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THE INFRARED EMISSION SPECTRUM OF THE A3MGSPHERE

I. Introduction
Among the major radiative factors governing the "heat balance" 

at the earth's surface are: (1) direct solar radiation reaching the
earth's surface after penetration of the atmosphere, (2) other radiation 
reaching the earth from the sky, and (3) radiation leaving the earth's 
surface. The present study is concerned with the second of these 
factors. The sky radiation includes (a) radiation from extra-terrestri
al sources including stars, moon, planets, and the dust particles caus
ing zodiacal light, (b) radiation due to electronic excitation of atoms 
and molecules in the atmosphere, (c) solar radiation scattered during 
its passage through the atmosphere, and (d) "thermal" radiation from 
the atmosphere. The contributions of (a) and (b) to the heat balance 
are negligible as conqpared with the contributions of (c) and (d).

The present report gives a description of apparatus for measur
ing the infrared radiation in the wavelength interval between It /u and 

p. reaching the earth's surface from the sky and gives the results 
obtained during the year 195>U. At night the radiation is almost entire
ly "thermal" radiation from the atmosphere. During daylight hours the 
observed radiation also includes scattered infrared radiation of solar 
origin. With the apparatus described, it is possible to obtain quanti
tative measurements of sky radiation in various spectral regions in the 
infrared. This has been done under various atmospheric conditions*
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II* Earlier Studies
There have been many investigations of undispersed nocturnal 

sky radiation*"*" The methods employed have usually involved a measure
ment of the temperature Is attained by a blackened object such as a 
thermometer bulb or thermocouple junction exposed to the sky and shield
ed by mirrors from ground surface radiation. When thermal equilibrium 
is attained, the intensity B? of the sky radiation can be obtained from 
the relation Rs ■ o'(Ts)̂ , Such measurements give no information con
cerning the spectral distribution of the sky radiation but only an ef
fective sky radiation temperature T®. If Is is to be a measure of 
thermal radiation from the atmosphere, measurements must be made at 
night in order to avoid the effects of direct and scattered solar 
radiation,

2A refinement of this type of measurement was made by Strong, 
who employed reststrahlen techniques to obtain effective sky radiation 
temperatures T̂  for various wavelength intervals between 8 ju and 12 pi. 
Strong was thus able to make a rough determination of the spectral 
distribution of sky radiation in this portion of the infrared. Strong's 
reststrahlen system had a relatively small field of view so that T  ̂for 
various small portions of the sky could be determined. In determining 
T̂ , laboratory blackbodies at 100° C and 0° C were used for calibration 
purposes *

"̂Compendium of Meteorology, An. Met. Soc., Boston, Mass.,
3h-h9 (1951).

Strong, J. Frank. Inst. 232, 1 (I9ljl).
J. Strong, J. Opt. Soc. Amer. 29, 520 (1939)*
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Studies of dispersed sky radiation, were made by Adel,^ who used 

his measurements to obtain effective radiation temperatures for ozone 
and other atmospheric gases** In Adel's work a conventional prism 
spectrograph with an opaque "chopper" was en^loyed to obtain the 
"emission spectrum of the earth," which was actually a spectrum repre
senting the net exchange of radiation between the spectrograph and the 
sky. As the thermocouple and other parts of the spectrograph were at 
300° K, the observed spectrum represented the emission spectrum of a 
blackbody at 300° K as modified by the downcoming radiation from the 
sky* By comparison of such a spectrum with the "lunar spectrum," 
which represented the net exchange of radiation between the spectro
graph and the atmosphere plus the radiation reaching the spectrograph 
from the moon, Adel was able to make estimates of the effective radi
ation temperatures of various atmospheric gases by assuming that the 
gases were in radiative equilibrium,

Butler^ at the Naval Research Laboratory made extensive spectro
scopic studies of the radiative exchange between a thermocouple and the
sky under various atmospheric conditions during day and night. Beam
interruption techniques were not employed in the prism spectrograph 
used by Butler* Absolute calibration of the spectrograph and its

Â* Adel, Astrophys. J. 103» 19 (19U6).
A. Adel, Astrophys. J. 10b» U06 (19U7),
A. Adel, Cent. Proc. Roy, Meteor* Soc., London, p. 5> (1950),
A. Adel, "Effective Radiation Temperatures of the Ozoneosphere 

Over New Mexico," Geophysical Research Papers No* 2 (I9lt9).
Ĉ. P. Butler, "On the Exchange of Radiant Energy Between 

the Earth and Sky," NHL Report 3981*, June 11, 19S>2,
*The term "effective radiation temperature" is used in a some

what different sense by Adel*



associated amplifiers and recorder was made in terms of two laboratory 
blackbodies at different temperatures; the two sources were a steam- 
heated blackened cone and a piece of melting ice, which were used to 
approximate blackbodies at 100° and 0° C,

Butler's work gave quantitative information on the exchange of 
radiation between the earth (thermocouple) and the sky# The spectra, 
however', were obtained under conditions giving rather low resolution# 
The present work was undertaken with a view to obtaining a sky spectrum 
with a spectrograph giving higher resolution and to developing a more 
convenient system that would provide for the direct measurement of sky 
radiation#

IH# Apparatus and Experimental Procedures
In the methods previously employed for absolute measurements of 

sky radiation it was necessary to keep the temperature of the detecting 
system constant during observation periods and to record radiation from 
blackbodies at two or more known temperatures. It is desirable to in
corporate equivalent basic calibration information of this type into 
the measuring system and also to develop an instrument which detects 
incident sky radiation rather than the net transfer of radiation be
tween the sky and the receiver. In order to eliminate the effects of 
thermocouple zero drift, it is advantageous to employ interrupted beam 
techniques•

Some of these desirable features have been incorporated in the 
instrument shown schematically in Figure 1# A Perkin-ELmer single
pass spectrograph S, equipped with a sodium-chloride prism, is used
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ptic&l arrangement for automatic comparison of sky spestruca ??ith 
he spectrum of a "fclackbody" at liquid nitrogen temperatures*



for dispersing the radiation. The usual opaque radiation "chopper" is 
replaced by a chopper with a mirror surface Mc. During one half the 
chopper rotation cycle sky radiation is admitted to the spectrograph 
slit after reflection by mirrors and M̂ ; during the second half 
cycle, radiation from a blackbody D at a know temperature is admitted 
to the spectrograph slit after reflection by mirrors M^, M^,
and M^. Thus, the signal produced in the thermocouple is proportional 
to the difference in the radiation flux incident on the thermocouple 
during the two half cycles. Since the radiation flux from the black
body D is known, one of the standard radiation references is estab
lished by the use of the mirror chopper.

It is desirable to measure the intensity of the sky radiation 
directly; since the signal from the thermocouple is proportional to 
the difference between the incident flux of the sky radiation and the 
blackbody radiation flux at the thermocouple, the desired response to 
sky radiation can be obtained provided the intensity of the blackbody 
radiation can be reduced to "zero." This is accomplished in practice 
by using a blackbody at liquid-nitrogen temperature, since with the 
present detecting system the near infrared flux from such a source can
not be distinguished from that of a blackbody at absolute zero.*

The actual source used as a low temperature blackbody is a one- 
liter, open-mouthed Dewar vessel with a blackened cone at the bottom. 
The level of the liquid nitrogen is kept at a distance of one or two 
inches from the top of the vessel, and a region close to the surface

*Ra for the liquid nitrogen blackbody is 0.3^ R* for a 0° 
G blackbody at l£ microns and still less at shorter wavelengths.



of the refrigerant is imaged at the spectrograph slit. The radiation 
reaching the spectrograph from the blackbody D is not pure blackbody 
radiation, since the chopper blade is not a perfect reflector and there
fore has a weak emission spectrum and since the CO2 and water vapor in 
the laboratory air between D and Mc emit radiation some of which is 
''chopped’1 and reaches the entrance slit. The emissivity of the chopper 
blade is very small ( £ ̂  0.02) and does not introduce serious errors. 
The radiation from laboratory air between D and M is compensated by 
similar radiation from an air column of equal length in the path of sky 
radiation through the laboratory. The assumption that the liquid- 
nitrogen blackbody has '‘zero” radiant flux introduces errors no larger 
than four per cent of the radiant flux from a blackbody at room temper
ature in spectral regions remote from the strong CO2 and H^O vibration- 
rotation bands. Part of this error is caused by reflection of "room 
radiation” at the surface of the liquid nitrogen.

Sky radiation is directed to the spectrograph by the mirror
system shown in Figure 2. Radiation incident on a large plane mirror

is reflected to an off-axis parabaloidal mirror which produces
an image at the chopper position. The radiation passing the chopper
is reflected by plane mirror kL to M , which forms an image at the

b 6
entrance slit of the spectrograph as shown in Figure 1.

Plane mirror can be rotated about the axis indicated in 
Figure 2. This rotation provides for a study of sky radiation from 
the zenith and from small portions of the sky at various zenith dis
tances. Zenith distances as large as 75>° toward the east and 81t° 
toward the west can be attained; these correspond to approximately
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Figure 2* Optical arrangement for directing sky radiation to the spectrograph
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li to 10 air masses, respectively.

The outside mirror was the only mirror exposed to direct 
solar radiation and was not shaded during the day. This mirror was 
tilted toward the north and the data revealed no evidence of scatter
ing of direct solar radiation by this mirror surface in the wavelength 
region considered here. It is believed, however, that shading of this 
mirror from solar radiation for future experiments would be a wise pre
caution and would permit accurate measurements of small-angle scatter
ing of solar radiation in the atmosphere. This small-angle scattering 
of solar radiation was not investigated in the present study.

As a result of the temperature difference between the air in
side and outside the laboratory, the large laboratory air path tra
versed by the sky radiation did introduce some error into the measure
ments for spectral regions near the strong CC>2 and H^O vapor absorption 
bands. Fortunately the sky radiation in these spectral regions was 
found to resemble that of a blackbody at ground level air temperature 
and appropriate corrections could be made. The observed records were 
corrected whenever the temperature difference between indoor and outdoor 
air was large.

