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ABGTRACT

Apparent sky temperatures were measured on clear cays
and nights during a period in July and August of 1964 at
Flagstaff, Arizona. A portable radiometer, with a two-degree
field of view, sensing in the wavelength bend 8 to 1% microms,
was used to read sky temperatures at S5-degree intervals of
zenith distances (angles). from the zenith to the horizon.
These values wvere converted to radiances and summed over the
vhole sky, to arrive at effective whole-sky temperatures.

The apparent sky temperature at any zenith distance is
not dependent on azimuth, but does vary with the tiwme of day.
The elevation scan of temperatures at a given time is dupli-
cated by that of an equally clear siy at a different time if
the zenith temperatures are the same. The effective whole-sky
temperature is consistently the same value as the apparent sky
temperature at a zenith distance of 54 degrees. Mathematical
equations were dmreloped empirically to express the dependence
of radiance or apperent sky temperature -on zenith distance.

Graphs of the spectral radiance of the clear zenith sky,
obtained from a report by Ohio State University Resea.rch
Foundation, were integrated over the band 8 to 14 microns to
arrive at apparent zenith temperatures for locations at alti-
tudes from sea level to 1L,000 feet. These ranged from -21°C
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EFFECTIVE CLEAR SKY TEMPERATURES IN THE 8- TO 14-MICRON BAND

INTRODUCTION

~ As part of a study of environmental processes in the atmosphere, tech-
niques andé equirment are being developed to messure the surface temperature
cf the earth; using infrarcd radiometers. The accuracy of these measurements
is dependent on a knovledge of the emissivity of the soil examined, within
the wavelength bard of the instrument (8 to 14 microns}. A technique of
measuring this emissivity has been devised that involves a measurement of the

effective sky temperature, using the same radiometer. It was a study of this
xeasurement that led ti the work reported here.

Studies have been reported in the literature on infrared radiances of
the sky and on transmission of radiation through the atmosphere, but none
present the information needed hare, Specifically, what was desired was a
kmowledge of the effective whole-gsky infrared terperature; in order to deter-
mine the radiation in the 8 to 14 micron wavelength band that reaches the
earth's surface.

Only clear skies were studied in order to simplify the handling of the
data. The plan was to take measurements at different elevstion and azimuth
angles, and at differenc times of day and night, ir order to examine these
varisbles:

(a) dependence of apparent infrared sky tempersture on elevation
angle (or its complement, zenith distance),

(b) dependence on azimuth,

(¢) dependence on time of day,

() consistency, that is, repestability, from one day to another.

The ultimate aim was to arrive at a technique of measuring quickly the

effective whole~sky temperature in the infrared, so that subseguent measure-
ments of infrared emissivity of soils could be accomplished rapidly. The
vork on emissivity will be reported on separately.
DISCUSSION

Instrumentation and Technigques of Measurement

The instrument used for measuring sky temperature was the portable radi-
ation thermometer, PRT-4, made by Barnes Engineering Company. It was used
because it had been chogen for the technique of infrared emissivity measure-
ments, and compatability of data was desired to simplify the handling of
computations. This instrument also happens to be convenient in that it has
a light-weight sensing head (three pounds). which can be easily mounted on a
tripod. It has a field of view of two degrees diameter, and it senses in the




wavelength band of J 4o 14 microns. The response time is listed as 150 milli-
seconds, as adapted for recorder use, and the accuracy as 11°F, or 10.05
microwatt/cm? irradiance.

The normal range of the instrument is 10°F to 110°F, which is equivalent
to an irrsdiance range of 3.4 to 8.4 microwatts/cs2, This range vas modi-
fied interrally by the user to accoumodate the low temperatures expected from
the sky. This modification was effective, even though the linearity wvas dis-
torted. The modified instrument was calibrated by using it to read the sur-
face temperstures of a well-stirred liquid bath of s mixture of chloroform
and carbon tetrachloride, cocled with dry ice. By observing the readings of
‘this bath and of water at the same temperature above the ice point, it vas
found that the mixture had just about the sam» emisgivity as water. From
this fact, plus the fact that & normal reference point is the temperature of
melting ice, a reliable calibration was made possible.

