 70| 68| 681 68
.025 83| 81| 79| T7175175(72|70]|69]68|67|66| bly| 63| 63| 62
.050 791 771 15| 73| 71]69|68| 66| 65|6hL| 63162 60| 59| 59| 58
075 T71 75| 73| 7169|67|66|6L|63]62160)59) 58] 57| 56} 56
.100 750 73| 71| 69(67|65|6L62]61|60]5857] 56| 56| 551 54
.150 72| 701 68| 66{6L]63|61]60!58]57|56|551 5li| 53| 521 52
.200 701 68| 66|  6L|62|61|59|58156}55/5L|53) 52| 51| 50| 50
.250 68| 66| 6l 62]160]59157]56|54]53|53{52] 51| 50| h9{ L9
. 300 661 €| 62| 61159|57|56|55|55|52| 52|51 1 50| Lo| LB} L8
+350 651 651 61| 60}5815655/541 521511511501 Lo} L3 ug L7
Bfele} éh| 621 60| 59|57{55|50! 53|51 EO oL L8| 471 Lo} L6
50 63| 61| 591 58|56|5L153152|50/L0919 L8 | LT| L6 ﬁa L5
00 62| 60} 581 57)55/53152| 51 L9V LSILSILT | b6 L5 i
600 60| 581 56| 5hLi53 El SOV L9t 76 h6ths | Lyt b3t L2} L2
00 581 561 94| 52|51 g L8176 LSty bl | W3 | L2} kit b1
00 561 Skt 52| 51\L9ILELTILe uz Wbz \hs i L2} b1 Lo Lo
900 5| 531 51i B50{LBILT7 L6 L5 LLL3lkath2 | k1) Lo| 39| 39
1.000 5L 521 50| Loh7ihe|ls|LhiL3 h2ih1 L1} Lo 8
] 391 364 3
1.200 52 fo L8| L7(b5|bhlb3ih2ih11L0i39138 | 38| 37| 36| 36
1.L00 of L8| L6l L5th3|L2|L1]i:01%9128127|37| 36| 35| 35| 3,
1. 600 8| L6, LL| Lz{L2iLo 55 381381371361%61 351 3L | 34| 33
1.800 L6\ Lot Lzt L2ih1i39138137137136\35|35| 30| 23| 33| 32
2.000 Lsi L) ha| L1}ho)38|37|36{36{35|3L 3L | 33| 32| 32| 31

*oN 4OV VOVN 65
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TABIE VI - Concluded

VALUES OF y - Concluded
Carbon-dioxide .
content, u, §
water-vapor (om) 0/0.10.2510.50{ 1| 2| 3| 5/10{20| 30|50 |100|200 {400 |600
content, u,
(em) :
2.500 Lel L1 391 38137136|35|3L{33|33|32|32] 31| 30{ 39| 29
3.000 Loi 39| 37| 36/35|3L133]|32(31|31130|30| 29| 28 28] 2
3.500 38| 371 35| 3L4{33(32|31|30|29|29|28{28] 27| 27} 26| 2
.000 36i 351 33| 32|31(30(29|29|2827| 27|27 26| 26] 251 2
ly. 500 351 33| 32| 31{30|29|28}28]27|26{26]26] 25| 25{ 2h{ 2
2.000 3L} 32| 31| 30{29{28|a7{27]26l25|25{25] 2| 2| 23} 23
.000 31| 30| 29 28|27(26]25|a5(2ali|23]23{25 | 22| 22{ 21| 21
g.ooo 29{ 28| 27| 26{25|2j23(23(22|21{21121] 20} 20| 19| 1
.000 271 26| 25| 2hj23{22}|21{21{20]20{20{191] 19| 19} 18] 1
9,000 25! 2| 23} 22121|20|20{20|19{19{19{18| 18] 18] 17| 1
10.000 a2yl 23| 22| 21{20{19{19}19{18}118{18{17] 17| 17| 16} 16
12.000 22| 20| 20} 19/18{18|18|17{17|16{16]15} 15| 15| 15/} 15
1l:. 000 20| 18| 18| 17|16]16|16|15|15|1h{1hf13| 13| 13| 13| 13
16.000 18} 16| 16| 1s5{ih|ihjikj{13{13{12]12|12] 12| 12| 12| 12
18.000 16 1Lh | 14| 13j12|12{12{12{12{11{12}211-f11{ 11| 11| 11
20.000 ih{ 13| 13| 12{11{1t{11{11{11{10{10{101 10§ 10} 10} 10
- 22.000 13| 12} 12} 11/10|10|10{10|10 g g g g g g g
:2%.000 12} 11| 11| 10 g g g 8 g ‘
- 26.000 11] 10| 10 9 A A A A