Another point worthy of consideration involves the mirror 
chopper. Close examination reveals that the straight edge of this 
mirror may direct spurious radiation from the laboratory to the spec
trograph during a small portion of the half-cycle during which sky 
radiation enters the spectrograph. This occurs as a result of the fact 
that the angle between the mirror chopper and the sky radiation path is 
not 90° and as a result of the finite thickness of the mirror chopper.
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Calculations reveal that the time interval during which this stray radi
ation reaches the spectrograph is less than one percent of the period 
of a chopper rotation. If one assumes that the stray radiation is 
blackbody radiation at room temperature, the effect of the brief "flash" 
of stray radiation during each chopper cycle will be at most only two 
percent of that due to the radiation from the 300° K comparison labora
tory blackbody discussed below, since the stray radiation is admitted 
to the spectrograph during a time interval only one-fiftieth as great 
as that during which desired radiation is admitted.

It is extremely important that mirrors M̂ , Mg, M^, and 
be kept clean and freshly aluminized to minimize emission of radiation 
from them which can influence the recorded spectra. The sky radiation 
and the radiation from the liquid-nitrogen blackbody experience the 
same number of reflections except for one additional reflection of the 
latter at the mirror chopper M_.v

As described above, the liquid-nitrogen blackbody provides one 
standard source of radiation. It is necessary to employ at least one 
additional standard source. In the present instrument a laboratory 
blackbody at room temperature is used at frequent intervals during each 
observation day. The radiation from this blackbody is directed by two 
mirrors through the chopper into the spectrograph along the path nor
mally traversed by the sky radiation.

Figure 3 is a block diagram of the detecting and recording 
system used. The 13 cps signal from the thermocouple was amplified by 
the preamplifier located close to the thermocouple. The resulting 

signal was then passed to the amplifier (Perkin-Elmer Model 81), which
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Figure 3« Schematic diagram of the detecting and amplifying system*
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increased the signal level to the order of 10 millivolts or less. This 
13 cps signal was then rectified by the mechanical-breaker, full-wave 
rectifier which was synchronized with the radiation "chopper." The DC 
signal produced was then used to actuate a Leeds and Northrup potenti
ometer-type recorder. A 0.1 to 100 microvolt DC test source was pro
vided in the amplifier unit. This test signal, when used, was convert
ed to 13 cps by the mechanical breaker synchronized with the radiation 
chopper and was then led to the input stage of the preamplifier. The 
time constant of the total system, preamplifier to recorder, was about 
two seconds.

The laboratory blackbody illustrated in Figure h consists of a 
black anodized aluminum tube, twelve inches long and three inches in 
diameter. The bottom of this tube is sealed by an inverted circular 
cone C of black anodized aluminum with an apex angle of about 75 
degrees. A brass water jacket J encloses the sides and bottom of the 
tube. A means of circulating the water to heat or cool the tube is 
provided. Two thermometer wells W extend to convenient depths in the 
water jacket and two iron-constantan thermocouples (not shown) permit 
temperature measurements of the inside and outside surfaces of the alu
minum tube. A small rectangular opening 0 at the end of the tube can 
be imaged at the spectrograph slit as described above* The nearly com
plete enclosure of the blackbody tube and the high thermal capacity of 
the water in the jacket assist in stabilizing the temperature and hence 
the radiation of the laboratory blackbody.

It should be noted that the angular aperture of the entire in
strument is limited by the optical system of the spectrograph itself.
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TOP VIEW

SIDE VIEW

Figure h. Laboratory blackbody-
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All external mirrors are sufficiently large to fill the spectrograph 
collimator. Thus, the effective aperture of the instrument is the same 
for all radiation measurements.

The solid angle subtended by the portion of the sky imaged at 
the entrance slit of the spectrograph is extremely small. For the slit- 
width eirqployed in most of the work this solid angle is approximately 
5 x 10~6 steradians. In the long dimension of the slit, the angle sub- 
tended was of the order of 10*" radians or approximately 0.6 degrees.

Photographs of the apparatus are shown in Figures 5 through 7. 
Figure $ shows the mount for mirror located outside the laboratory 
building. The axis of rotation is visible in the photograph. Protec
tive covers were provided for the mirror and mirror mount when the 
instrument was not in use, and a heater was employed in cold weather 
to prevent condensation on the mirror. The mirror was cleaned with a 
mild detergent at one-week intervals. Dust particles were removed each 
day by means of a dry nitrogen stream. Mirror was re-aluminized at 
intervals of approximately three months.

Figure 6 gives a view of the instrument located inside the 
laboratory. The black line shows the general path of the sky radiation 
to the position of the mirror chopper. The off-axis parabaloidal mirror 
M2, indicated in Figure 2, is obscured by the black box in the fore
ground and is noted by the black broken lines. The black box contained 
provisions for hot or cold water which could be circulated through the 
water jacket of the laboratory blackbody located to the immediate left 
of the spectrograph. Beneath the spectrograph is the thermocouple am
plifier. On the extreme right is the recorder, beside which is the
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Figure 5® Outside mirror mount*





figure 7. Spectrograph with modifications



18
wavelength-drive control box for the spectrograph. Above the spectro
graph is a circular plane mirror which, when lowered into the path nor
mally traversed by the sky radiation, was used to direct solar radiation 
from a coelostat to the spectrograph.

A close-up view of the spectrograph and associated equipment is 
given in Figure 7. The mirror at the left is the spherical focusing 
mirror for the laboratory blackbody radiation and is shown in position 
for the recording of this radiation. This mirror mount is hinged at 
the far side to permit alternate recording of sky radiation and labora
tory blackbody radiation with minimum adjustment between recordings.
The liquid-nitrogen blackbody is at the left end and in front of the 
spectrograph.

IV. Typical Spectra
"typical zenith sky spectra in the region 3 to 1$.E> ju. are shown 

in Figure 8 along with a solar spectrum included for comparison. In 
obtaining all the data presented in this figure, the spectrograph slit- 
width and scanning rate were kept constantj the same is true for the 
amplifier gain setting and time constants, except in the case of tlie 
comparison solar spectrum, for which the gain setting had to be re
duced. In obtaining the solar spectrum, it was necessary to employ a 
glass chopper to minimize recorder deflections due to the scattering 
of shorter wavelength radiation (less than 3 ji) inside the spectrograph. 
The scanning time for each spectrum shown was approximately fifteen 
minutes•

The well known atmospheric COg absorption bands at 1$ ji and
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Figure 8. Typical zenith sky spectra with a solar spectrum for com
parison. The dashed curve above each tracing was obtained with a 
laboratory blackbody of temperature Tg. The "ground temperature" TQ 
was measured by automatic recording in a standard screen. Water 
vapor concentrations (g/mP) six feet above ground level have the 
following values for various parts of the figure: (b) 8.0, (c) 8.U,
(d) LuO, (e) 15.2 and (f) 19.1.
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□ SOLAR SPECTRUM
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Figure 8. Typical zenith sky spectra with 
a solar spectrum for comparison.
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U.3 U* the water vapor absorption band at 6.3 p s and the ozone absorp
tion band at 9.6 p appear as deflection minima in the solar spectrum 
and are labeled in Figure 8(a). The additional strong band at 2.7 P 
is caused by overlapping absorption bands of COg and water vapor. Most 
of the small deflection minima appearing in the 10 to 11+ p region of 
the solar spectrum are produced by groups of pure rotational absorption 
lines of water vapor, while those in the 7 to 9 P region are due to 
rotational lines associated with the 6.3 p vibration-rotation band.
Comparison with the high-dispersion studies of Benedict, Shaw, and

5Claassen providesa basis for this identification.
The tracing shown in Figure 8(b) represents the zenith sky 

spectrum as observed on a clear day of moderate humidity with ground- 
level air temperature TQ = 20.0° C. The topmost curve in this part of 
the figure represents the spectrum of a blackbody at temperature 
Tg * 21.5° C corrected for absorption by CÔ  and H^O vapor between the 
chopper and the detector. The dotted curve just above the tracing of 
the sky spectrum represents an attempt to make a similar correction for 
COg and water vapor absorption, the assumption being that the sky radi
ation is absorbed to the same extent as the blackbody radiation in the 
■U.3 Pj 6.3 p, and 15 p regions. Scattered solar radiation of wave
lengths shorter than 3 p produce larger recorder deflections not shown 
in the figure.

Examination of Figure 8(b) reveals that for every strong

-V. S. Benedict, H. H. Claassen and J. H. Shaw, J. Res. Nat.
3u. Stan. U£, 91-132 (1952).
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deflection maximum in the sky-radiation spectrum there is a correspond
ing minimum in the solar spectrum, which appears as a result of absorp
tion by atmospheric gases. Thus, major emission bands appear in the sky 
spectrum at U.3 p> 6.3 p> 9»6 p, and 1$ p produced by the atmospheric 
gases listed above. There are a number of relatively strong emission 
maxima between 7 and 11+ p that are probably caused by water vapor; these 
emission maxima appear more prominently in the sky radiation tracing 
than the corresponding minima in the solar spectrum, but corresponding 
minima in the solar spectrum can always be found. The emission maximum 
at 12.6 p. is due, in part, to a weak CO2 vibration-rotation band, which 
has been identified in high-dispersion solar studies;^ there are several 
other CO2 bands between 13 and 11+ p, which cause emission maxima.

Figure 8(c) gives the sky spectrum for a clear night 
(T = 13*5° C) and a comparison blackbody spectrum (Tfi = 23.0° C). The 
marked similarity between this night sky spectrum and the day sky spec
trum in Figure 3(b) is striking. There is some decrease in the inten
sity of the 6.3 P water vapor emission, but the other major features 
remain almost unchanged. Comparison of Figures 8(b) and 8(c) shows 
that the only clear evidence of scattered solar radiation of wavelengtlis 
longer than 3 p is found in the region between 3 and 1+ p.

The tracing in Figure 8(d) gives the sky spectrum observed on 
a cold night of low humidity. The decreased emission by water vapor 
in the 6.3 p region and in the region between 8 and 13 p is readily 
apparent, although emission by ozone is apparently as intense as

Ĵ. H. Shaw, M. L. Oxholm and H. H. Claassen, Astrophys. J.
116, 551+ (1952).
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that shown in Figures 8(b) and (c).