NATIONAL ADVISORY
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TABLE VII

RESULTS BASED ON PRELIMINARY SAMPLE COMPUTATIONS FOR APPENDIX D

[Data in columms (1) to (3) from radiometeorograph ascent of

October 1, 1943 from Langley Field, Va.]

*ON'dDV VOVN

(1) (2) (3) (k) (5) (6) (7) (8) (9) {10)
Pressure, | Toempera- | Relative Specific 6) x ( (9) x /—B—
s tgre humidity, humidity, q £ Mean of (5) (:g) L‘%T§§61l 0.236 Ap 9 pSL
(mb) (%) h q VPsL (cm) mean
. 3 (cm)
101 21.2 0.78 12.2 x 1073 | 12.2 x 10”
b T - 11.3 x 1073 | 42| L8 x 10°3 9.91 9.8
972 20.9 .66 10.6 10.14 :
9.59 351 3k2 8.26 8.0
927 20.0 .58 9.1} 8.79
795 141 |1143 33.3 30.7
796 9.% .88 8.04 7.12
5.93 134 | 811 31.6 26.8
662 N 1.00 5.86 k.7h
2,97 99 | 101 23.L 18.2
563 -}.8 .90 k.30 3.20
3.07 13( 2 3.07 2.2
550 -5.6 .87 2,98 2.9%
6 8 L 8 2.36 121 29 2.83 2.1
-7.0 .5 2. 1.7
» 1.58 281 Ly 6.61 L.8
510 -8.7 .50 1.95 1.38
1.04 10] 11 2.36 1.7
500 -9,6 27 1.00 .70
.78 251 20 5.90 h.1
k75 -10.5% .35 1.26 .86 :
.83 25| 21 5.90 k.o
k50 =13.0 .39 1.21 .80
416 7.8 5 56 .68 2l 2L 8,02 5.2
1 - Y . . .
7 > % L9 6] 8 3.78 2
Loo -19.8 .33 .66 Q2
NATIONAL ADVISORY
L] COMMITTEE FOR AERONAUTICS
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Figure [ — Cloud indicator installed v airplane.
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[ransmission ractor, 7,

NATIONAL ADVISORY

L ) COMMITTEE FOR AERONAUTICS
O 4 6 J/F 6 2w
W) 4 .8 /2 /0 20

Carborr-aroxide content, u.,at OC and 013 17720, C7.

Frgure 3.-Average 7‘”0/75/77/55/00 of carbon diovide from 2220
7o 2900 crn™ . L (7-00); 7" from reference /4. (5 ee
olso  reference /5 ) -

YOIGT °*ON YOV VDOVN
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2r RrISSS — (0//6’(70'0f 5 values
' ~—— foired curve used
2 herein
0 L
| /C allendar’s values
x 7
N
D pl faired curve
\l .
/ used herein
-3t 0\
4 — A / \\| co:r:lTTché?Ar;nA:E‘:t?ﬂmllcs
0 600 700 80

Wave number,y, cm

frgure 4 -Callendars spectral-absorption coefficient A for
the 607 cm™ band of carbon dlioxide (reference /6).

v *31d
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0 l / &00
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Wave number Vv, em™ NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
vEEREn
Frgure O -Spectral fransmission factor for the 667 cm~’

bond of carbon dioxide . u,, corbon-dioxide content, in
centimeters , ot 0°C ond 10/3 millibars .
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Flgure 7 -Generalized absorption coefficient [ for worer
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Figure 14~ Radiation chart applicable to the cloud indicator. Areas represent the ex
change of radiation at the receiver of the cloud Indicator. (For an in -
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Figure 15.— Examples of the use of the radiation chart

(fig. 14) and the radiation tables (tables II to ¥I)

in determining the exchange of radiation between
a cloud and the cloud indicator (See appendix D.)
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