The sky spectrum observed on a uniformly overcast day is shown 
in Figure 8(e). The '‘ceiling" on this day was at $00 to 700 feet above 
ground. The observed spectrum is almost continuous and resembles that 
of a blackbody. In Figure 8(f) is shown a sky spectrum obtained on a 
hot humid day. The increase in water vapor emission is obvious.

In Figure 9 are shown sky spectra obtained at different zenith 
distances on a single night. The upper portion of this figure gives a 
solar spectrum for comparison. In the lower part of the figure, the 
four sky spectra are plotted on the same wavelength and recorder-de- 
flection scales. The sky spectrum tracing, obtained at the largest 
zenith distance, corresponding to an atmospheric path of 7 air masses, 
shows the largest recorder deflection. Below this tracing are shown 
tracings for other directions corresponding to 1, 3> and $ air masses 
respectively. The most pronounced spectral change observed as the 
zenith distance is increased is the increase in sky emission in the 
spectral region between 8 and 1U p.

V. Determination of Radiant Flux from the Sky
One of the important factors in a detailed study of heat balance 

at the earth's surface is the determination of the absolute intensity of 
the sky radiation in various wavelength intervals under different atmos
pheric conditions. Estimates of this absolute radiation intensity for 
the spectral range h to 15.5 )u can be made in fair approximation from 
the present measurements. It should be emphasized that for any given 
set of blackbody and sky spectra the slitwidth was maintained constant.
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The first step is a determination of the relation between re

corder deflections DA and spectral emissive power or radiant flux per 
unit wavelength interval per -unit solid angle RA for various wave- 
lengths. This can be done by observing the deflections (T) produced 
by radiation from a blackbody at temperature T and by using the relation

d! (T) - Ka Ra* (T )  , O)
■Qwhere Ra(T) is the value of blackbody spectral emissive power given by 

the Planck radiation law and K A is a proportionality constant for a 
given slitwidth and amplifier gain. This instrumentation parameter KA 
was actually determined for three different blackbody temperatures 
(0° C, 20° C, and £0° C); the three values obtained were in agreement 
to 1 2% for spectral regions remote from the fundamental vibration- 
rotation bands of CO2 and Ĥ O, where emission and absorption by these 
gases in the laboratory may influence the observed recorder deflections.

Once Ka is determined as a function of wavelength, the spectral 
emissive power R^ for a given part of the sky can be obtained from ob
served recorder deflections with the relation

r as -  d ; / ka . (»
2

The spectral emissive power R̂  so obtained is a function of the zenith
distance and atmospheric conditions. For a given zenith distance, the

2
emissive power of the sky, R^_2 f°r the wavelength interval of the ob
served spectral range A ̂  to Ag can be determined by graphical inte
gration
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^ 1- 2. =  lK  R *  ^  ■ (3)
It should be noted that the dimensions of are different from those

of I§. 2 rePresents "^e radiant flux density per unit solid angle
in the spectral region between A ̂  and \

VI. Procedure for Analyzing Records
The first step in the analysis of the sky spectra was the deter

mination of the radiation calibration parameter at one half micron 
intervals from ii.O to l£.5 ji with the use of the laboratory blackbody 
spectra. From these values a curve of as a function of A was drawn 
as shown in Figure 10, and dotted curves were made over the OOg and H„0 
vapor absorptions in an attempt to extrapolate to vacuum conditions 
within the spectrograph. This extrapolation was transferred to each 
laboratory blackbody spectrum with the aid of equation (1) and was then 
transferred to each sky spectrum with the assumption of equal absorption 
for sky and blackbody radiation. This extrapolation permitted the ob
server to follow changes in absorption by GÔ  and H^O vapor in the in
strument and afforded a which was relatively independent of these 
absorptions. It should be noted that this extrapolation could not be 
easily applied directly to the laboratory blackbody spectra since the 
deflection maximum occurred in the 6.3 f* water band region.

In the calculation of the value from the sky spectrum, one
may combine equations (2) and (3) to obtain

R A  * T f D l / K j d A .
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The direct integration in equation (U) from the observed sky spectrum 
and the curve corresponding to that in Figure 10 was not feasible with
out the aid of automatic computing devices. Instead the two curves were
subdivided into n parts and the following relation was used:

<0*1   ________

P i  *= Z  ( K J . U / i U  a \ , ,  <»
i ■=■/

where i denotes the i ^  interval, the barred terms are average values in 
the interval and A ̂  is the length of the interval. The average 
values were obtained by planimeter measurements. The value of n was in
creased by successive subdivisions until further subdivision produced no

svariations in the values R^  ̂larger than those introduced by the errors 
of the experimental measurements. In the final analysis A Aj_ was one 
half micron between U.O and 7.5 P and between 12.0 and l£.5 p.. Between 
7.5> and 12.0 ju A A was one-quarter micron.

It should be noted that the value of given in equation (2)
depends upon the slitwidth of the spectrograph and will in general

S * Qdiffer from the true value • It is desirable that R̂ -2.; equation
(3) approximate the true value

In practice a given recorder deflection may be represented
by

/too

% \  M  d  Oi , (7)
-  wO 'J

where ^  (oc) is a transmission or slit function defined for each wave
length ot for a given central wavelength setting A • Note that (c*)
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is dependent upon all elements of the spectrograph from the chopper to 
the detector, including the air in the spectrograph. Combining equation
(1) and equation (7) one obtains

/••f00 g
J  a ,  (<y) R e  d o c  

Ka = — ~ - ~ e -----------  •

For the slitwidths used in the present study cj.̂ (ot) may be assumed
symmetric about A and R^ is approximately linear over the spectral slit

Bintervals for all wavelengths longer than 7 p. Thus R^ may be repre-
Bsented by R^ + k^ (oc- y\), where is a constant. Since (o<) is 

symmetric about A the term k^ (<X - A ) yields nothing in the in
tegration of equation (8) and one may write

.-+ oo

Substitution of

D a  =  / o o  ^  R « d oc

(9)

(10)
and equation (9) in equation (U) gives the following relation for the

emeasured value of :

c U  . (11)

A radiation calibration curve such as the one given in Figure 
10, provides experimental evidence that was continuous and non-zero 
in the wavelength interval of the present study. It is reasonable to 
assume that the slit function (©c) is continuous in both A and o< for 
all appropriate values throughout the ranges of integration of equation
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(11) and that the true emissive power of the sky, is continuous at 
all wavelengths. It is permissible to interchange the order of inte
gration of equation (11) to obtain

by a normalized slit function integrated over the wavelength interval

tion (9) and hence the value of the inside integral of equation (12) may 
be different from one.

Since the slit function has all its non-zero values in a finite 
interval it will suffice to perform the integrations as follows:

In most wavelength regions one may expect the normalized slit function 
to vary only slightly with A over a spectral interval sampled by the 
spectrograph since this is true for both and the spectral slitwidth. 
In equation (13) the inside integral, which will serve as a weight 
function, will have a general form indicated in Figure 11. The vari
ation of this function from the value one in the central portion of 
the curve depends upon the variation of the normalized slit function 
over the spectral slit interval and upon the possible overlapping of

(12)

sIn this form a given value of the spectral emissive power Rx is sampled

A i to A2* ®iese values are then integrated over all possible values
of oi . Note that is normalized over the limits of o<, by equa-

(13)

where J A ̂  is the extent of the non-zero values of ^ ̂ (o<) about A ̂  
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the regions around 

and A g, indi
cated by the dashed 
lines. It is evident 
that the major differ
ences between R̂ _2

equation (13) and the 
S *true value R^-2 

equation (6) will be 
introduced around the 
extremities A ̂  and 
A £. Some values of
c * will be sampled

which lie outside the wavelength interval / \. to A at the expense of
X  b

incomplete sampling of some of the values inside the interval. Hence
3it is indicated that will generally be a closer approximation to

o I g *
 ̂I°r increasing values of A-̂  - /cSA and for values of which 

tend to be symmetric about A ̂  and in the spectral slit interval 
sampled by the spectrograph.

From the above considerations, it becomes apparent that the 
resolution of the spectrograph is extremely important in the study of 
sky radiation for small wavelength intervals. It must be admitted 
that even with the improved resolution obtained with the present in
strument, the values of R^_2 obtained for the smaller wavelength in-

S *tervals in this investigation may differ from the true values J 
this is particularly true in the region 8,0 to 8.5> ju, at the long-

0-5

Figure 11, General form of the integrated 
slit function or weight function.
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wavelength limit of the intense water vapor band centered at 6*3
In the wavelength region U to 7 ja the assumptions concerning 

^  (<*) and R®(T) fail completely. Fortunately the radiation from the 
sky in this wavelength region resembles that of a blackbody, except 
for certain small intervals between U and 5 p. in which blackbody radi
ation is relatively weak for temperatures of the order of 300 K. The 
error introduced into for the wavelength region U.O to P by

Oerrors in the values of for this questionable region, U to 7 ju,
is estimated to be less than two per cent. It should be noted that no 
values of 2 are reported which include this region except for the 
entire range U.O to 15*5 ju indicated above.

VII. Observations of the Zenith Sky
Among the first sets of spectra recorded was a twenty-four hour 

observation of a clear zenith sky. Except where noted a clear sky will 
be implied for observations mentioned hereafter. For this particular 
set a laboratory blackbody spectrum was recorded for every two zenith 
sky spectra, in a cyclic fashion. From these observations it was found 
that one blackbody spectrum was required for every four or five sky 
spectra to make adequate radiation calibration and estimates of absorp
tions by CO^ and H^O vapor within the spectrograph.

Figure 12 shows curves of the temperatures Tq and of the value
STT from the zenith sky for this twenty-four hour period. The 

correlation between these curves is quite evident. Corresponding 
curves for the radiation from various wavelength intervals are given 
in Figure 13. These latter curves demonstrate the type of variations
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in emission which can occur in the wavelength region 8 to 13 P. Al
though these variations were still present in the region of the 9.6 |i
ozone band they were less pronounced. Since this region has a relative

7minimum absorption by water vapor with respect to adjacent regions it 
is presinned that at least part of the variations are due to changes in 
water vapor concentration and perhaps to changes in upper air temper
ature which were not correlated with the meteorological data taken at 
the ground level.

In an effort to find a relation independent of temperature, the 
radiation ratio of the emissive power of the zenith sky 'the
emissive power of a blackbody at ground level air temperature R^^C^g) 
were tabulated for all of the appropriate spectra observed. These 
values for the wavelength interval U.O to 15.5 P have been plotted for 
their various absolute humidities in Figure lU. The dashed line was 
inserted to indicate the general trend. A true curve should contain 
some non-zero second derivative with respect to humidity (probably 
negative) but with the variations present the error in estimation 
might be more than the deviation from the line shown. It was noted 
that the radiation ratio for this and smaller wavelength intervals was 
not entirely independent of Tq. For a clear sky and for similar condi
tions of humidity and pressure the radiation ratio was generally higher 
at night than in the daytime and the per cent change apparently in
creased with the transparency of the wavelength region.

Part of these variations in the radiation ratio from the mean

*V. S. Benedict, H. H. Claassen and J. H. Shaw, J. Res. Nat.
Bu. Stan. l£, 91-132 (1952).
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values might be correlated with temperature and humidity of the air at 
altitudes above the six foot level at which meteorological data were 
taken for the present study. Such information was not available, how
ever. In future studies, radiosonde data would be desirable.

VIII. Sky Radiation Measurements
It is desirable to obtain estimates of the radiation from the 

hemisphere of sky on the earth. Since the heating effect on the earth's 
surface by radiation from the atmosphere is of great meteorological im
portance, the intensity of radiation on a horizontal plane surface near 
the ground is a convenient measure of the heating effect. With the 
present data it is possible to estimate this radiation intensity
g for various spectral regions \ ̂  to Since the data re-

quired for a given estimate of  ̂  ̂were obtained over a period of
time, during which the temperature and humidity change, it is desirable 
that each estimate should represent an average value over the obser
vation period.

To obtain an idea of the behavior of the sky radiation as a 
function of zenith distance or "air mass" the values of the radiation 
ratio h|_2/ ^^(Tq) were plotted as a function of the square root of 
the air mass as shown in the sample curves of Figures V~> and 16. The 
square root of the air mass was used since the emission of radiation 
from air was expected to be proportional to the absorption of radi
ation by air, which for the wavelength region 8.0 to 12.0 ja is known 
to be approximately proportional to the square root of the air mass. 
Similar curves for the observed spectra for various observation periods
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are given in Appendix IV. These curves varied from nearly a straight 
line to curves having upward or downward curvature. In general for high
humidities, occurring during the wanner months, these curves tended to-

S Bward concave downward (negative second derivative) i.e., 
tended toward a function of a power of the air mass less than one half.
In the cooler months of low humidity the value of tended
toward a function of a power of the air mass greater than one half, 
particularly in the more transparent regions. Stratified conditions 
such as clouds which tended to increase radiation from the sky pro
duced the effect noted during the warmer months.

At the tops of Figures 1? through 19 are given sample curves 
of the values of  ̂as functions of zenith distance. Correspond
ing curves for the other observed spectra are given in Appendix V. The
dashed portion within the last ten degree interval of the zenith dis
tance are estimated values which could not be measured due to obstruc
tions near the horizon. The value assumed for the zenith distance of
o B90 was the average value of TT^(T^) for the observation period.

In regions of the zenith distance for which there was no observed spec
trum, the appropriate value of the radiation ratio from the curve cor
responding to those given in Figures 1$ and 16 were multiplied by the

jg
average value of TT

mass A. M. to zenith distance z one may use the relation

2,(T ) to estimate TTR^,. To transfer from air

2  = s e c ' 1 ( A m . )  n «

for the values of air mass associated with the present observations.



41
25

20

15
CM 

co _!_
cr

10

5

15

INI
00 102T 
(/)
CMtn-L

?  5

Figure 17® Radiation as a function of zenith
distance®

6 0 9 03 0
ZENITH DISTANCE (d eg rees)

SEPT 23 S 2 4 ,1 9 5 4  
2 2 0 0  to 0 2 3 0  
4.0 to 15.5/n



1.0

0.8
CVJ 

in ±? 0.6
0 4

0.2

SEPT 23 6  24 ,1954
2 2 0 0 to 0 2 3 0
a. 12.5 to 13.0 ft
b. 11.5 to 12.0 ft

✓
// ✓ ✓

J
fl

a
i
i

j

X

X

k2

0 4

0.3
M
CVJ

1/5 0.2 
CM 

CO L.

9 06 030
ZENITH

Figure 1,8.
DISTANCE (degrees)

Radiation as a function of zenith 
distance.



43
SEPT 2 3 &  2 4 ,19 54  
2 2 0 0  to 0 2 3 0  
c. 10.75 to II.O/Li

0.8
CM

CO J.^ 0.6

0 4

x
0.2

x-®—
i

X

0.4

0.3
M00

00 0.2 OJ 
ifi —cr

9 06 03 0
ZENITH DISTANCE (degrees)

Figure 19. Radiation as a function of zenith 
distance.



Ub

With the values from the curves at the top of Figures 17 through 
19, it is possible to estimate the radiation crossing a unit horizontal 
area. The element of solid angle of the sky is given by 27T sin z dz 
and from the element the energy per second crossing a unit area normal 
to the path defined by z will be 2 7T s^n z dz. This must be multi
plied by the cos z for the projection of the area normal to the path 
onto the horizontal surface. The radiation intensity on the horizontal 
surface will be

S /•ir/2 5
R  ( Z  ) ~ /  2 7T sin 2 cos a d *  (15)

o
which with a substitution of the relation

2  sin?- cos a* = Sin £ 5* C1 )̂

becomes

R I j l )  - / y  R ' S_Z s i n Z *  d * .  (17)

Each curve at the bottom of Figure 17 through 19 is the integrand in 
equation (17) plotted as a function of zenith distance. The plani- 
metered area is therefore proportional to 2 ). To calibrate the
planimetered area one may planimeter a rectangle extending from zero 
to a known value^ say r_, along the ordinate and from zero to TT/2 or 90 
degrees along the abscissa. The area of this rectangle is TT/2 times 
the area under an r sin 2z curve where r is the known value along the 
ordinate. The area under the latter corresponds to a radiation value



which is obtained by substituting r in place of TTKj^ -*-n eclua'b̂ on (17) • 
Therefore the area of the rectangle corresponds to radiation intensity 
of r Tf/2. By equating the ratios of corresponding values one obtains 
the following equation:

K - z .  ( £ )  =  ~ n ' r  K / , (19)
Qis the planimetered area under the curve of sin 2z and

Ar is the planimetered area of the rectangle.
It was found from the planimetered areas Ag, that incomplete

Cknowledge of TTR£  ̂*’or zenith distances from 82 to 90 degrees could 
not cause appreciable error in X). In most cases, for vari-

sations of '*‘n reS:i-on zenith distances, the difference
in areas was difficult to measure with a planimeter.

The true importance of the various zenith distances to the es
timate of R^ g( 51) is revealed by the curve of TTR̂ _̂  sin 2z. A curve 
obtained from a sky radiating uniformly in all directions would have a 
maximum at hS degrees. Since the spectral emissive power increases 
with zenith distance, the maxima are shifted to larger values of 
zenith distance. In a given wavelength region and generally in a com
parison among various wavelength regions the maximum value of 
sin 2z was shifted toward the horizon for decreasing values of the 
radiation ratio.

In connection with this varied importance of the zenith dis- 
tance of the sky path to the estimate of R^ 2L)j it is evident that

where
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variations and errors in TT  ̂will not be properly weighted if the 
3curve of TTILĵ  2 were drawn directly over measured valuesj e.g. an error 

or variation in a sky spectrum of a 5>0 degree zenith distance would in-
3

fluence the estimate of R^ 2( X ) more than a corresponding error or 
variation in a sky spectrum from either zero or 80 degrees, while the 
probability of occurrence of an error or variation is about the same 
for all three spectra. Where such variations occurred, the values of 
TT g predicted by the corresponding radiation ratio curve were used.

QThe method used to find this new value of TTR^^ bas been descrxbed in 
this section. Since it was easier to approximate an unbiased average 
by the radiation ratio curve the estimated value of (£) which re
sulted, was more representative of the period of observation.

For future experiments, in addition to the observations of 
continuous spectra of the sky, it would be desirable to make obser
vation of a radiation from a given wavelength region as a continuous 
function of zenith distance. In this manner the time element involved 
for each of these curves would be reduced considerably.

In the curves of Figures 15 through 19 and of Appendix IV and 
Appendix V the measured values have been noted by an ”x.11 Where two 
or more values were too close to be plotted this symbol has been 
circled "0."

sThe values of ( £) have been computed for the curves in 
Appendix V and appear in a tabular form in that section together with 
the temperature, humidity and radiation ratio for the appropriate time 
interval. In Figure 20 the values of the radiation ratio for the wave
length interval U.O to 15*5 P have been plotted as a function of
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humidity. The dashed line was inserted to indicate the general trend 
of the measured values. Figures 21 and 22 show these values for the 
four smaller wavelength intervals indicated.

Note that the dashed line in Figure 20 would intercept the ori
gin at about 0.37. Unfortunately this cannot be interpreted as an esti
mate of the average contribution of COg to the total emission in this 
wavelength region since the behavior of the curve is not known close to 
the ordinate axis. There is no evidence of appreciable changes in COg 
concentration in the present measurements. However, it must be noted 
that a study of COg is rather difficult with the present measurements, 
since emission in the 15 u region does not change appreciably with any 
existing variations in CÔ  concentration and since emission in the 
regions of the weaker bands of COg are overlapped by emissions of other 
gases, largely water vapor. The ordinate intercepts of the other curves 
(Figures 21 and 22) tend closer to the origin, particularly for the 
10.75 to 11,0 p. and the 11.5 to 12.0 p regions. The wavelength region 
from 12.5 to 13.0 p may contain emission from COg due to a very weak 
absorption band around 12.6 p. Some radiation from methane and nitrous 
oxide due to very strong bands around 7.7 p may be included in the mea
sured values of for the wavelength region 8.0 to 8.5 p. The true
behavior of the curves for these two regions just mentioned is not well 
established by the present data and therefore an estimate of their ordi
nate intercepts will not be attempted.

IX: Observations in the Region of the 9.6 ju Ozone Band
Figure 23 shows the appearance of the sky spectrum in the
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Figure 23, Recorded spectra for various air masses in 
the region of the M ozone band.



region of the 9,6 p. ozone band for the various air masses listed. The 

slitwidth of the spectrograph was 0.75 ram* The ground level air tem

perature Tq was -8.5° C (16.5° F) and the absolute humidity was about 

2.U g/m , The data shown required approximately forty-five minutes for 

observation.
g

The values of TT R-j__2 ^or wavelength region 9*25 to 10.0 ju 
were found for spectra observed throughout the year and the curves 
described in Section TUI are given in Appendix IV and Appendix V.
Figure 2k shows the radiation as a function of zenith distance for a 
period in which the recordings of Figure 23 were included. The solid 
curves correspond to the total radiation measured and the irregular- 
dash curve correspond to an estimate of the radiation from the ozone 
reaching the earth's surface.

The estimate of radiation from the ozone reaching the earth’s 
surface Kj" 9(0̂ ) was made by attempting to subtract the background 
radiation which is probably due to emission from CÔ  and H^O vapor.
For the data in Figure 23 a line was drawn from the deflection value 
around 9*0 fi to the first maximum beyond the ozone band (about 10.25 p). 
The radiation represented above this line was the estimated value for 
radiation from the ozone reaching the earth's surface. It is believed 
that this estimate represents a lower limit of radiation from ozone be
cause: (1) Some of the effect of radiation from ozone was sampled
outside the wavelength region 9*25 to 10.0 p 9 due to the large spectral 
slitwidth of the spectrograph used on this particular night. This 
would tend to decrease the measured value from the true valuej (2) The 
absorption bands and lines of other atmospheric gases are weak in this
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region and it is doubtful that they could contribute as much to 

emission as is accounted for by the removed background radiation; (3) 

Emissions which are outside of the 9.25 to 10,0 j i region may be sampled 

in the spectral interval of the spectrograph for central wavelength 

settings within the region, but the contributions to recorder deflec

tions within this wavelength region should at least be less than the 

deflections outside this wavelength region,
O

There are two weak CO2 bands at 9.U F and 10, h  p ., the latter 

of which may be contributing to the emission maximum at 10.25 F» Since 

the line for the estimation was drawn from this maximum, the influence 

of the emission from the 9»U F band should be more than accounted for 

by the background radiation removed.

For the remaining data of this ozone region, the average values 

of the radiation obtained for the two adjoining quarter-micron inter

vals was multiplied by three and this value was subtracted from the 

total radiation to obtain the estimated value This condition

proved to be about the same as that described above when it was applied 

to the recordings shown in Figure 23,
SThe emissive power of the sky R£ and the estimated emissive 

power of the ozone in the region 9*25 to 10,0 p  can be trans

formed to the effective radiation temperatures T? _ and (0 )1-2 1-2 3
respectively. The effective radiation temperature corresponding to an 

emissive power in a given wavelength interval may be defined as the 

temperature at which a blackbody would exhibit the same emissive power

®G. Herzberg, Infrared and Raman Spectra of Polyatomic Mole
cules (D, Van Nostrand Company, New York, New York, 19U5), p, 271;.
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normal to its surface for the same wavelength interval. The effective 

radiation temperature for a hemisphere of sky T^_g (£ ) will be defined 

as the temperature of a horizontal plane blackbody for which a radiation 

balance would exist between its upper surface and the sky in the wave

length interval of study. Figure 25 shows the effective radiation 

temperatures as a function of the zenith distance for the same data 

represented in Figure 2 k and discussed at the beginning of the present 

section. The corresponding effective radiation temperatures of the sky 

Ej* 2 ^ ^  ^or total measured radiation in this region and the esti

mated radiation from ozone are -59*5° and -67° C respectively. These 

latter temperatures are lower than the "effective temperatures" of the 

ozone (around -U0° C) measured by Adel,^ who endeavored to take account 

of the effective emissivity of the ozone.

Thus far, only the "integrated" values of the emissive power
3R^ g have been vised to estimate the effective radiation temperature in
the wavelength region 9.25 to 10.0 ju. By estimating the emissive power

per unit wavelength interval f̂ , given by /K^ one may find the
Btemperature of a blackbody for which the corresponding value is the 

same. Since the measurement involves a finite spectral slitwidth, this 

temperature represents an effective radiation temperature of the sky 

which has been weighted in the spectral slit interval about A by a 
spectral slit function. It is noteworthy that with the subtraction of 

the deflection due to COg and H^O vapor emission in the manner described 

in this section, the remaining deflection at the maximum of the ozone

g
A. Adel, Geophysical Research Papers No. 2 (I9I4.9).
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emission corresponds to emissive powers per unit wavelength interval 
of a blackbody at temperatures as high as -10° C. In particular this 
temperature was found from the recorded spectrum at ten air masses in 
Figure 23 of this section. Since the recorder deflection is a maximum 
in this wavelength region one may expect this temperature to be lower 
than the corresponding true maximum effective radiation temperature 
which could be more closely approximated from spectra with improved 
resolution.

In the present data a definite correlation was indicated be
tween water vapor density and radiation from the sky in the 9.6 fx 
region, while Adel found "no systematic connection between water vapor 
content" and the effective temperature of the ozone for his obser
vations. This may be explained in part by the fact that Adel's mea
surements were made in a relatively dry climate and at higher ele
vations than Columbus, Ohio. Also, for large spectral slitwidths 
emission and absorption by water vapor tend to be presented as a smooth 
spectrum around this ozone band. Thus extrapolations to the "back
ground" would tend to decrease any effects of water vapor absorption 
and emission on the final estimate of the effective temperature of the 
ozone.

X. Summary
The use of the mirror chopper and the "blackbody" at liquid- 

nitrogen temperatures as integral parts of the spectrograph permitted 
direct measurements of dispersed sky radiation. Although the present 
measurements were confined to the wavelength region U to 15.5 P, the
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region can probably be extended to 25 with the use of a potassium bro
mide prism in place of the sodium chloride prism used for the present 
data. The improvement in resolution with this spectrograph permitted 
observations of some of the smaller emission maxima in the wavelength 
region 8 to 13 which to the author's knowledge were not observed pre
viously in this type of spectra. Also the increased resolution pro
vided increased accuracy in the measurement of radiant flux for various 
spectral intervals. In regard to the absolute accuracy of the radiant 
flux measurements, there was no detectable constant error from analysis 
of laboratory blackbody spectra for temperatures from 0° C to 50° C.
It is estimated that the assumed zeros of the recorded spectra repre
sent radiation values differing from the true zero by not more than 
four per cent of the radiation from a blackbody at room temperature.
This estimate is valid only for wavelength regions remote from the funda
mental vibration-rotation bands of COg and H^O.

The only notable diurnal change in the sky spectra recorded was 
associated with the regions of strong absorption in which the emission 
from the atmosphere resembles that of a blackbody at ground level air 
temperature. No marked changes in radiation were noted at sunrise or 
sunset in the wavelength region studied. The most noteworthy changes 
in sky radiation occurred in the wavelength region 8 to 13 /i in which 
the radiation increased with the air mass, absolute humidity and cloud 
formations. The measured values of radiation from an overcast sky with 
"ceiling" of 1,000 feet or less were usually ninety per cent or more of 
the radiation from a blackbody at the ground level air temperature in 
the wavelength region of these observations. For increased ceiling the



radiation value decreased and the cloud formations usually became less 
homogeneous, making measurements with the present instrument difficult 
to interpret. There was some evidence of an increase in radiation from 
cirrus clouds at 2^,000 feet but the increase was small and was at times 
completely obscured by changes in sky radiation which existed in the 
absence of visible clouds.

The seasonal trends in the radiation from a clear sky were 
noted. Clear-sky radiation was found to be a function of the ground 
level air temperature and absolute humidity. No attempt was made to 
obtain an analytic relation between radiation, temperature, and humidi
ty from the present data but general trends were established by experi
mental observations. Until some knowledge of the contribution to the 
sky radiation by the air layers at various altitudes is available, the 
correlation of sky radiation with the parameters, temperature and humi
dity will probably remain incomplete. It would be desirable to measure 
temperature, pressure and humidity at various altitudes, simultaneously 
with sky radiation measurements, in an effort to obtain this knowledge.

Sky radiation measurements in the wavelength region of the 9,6 v 
ozone band indicate that CÔ  and H^O vapor contribute to the radiation 
in this region for the values of ground level humidity and pressure 
associated with the present data. In a solar spectrum the contribution 
of these two gases to absorption is nearly obscured by the strong ab
sorption of the ozone of the upper atmosphere. For atmospheric 
emission, however, the importance of these two gases is increased con
siderably due to their high temperatures relative to the temperatures 
of the ozone layer*
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It was found during the course of this investigation that in 

addition to the suggestions noted earlier certain other improvements 
in future work could be made. Measurements of the total undispersed 
radiation could be made simultaneously with the present measurements if 
both sides of the present chopper were aluminized. Additional equipment 
is, of course, implied but the additional detecting and amplifying 
system does not require a high sensitivity. The construction of an 
insulated enclosure with thermostat-controlled heating for the spectro
graph housing is desirable to reduce noise and to permit the sky radi
ation measurements to be made out of doors in order to prevent the in
fluence of the laboratory path on the measurements. Direct measurements 
of the radiation as a function of zenith distance could be made by ro
tating the plane mirror in a continuous manner for a given wavelength 
setting of the spectrograph. In this way the time represented in the 
curves of this type for the present data would be reduced considerably. 
It is also desirable that continuous temperature and humidity measure
ments be taken at the site of the observations. However, it is not 
believed that this is as important as obtaining temperature, pressure 
and humidity at higher altitudes. It is further suggested that the sky 
spectrum be observed at high altitudes to study its features in a dry 
and less dense atmosphere.



APPENDIX I Spectograph Calibrations and Spectral Slitwidth

The wavelength calibration was made from 3 to 16 ju by observa
tions of the absorption bands and lines of COg and HgO vapor in the 
laboratory path and of NH^ in an absorption cell. A Nemst glower was 
used as the source of radiation.

Figure 26 shows the curves of the spectral slitwidth as a
10function of the wavelength setting. The spectral slitwidth indi

cated here is an estimate of the wavelength interval between half- 
amplitude points of the slit function. A sensitive thermocouple (sen
sitivity of 7 or 8 microvolts per microwatt) with relatively low noise 
level was employed to maintain the smaller physical slitwidth 0.U5 mm, 
noted in this figure. However, the gradual decrease in sensitivity 
which was most marked during months of high humidity, finally necessi
tated the use of the larger slitwidth 0.75 mn, for the observations on 
the night of December 6 and 7*

Figure 27 shows curves of ttRa(T) as a function of wavelength 
for temperatures from 0° C to 50° C. The points used to plot these 
curves were computed from the tables by Lowan and Blanch^ of the 
Planck radiation function

CD ® ~ ^  / <~z \  I
tt n \  - c ,  a ( e  - i  ) ; (2o)

^"Instruction Manual, Infrared Spectrometer, Model 12c," 
Appendix (The Perkin-Elmer Corporation, Glenbrook, Connecticut, 1950).

•^A.N. Lowan and G. Blanch, J. Opt. Soc. Amer. 30, 70 (I9I4O).
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where and are constants • If TT R^ has the units of watts per cm^

"I p pper cm wavelength interval then ■ 3*732 x 10 watts cm ,
Cg = l.i;36 cm °K and A is given in cm* The values of tT (max)^
and TrR? _ (T) necessary to use the tables were found from correspond-
ing values for T = 1,000° K and the use of Wien's law and the Stephan-

BBoltzman law respectively. A table of t tRa(T) was made from the curves
of Figure 27 for every half-micron interval of A and for 5>° C intervals

Bof T, Linear interpolation was used to find tr R (̂T) for the temperature 
of the laboratory blackbody to the nearest tenth degree centigrade.
With this value the radiation calibration constant was then found as 
described in section VI.



APPENDIX H  Sources of Error in Radiation Measurements Within
the Spectrograph

Most of the sources of error in connection with the measurements 
by the present instrument have been discussed in the text. Two addi
tional types of error should be noted, however, which may arise due to 
events inside the spectrograph housing. The first type of error arises 
from the introduction of undispersed "chopped" radiation into the path 
of the exit slit and the thermocouple detector. This type of error is 
constant for all wavelength settings of the spectrograph. The major 
cause of this error is scattering of radiation by the first mirror 
following the entrance slit. The second type of error arises from the 
introduction of dispersed radiation of undesired wavelengths into the 
path of the exit slit and thermocouple detector. The dispersion of 
this radiation of wavelengths not included in the normal spectral inter
val, it is not well defined. Nevertheless this error does favor certain 
spectral regions and may change with the wavelength settings of the 
spectrograph and with the differences of the observed spectra. This 
error is caused by scattering of undispersed radiation at various 
reflecting surfaces, by so called "ghost reflections" of dispersed 
radiation at the surfaces of the prism and by a second pass of some of 
the radiation through the dispersing arrangement.

Since scattering usually increases with frequency, one would 
expect the first type of error mentioned above to increase with radi
ation of shorter wavelengths. Now in the solar spectrum more than 
ninety-eight per cent of the radiant energy is of wavelengths below
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the wavelength region of this study. Thus in a recording of the solar 
spectrum the error due to scattering of undispersed radiation is rela
tively large for the wavelength region U.O to 15.5 p- as compared to the 
corresponding error in the present data on sky radiation. From con
siderations of recordings of the solar spectrum taken with the alternate 
use of an opaque chopper and a glass chopper, this error is negligible 
for the present data.

It was also noted from the solar spectrum that the magnitude of 
the total observed error was relatively constant but did increase 
slightly toward the shorter wavelength settings of the spectrograph.
This was the only conclusive observation of an error of the second type 
and this error as noted above was negligible for the present data.
This does not preclude the possibility of an error of the second type 
arising from "second-pass'* radiation, which for the present spectro
graph would be of wavelengths longer than those of the principal radi
ation being observed. For the present data one would expect to find 
such an error by studies of radiation of wavelengths J4. to 5 p> for 
which the emissive power of the sky and of a blackbody at temperatures 
of the order of 300° K are low compared to their emissive power at 
longer wavelengths. Unfortunately the low resolving power of the 
present spectrograph in this wavelength region prevented accurate esti
mates of this error, but from the observation of sky spectra of differ
ent air masses it is estimated that this error would not contribute 
more than one per cent error to the value of g for the wavelength 
region I4..O to 15*5 p*



APPENDIX III Observations on December 6 and 7,, 19$h

There were three essential differences in conditions the night 
of December 6 and 7, 195>U, from those of preceding observation periods. 
(1) The outside air temperature was lower, (2) the absolute humidity was 
lower and (3) a larger slitwidth was used, partly because of the de
creased radiation from the sky and partly because of the decrease in 
sensitivity of the thermocouple. The low air temperature proved to be 
of considerable consequence in obtaining accurate and readable spectra.

It was noted that after the laboratory window had been opened 
for an hour or more, the "noise" of the recording began to increase.
It was found that increased heating of the spectrograph by its own elec
tric heater and by an additional electric heater on the back of the 
spectrograph housing decreased the noise considerably and prolonged the 
period in which readable spectra could be recorded. Although no veri
fying experiments have been conducted, it is believed that normal in
strument vibrations and the increase of temperature gradients inside 
the spectrograph were the joint cause of most of this noise.

During the night of December 6 and 7, some negative deflections 
were observed in the recordings of the sky spectrum in the wavelength 
region between 10 and 12 ju.. The radiation represented by these nega
tive deflections was not in excess of two per cent of blackbody radi
ation at laboratory temperatures. These negative deflections were 
probably caused by (l) non-zero radiation from the liquid-nitrogen path 
and (2) the large difference in temperature between the outside mirror
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of Figure 2 in the text and the mirrors inside. In either case the 

true zero of the recording would be depressed from the zero indicated 
by the shutter which excludes all interrupted radiation to the thermo
couple. In the case of (l) one may assume the true zero to be depressed 

by the value

D i:  = Rab(T J /K a ,

where TL is the temperature of the laboratory and t is a parameter
(')which may depend on /\ . Note that £ , a function of wavelength, can

not be determined definitely without complete knowledge of the radiation 
in the liquid-nitrogen path. For simplicity c. is assumed to be con
stant. For the second case the depression of the true zero may assume 
the form

D f -  A“[R?(tJ-R°(T0)1/Ka, («)
_(2)where c. is a parameter perhaps dependent upon A , but for simplicity 

is also assumed to be constant. With the knowledge of the maximum 
negative deflection, TL , TQ and KA one may examine the possible values 
of £ ( and with the use of equations (21) and (22) respectively.
If one asserts that the maximum negative deflection represents the true 
zero and that all of the depression of the true zero is due to non-zero

A"radiation from the liquid-nitrogen path then a value for c of 0.013
results. For the assertion that the difference between T. and T isu o
the cause of the depressed zero £ has a value of 0.0U3» Now it is 
true that the maximum negative deflection may not represent the true 
depressed zero. The point to be emphasized here, however, is the
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<̂i iplausibility of these values. The value of 0.013 for c is quite

plausible since either the radiation reflected from the surface of the
liquid nitrogen or radiation from the additional mirror in the liquid-
nitrogen path might explain this value. On the other hand, a value of 

<z)0.0h3 for £ is higher than expected, since the emissivity of the 
outside mirror wa3 not expected to be above 0.03. It was assumed, 
therefore, that the depression of the true zero was a linear combination 
of these two effects and the recorder deflections of this night were 
modified by adding the deflection

Da {o.oobb Rfdll+aoai sL  RAB(Tj- R * ( .T J ]J /k a . (23)

The choice of constants was purely arbitrary at this point and divided 
the depressed zero equally between the two causes mentioned. No 
attempt was made to modify deflections of previous data or the calibra
tion constant KA , since the corrections would be small and of necessity 
would be based upon incomplete knowledge.

It should also be noted that a wavelength calibration shift was 
observed as the temperature of the spectrograph changed. Under the 
normal temperature changes of the laboratory this effect is not ob
served, since the exit mirror on the prism mount is temperature compen
sated to decrease this shift. The magnitude and direction of the shift 
was not difficult to follow with the aid of the sky spectrum and did 
not introduce serious error into the observed values.



APPENDIX IV Curves of Radiation Ratio as a Function of the Square
Root of the Air Mass'

This appendix contains Figures 28 through 70 which consist of 
curves of the radiation ratio as a function of the square root of the 
air mass for the various wavelength intervals selected. The date, 
period and wavelength interval are noted on each page. Unless other
wise indicated the sky was clear for the observed spectra. The term 
"clear sky" is used here to denote a homogeneous blue sky, free of 
visible clouds in the small region of observation. It is possible 
that high, thin haze and high cloud formations were not detected at 
times and that some of these conditions existed for parts of the data 
presented for a clear sky. It was noted, however, that high cirrus 
clouds produced only a small increase in radiation in the wavelength 
region 8 to 12 p.. The temperature and humidity for most of the obser
vation periods associated with these curves are given in the tables in 
Appendix V.
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APPENDIX V Curves of Radiation as a Function of Zenith Distance

This appendix contains Figures 71 through 1UU which consist 
of curves of the radiation as a function of zenith distance for the 
various wavelength intervals selected. At the bottom in each figure 
is the corresponding curve for 7TR̂ _2 sin 2z which, as described in 
section VIII of the text, may be integrated over z to find the value 

The area under these curves was planimetered and cali
brated to obtain this value which is included in Tables I through VI 
along with other pertinent data and results. These tables follow 
immediately after Figure llU±.
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20

(VI (/> -L 
CC

15

INICVJ 10

CM 
(/) ±  
cr 5

3 0 6 0 9 0
ZENITH DISTANCE { degrees )

Figure 118



163
2.0

SEPT. 2 3 ,19 5 4  
1800 to 2 2 0 0  
9.25 to lO.O^t

0.8

0 4

0.6

M
CVJ

0 4
to

v> —
0.2

3 0 6 0 9 0
ZENITH DISTANCE ( degrees)

Figure 119-



SIN
 

2Z

CM
CO JL
tr

CVJ
to .1 
cc 
t=

SEPT 2 3 ,19 54  
1800 to 2 2 0 0
a. 12.5 to 13.0/a
b. 11.5 to 12.0/1

0.8

0.6

0.4

0.2

0 4

0.3

0.2

0.1

3 0 6 0 9 0
ZENITH DISTANCE (degrees)

Figure 120



165
SEPT 2 3 ,1 9 5 4  
1 8 0 0  to 2 2 0 0
c. 10.75 to 11.0/x.
d. 8 .0  to 8.5/j.

0.8
CM 

CO ±% 0.6
0 4

0.2

0 4

0 .3
M
CVJ

4/5 0.2 
CSI 

V) ~

0.1

3 0 6 0 9 0
ZENITH DISTANCE ( degrees)

Figure 121,



OJcn _L 
CC

25
SEPT 23S  24,1954 
2200 to 0230

20

15

10

5

M
CVJ

CO
C\l 

CD —cr

15

10

5

30 60 9 0
ZENITH DISTANCE (degrees )

Figure 122.



167

2.0
SEPT. 2 3  S  2 4 ,1 9 5 4  
2 2 0 0  to 0 2 3 0  
9 .2 5  to 10 .0 ft

CM 
</) —  cc

0.8

0 4

MCO

CO
CM 

(A —  CC

0.6

0 4

0.2

3 0 6 0 9 0
ZENITH DISTANCE ( degrees)

Figure 123.



1.2

1.0

0.8
CM<n j_

¥ 0.6

0 4

0.2

SEPT 23 & 24 ,1954  
2 2 0 0  to 0 2 3 0
a. 12.5 to 13.0ft
b. 11.5 to 12 .0 fL /

fl

■'I
I
I

/
/
I s ✓

J

X

X

168

0 4

0.3
KlOJ

4/5 0.2 
CM (0 1.

30 6 0 9 0
ZENITH DISTANCE (degrees)

Figure 124



CM
m J-
cr
|S

S E P T 2 3  8  2 4 ,1 9 5 4  
2 2 0 0  to 0 2 3 0  
c. 10.75 to I \.0fj

0.8

0.6

0 4

x
0.2

 i__X

M
CVJ

CO
CM

in —  
(r

0 .4

0 .3

0.2

0.1

3 0 6 0 9 0
ZENITH DISTANCE ( degrees)

Figure 125«



170

25
NOV. 8, 1 9 5 4  
1 5 0 0  to 1 9 0 0  
4 .0  to ! 5.5/i.20

CO 
CO ±

CE
>6

12

8

4

9 06 03 0
ZENITH DISTANCE ( degrees)

Figure 126.



SIN
 

2Z

2.0
NOV 8 ,1 9 5 4  
1 5 0 0  to 1 9 0 0  
9 .2 5  to IO.O/l/

CM 
V) ~
OC

0.8

0 4

0.6

0 4

0.2

3 0 6 0 9 0
ZENITH DISTANCE ( degrees)

Figure 127.



172

NOV. 8 ,1 9 5 4  
1 5 00  to 1 9 0 0  
a.12.5 to 13.0/1

0.8
CM CO — 0.6

0 4

0.2 *.

0.6

NCM

CM 
CO - ̂02

3 0 9 06 0
ZENITH DISTANCE ( degrees)

Figure 128



173

NOV 8,1954  
1500 to 1900
c. 10.75 to 11.0/1
d.8.0 to 85/a

0.8

V) — 0.6

0 4

0.2

0.6
NPO

CM O) —

? 0.2

3 0 6 0 9 0
ZENITH DISTANCE ( degrees)

Figure 129*



17425
NOV 9 , 19 5 4  
IIO O  to 1300  
4 .0  to 15.5/x20

CM
CO ±ce

10

8

6

4

2

3 0 6 0 9 0
ZENITH DISTANCE (degrees)

Figure 130



175
2.0

NOV. 9 ,1 9 5 4  
1100 to 1 3 0 0  
9 .25  to 10.0fjL

0.8

0 4

0 .4

0.3
M
C \J

^  0.2 OJ
in —

3 0 9 06 0
ZENITH DISTANCE (degrees)

Figure 131.



2.0
NOV. 9,1954 
1400 io 1630 
9.25 to 10.0fjL

CM
in _L 
CC

0.8

0.4

04

0.3
INICVJ

9 030 60
ZENITH DISTANCE (degrees)

Figure 132.



177

CM CO —
OC

NJCO
Z
C O
CMto i-
(r
£

25
NOV. 10,1954  
1 4 0 0  to 1630  
4 .0  to 15.5/i20

10

8

6

4

2

3 0 6 0 9 0
ZENITH DISTANCE (degrees)

Figure 133•



1782.0
NOV 10,1954  
14 00  to 1 7 0 0  
9.25 to IO.O/a

CMin j_
cr

0.8

0 4

0.4

0.3
MOJ

00 0.2 
CM (/> J-

3 0 6 0 90
ZENITH DISTANCE (degrees)

Figure 134*



179

NOV. 10 ,19 54  
1 4 0 0  to 1700
a. 12.5 to 13.0/i.
b. 11.5 to 12.0/x

0.8
CM

CO _L

*  0.6

0.4

0.2 x>

0 .4

0 .3
M
CVJ

00 0.2 
CMt/> i-a:

0.1

903 0 6 0
ZENITH DISTANCE (degrees)

Figure 135*



180

NOV. 1 0 ,19 54  
1 4 0 0  to 1700
c. 10.75 to 11.0ft
d .8 .0  to 8.5/x1.0

0.8
CVi </> —¥ 0.6

0 4

0.2

0 .3

INIOJ
2 0.2
CM 

</> — 
cr

3 0 6 0 9 0
ZENITH DISTANCE ( degrees)

Figure 136.



CM 
(ft —cr

M
( \ J

C O
CM 

(ft — 
DC 
£

16
DEC. 6 , 1 9 5 4  
2 0 0 0  to 2 2 3 0  
4 .0  to 15.5/i.12

8

4

8

6

4

2

3 0 6 0 9 0
ZENITH DISTANCE ( degrees )

Figure 137-



182

DEC. 6 ,1 9 5 4  
2 0 0 0  to 2 2 3 0  
9.25 to 10.0^

0.8
N </> — 

oc
»= 0.6

0 .4

0.2

0 .3

2 0.2
CM 

tf> —o:

3 0 6 0 9 0
ZENITH DISTANCE ( degrees)

Figure 138



183

DEC. 6 ,1 9 5 4  
2 0 0 0  to 2 2 3 0
a. 12.5 to 13.0/i.
b. 11.5 to 12.0/t0.8

0.6
CJ (A — £E

0 4

0.2

0.15

NCVJ

0.05

3 0 6 0 9 0
ZENITH DISTANCE ( degrees)

Figure 139*



184

1.0

0.8

0.6
CM 

</) —  £C

DEC. 6 ,1 9 5 4  
2 0 0 0  to 2 2 3 0
c. 10.75 to 11.0fj.
d. 8 .0  to 8.5^.

0.15

3 0 6 0 9 0
ZENITH DISTANCE ( degrees)

Figure 140•



185

DEC. 6 & 7, 1954 
2 3 3 0  to 0 2 3 0  
9.25 to 10.0/i.

1.2

1.0

0.8
CM(/>
* 0.6

0 4

0.2

0.4

0.3
M
< M

^  0.2 
CM tf>i.

0.1

3 0 6 0 9 0
ZENITH DISTANCE (degrees)

Figure 141®



186

DEC. 6  f t 7, 1954  
2 3 3 0  to 0 2 3 0
a. 12.5 to 13.0/x
b. 11.5 to 12.0/i.0.8

0.6
CM 

CO —
CC
1=

0 4

0.2

0.15

M
CM

CO

0.05

3 0 6 0 9 0
ZENITH DISTANCE ( degrees)

Figure 142.



187

1.0

0.8

DEC. 6  a  7, 1 9 54  
2 3 3 0  to 0 2 3 0
c. 1075 to I I.O/i.
d. 8 .0  to 8 .5 /a

0.6
CM
—

cr
t=

0 4

0.2

0.15

N
CM

to
CM t/> —
0.05

3 0 6 0 9 0
ZENITH DISTANCE ( degrees)

Figure 143



188

DEC. 7, 1 954  
9 2 2 0  to 0 3 3 0  
9 .25  to 10.0/i.

0.8
CJ 

CO 1.

* 0.6

0 4

0.2

0.3

M
CVJ

CO

CM 
CO —CT
t=

3 0 6 0 9 0
ZENITH DISTANCE ( degrees)

Figure 144*



189
TABLE I

RADIATION VALUES FOR THE TOTAL SKY AND APPROPRIATE DATA
FOR THE WAVELENGTH REGION I4.O TO 1 5.5 p

Date Time
Humidity 
(g/m3)

Temp.
(°0) 5 .

1 - 2 ^

.2( Z ) t h 5_2(t0)

May 3 & U 2300-0700 Cf\.-=i1O. 1.7- U.2 7.60 243.2

May 15 11^0-1600 7.6- 8.U 18.9-21.7 12.9 53.6

1600-2030 8.I4- 9.1 20.8-21.7 13.0 ' 524.8

2030-2U00 8.U- 9.1 11.7-20.6 12.0 57.2

May 30 1100-1830 8.I4- 9. k 22.2-25.6 124.6 56.3

June 13 II1OO-I63O 15.7 31.9-32.7 19.8 66.7

June 2 h 1000-1800 11.9-13.3 23.3-28.3 15.7 59-2

July II4 1330-1530 17.8-18.5 38.3-39.7 23.U 71.8

July 16 1000-1600 10.5-11.0 22.8-27.5 15.0 57.6

*July 21 11400-1500 17.0 23.9-23.9 23.7 92.2
July 23 0930-1130 10.U-10.9 22.5-21.L 124.7 57.24

Sept. 16 1130-1600 12.L-12.7 22.2-25.6 15.7 61.3
1600-1930 12.7-12.9 2U.7-25.6 15.5 59.3

Sept. 23 1000-1200 6.5- 7.2 15.6-17.2 10.6 1*7.0

1800-2200 7.2- 7.6 10.8-18.3 10.6 248.24
Sept. 23 & 2L 2200-0230 6.6- 7.2 9.2-10.8 10.3 51.24
Nov. 8 1500-1900 7.1- 7.U 12.5-17.2 11.24 52.3
Nov. 9 1100-1300 5.0- 5.1* ll.U-12.2 9.80 247.1
Nov. 10 1U00-1630 5.1*- 5.6 11.1-11.1 10.1 53.2

Dec. 6 2000-2230 2.3 (-6.9)-(-U.2) 6.33 242.5

^Overcast Sky



TABLE U
190

RADIATION VALUES FOR THE TOTAL SKI AND APPROPRIATE DATA
FOR THE WAVELENGTH REGION 9.23 TO 10.0 )i

Temp. q s
Date Time Humidity (°C) ^1-2^3^

May 3 & U 2300-0700 U.o- U.3 1.7- U.2 0.393 0.263

May 1$ 1130-1600 7.6- 8.U 18.9-21.7 0.630 0.292

I830-2i|00 8.U- 9.1 11.7-21.7 0.629 0.287
May 30 1100-1830 8.1;- 9.U 22.2 -23.6 0.682 0.269

June 13 11+00-1630 13.7-13.7 31.9-32.7 1.037 0.223
June 2k 1000-1800 11.9-13.3 23.3-28.3 0.692 0.238

July lU 1330-1330 17.8-18.3 38.3-39.7 1.326 0.233
July 16 1000-1600 10.3-11.0 22.8-27.3 0.7U6 0.272

Sept. 16 1130-1600 12.U-12.7 22.2-23.6 O.69U 0.233
1600-1930 12.7-12.9 2U.7-23.6 0.716 0.222

Sept. 23 1000-1200 6.3- 7.2 13.6-17.2 0.UU7 0.286
1800-2200 7.2- 7.6 10.8-16.3 0.L3U 0.2L9

Sept. 23 & 2k 2200-0230 6.6 - 7.2 9.2-10.8 0.U73 0.2U0
Nov. 8 1300-1900 7.1- 7.U 12.3-17.2 O.U68 0.219
Nov. 9 1100-1300 3.0- 3.U ll.U-12.2 0.371 0.217

H 1OO-I63O 3.1- 3.3 12.2-12.8 0.366 0.216
Nov, 10 1L00-1700 3.3- 3.6 10.3-11.1 0,396 0.239
Dec. 6 2000-2230 2.3- 2.3 (—6.9)—(—U.2) 0.313 0.229
Dec. 6 & 7 2330-0230 2.L- 2.U (-8.l)-(-7.2) 0.321 0.210-
Dec. 7 0220-0230 2.1i- 2.1; (-8.9)-(-8.3) 0.31U 0.2U2
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TABLE in

RADIATION VALUES FOR THE TOTAL SKI AND APPROPRIATE DATA
FOR THE WAVELENGTH REGION 12.5 TO 13.0 fx

Humidity Temp.   —
s Time (g/n?) (°0 S-2<2 > 7rRl-2(To)

May 3 & h 2300-0700 U.O- U.3 1.7- U.2 0.225 22.7

May 15 1150-1600 7.6- 8.1* 18.9-21.7 0.1*98 1*1.2

1850-21*00 8.1*- 9.1 11.7-21.7 0.535 U8.6

May 30 1100-1830 8.1*- 9.1* 22.2-25.6 0.631 1*9.3
June 13 1U00-1630 15.7 31.9-32.7 1.000 70.1*

June 2U 1000-1800 11.9-13.3 23.3-28.3 0.718 51*. 8

July lU 1330-1530 17.8-18.5 38.3-39.7 1.1U2 71*. 2
July 16 1000-1600 10.5-11.0 22.8-27.5 0.61*5 1*9.1*
Sept. 16 1130-1600 12.U-12.7 22.2-25.6 0.687 53.7

1600-1930 12.7-12.9 2U.7-25.6 O.698 53.7
Sept. 23 1000-1200 6.5- 7.2 15.6-17.2 0.31*1 29.5

1800-2200 7.2- 7.6 10.8-18.3 0.397 35.1
Sept. 23 & 21* 2200-0230 6.6- 7.2 9.2-10.8 0 .1*11 38.8
Nov. 8 1500-1900 7.1- 7.1* 12.5-17.2 0.1*81 1*1.5
Nov. 10 11*00-1700 5.3- 5.6 10.3-11.1 0.311* 29.5
Dec. 6 2000-2230 2.3 (-6.9)-(-U.2) 0.1U7 17.6
Dec. 6 & 7 2330-0230 2.1* (—8.1)—(—7.2) 0.150 18.6
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Date

TABLE IV
RADIATION VALUES FOR THE TOTAL SKY AND APPROPRIATE DATA

FOR THE WAVELENGTH REGION 11.5 TO 12.0 /i

Humidity Temp. ---
Time (g/m̂ ) (°C) R£_2(£) ttr^_2(T0)

May 3 & U 2300-0700 u.o- H.3 1.7- U.2 0.081 7.3
May 15 11£0-1600 .ao1sO. 18.9-21.7 0.301 23.0

18£0-2U00 8.U- 9.1 11.7-21.7 0.306 26.14

May 30 1100-1830 .Os-if•CO 22.2-25.6 0 .U10 29.7
June 13 Hi.OO-1630 15.7 31.9-32.7 0.793 51.2
June 2h 1000-1800 11.9-13.3 23.3-28.3 0.U60 30.5
July lU 1330-1530 17.8-18.5 38.3-39.7 0.938 55.2
July 16 1000-1600 10.5-11.0 22.8-27.5 0.U3U 28.8
Sept. 16 1130-1600 12.U-12.7 22.2-25.6 0.U59 33.3

1600-1930 12.7-12.9 2U.7-25.6 O.U85 3U.U
Sept. 23 1000-1200 6.5- 7.2 15.6-17.2 0.186 15.0

1800-2200 7.2- 7.6 10.8-18.3 0.202 16.7
Sept. 23 & 2h 2200-0230 6.6- 7.2 9.2-10.8 0 .20)4. 18.1
Nov. 8 1500-1900 7.1- 7.U 12.5-17.2 0.281 22.8
Nov. 10 lli00-1700 5.3- 5.6 10.3-11.1 0.130 11. U
Dec. 6 2000-2230 2.3 (—6.9)—(—U-2) 0.039 u.u
Dec. 6 & 7 2330-0230 2.U (—8.1)—(—7.2) 0.0U1 U.9
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TABLE V

RADIATION VALUES FOR THE TOTAL SKY AND APPROPRIATE DATA
FOR THE WAVELENGTH REGION 10.75 TO 11.0 p.

Humidity Temp. — -----
Date Time (g/m̂ ) (°C) t R1-2^To ^

May 3 & U 2300-0700 .-d’l0.-cf 1 .7 -  U.2 0.022 U.3

May 15 1150-1600 7 .6 -  8.U 18 .9 -2 1 .7 0.121 17.7

1850- 2U00 8.U - 9.1 11 .7 -21 .7 0.122 22.8

May 3 0 1100-1830 8.1;- 9.1; 22 .2 -25 .6 0.156 21.5

June 13 lUOO-1630 15.7 31 .9 -32 .7 0.328 39.8

June 2 h 1000-1800 11 .9 -13 .3 23 .3-28 .3 0.171 22.6

July I I4 1330-1530 17 .8 -18 .5 38 .3-39 .7 0 .U00 UU.7

July 16 1000-1600 10 .5-11 .0 22 .8 -27 .5 0.179 2U.0

Sept. 16 1130-1600 12.U-12.7 22 .2 -25 .6 0.186 25 .U

1600-1930 12 .7-12 .9 2U.7 -25 .6 0.19U 26.3

Sept. 23 1000-1200 6 .5 -  7.2 15 .6 -17 .2 O.O63 9.8

1800-2200 7 .2 -  7 .6 10 .8 -18 .3 0.069 10.9

Sept. 23 & 2 k 2200-0230 6 .6 -  7.2 9 .2 -1 0 .8 0.068 11.7

Nov. 8 1500-1900 7 .1 -  7.U 12 .5 -17 .2 0.095 1U.8

Nov. 10 lli00-1700 5 .3 - 5.6 10 .3 -1 1 .1 0.038 6.U

Dec. 6 2000-2230 2.3 ( - 6 .9 M - U .2 )  0.012 2.8

Dec. 6 & 7 2330-0230 2.U (—8 .1 )—( —7 .2 ) 0.012 2 .9
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TABLE VI

RADIATION VALUES FOR THE TOTAL SKY AND APPROPRIATE DATA
FOR THE WAVELENGTH REGION 8.0 TO 8.5 H

Humidity Temp. q —Q-----
Date Time (g/m3) (°C) ^1-2^0^

May 3 & k 2300-0700 U .o- U.3 1 .7 -  U.2 0.181 20.6

May 15 1150-1600 7 .6 — 8.U 18 .9 -2 1 .7 0.U30 33.5

1850-2U00 8.U - 9 .1 11 .7-21 .7 O.U32 3U.7

May 30 1100-1830 8.U - 9.U 22 .2 -25 .6 0.5U8 39.3

June 13 1U00-1630 15.7 31 .9 -32 .7 0.896 5U.5

June 2h 1000-1800 11 .9 -13 .3 23 .3-28 .3 0.628 U3.6

July lU 1330-1530 17 .8 -1 8 .5 38 .3 -39 .7 1.077 58.5

July 16 1000-1600 10 .5 -11 .0 22 .8 -2 7 .5 0.598 U2.6

Sept. 16 1130-1600 12.U-12.7 22 .2 -25 .6 0.732 52.3

1600-1930 17 .7 -12 .9 2U .6- 25.6 0.70U U9.2

Sept. 23 1000-1200 6 .5 -  7.2 15 .6-17 .2 0.332 27.8

1800-2200 7 .2 -  7 .6 10 .8 -18 .3 0.3U1 29.7

Sept. 23 & 2k 2200-0230 6 .6 -  7 .2 9 .2 -10 .8 O.36U 3U.8

Nov. 8 1500-1900 7 .1 -  7.U 12 .5 -17 .2 0 .U10 3U.U

Nov. 10 lij.00-1700 5 .3 - 5 .6 10 .3 -1 1 .1 0.289 26.9

Dec. 6 2000-2230 2.3 ( -6 .9 ) - ( -U .2 )  0.137 18.7

Dec. 6 & 7 2330-0230 2.U ( - 8 .1 ) - ( - 7 .2 ) O .I36 19.U
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