The portavle radiation thermometer is calibrated by the manufacturer
with i%s meter marked in degrees of temperature, on the assumption that all
targets are black bodies. Since the sky is very mich a non-black body, the
term "apparent' sky temperature for the measurements is used in this report.

The nature cof the variation of sky temperature with elevation angle, or
with its complement, zenith distance, was not known, so it was decided to take
readings at five-dugree intervals from the zenith to the horizon. It was also
decided to repeat these measurements at the four azimuth quadrants to get s
picture of the varistion of sky temperature with azimuth. For this purpose
a precision tripod, designed as a mount for a telephotometer, was used.
Angles were marked off in degrees, and easily estimable to 0.2 degree.

Measurements were made at the airport in Flagstaff, Arizona, on 27 and
28 July and 4 to 9 August 1964, during both day and night. Only clear skies
were measured, exceyt that at night it was sometimes difficult to discern
high haze and very light clouds. It 1s possible that several ancmalous read-
ings ar= attributable to these factors. The tripod was located in a clear
ares, 80 that the field of view in the NE, SB, SW, and NW directions was free
fron obstruction axcept at the horizon. The altitude of the alrport is
officially T012 feet.

Analysis Oof Data

The data obtained from these measurements are presented in Figs. 1
through 23 as plots of appereat sky temperature versus zenith distance. As
oZten as possible, a complete run of measurements was made at each of the
four azimth directions. The duplication of temperature values at different
azimuths is indicated by circled dots on the graphs. On 9 August the sky was
clear in patches, so the measurements were made at various azimuth directions
from north to east instead of separate runs at each azimuth. Temperature
values on all runs wers recorded and plotted to the nearest 4°C, since the
accuracy of the instrument was no better than that.

The general weather patitern at Flagstuff in July and August is a tendency
for the sky to become completely clear by late evening, to remain clear
through the night, ¢ begin cloudiness in midmorning, and to become overcast
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by noon. This routine prevented the taking of data cn most afternoons and
rany mornings. A contimucus sampling throughout a whole 2k-hour period would
be interesting, but would be difficult to obtsin.

The data showed nmany slight variations in sky temperature valuec at the
different szimuths, but no consistent pattern could be detected. So it is
concluded that clear sky temperature in the iafrared wavelengths is not
dependent on azimuth.

The time required for an elevation run at onc azimuth was 8 to 10
minutes, thereby requiring sbout one-half hour for a complete run at all four
azimuths. The assumption that sky temperatures did not change appreciably
during this time was validated in general by the data.

Curves vwere drawn through the smoothed averages of the data of all four
aziimuth runs, Deviations from true averages were made in order to obtain
uniform, smooth curves.

Thege plots show clearly a consistent shape of curve, aud a repeata-
bility of value. Different plots having the same zenith temperature have
almost identical curves, even if on different days. FPor example, the curves
at 0256 and 0428 MST on 6 August, both having a zenith sky tempersture of
-55%C, are almost identical, The curves of 0640 on 28 July and 0845 on
5 August, both having a zenith sky temperature of -51°C, are almost identi-
cal, although separated in time by a week., Similarly, OBU45 on 27 July and
1106 on 7 August, more than a week apart, are almost identical, with a
zenith tempersture of -45°C. This points out cleariy that the thermal struc-
ture of the sky repeats itself from time to time, at least insofar as iis
infrared emission is concerned.

Table 1 licts the dates and tires of all the measurements, as well as
the zenith temperatures in each case. Other dats in this table will be dise-
cussed later. The lowest zenith temperature was -624°C at 0600 MST on
5 August, and the highest was -34%°C at 1127 on 9 August.

Figure 24 is a plot of these zenith temperatures by days and hours. It
shows the warming trend during the day and the cooling trend at night, and
also shows a general warming trend over the period 7 to 9 August.

Some dats from reports by Ohio State U'aiversity Research Foundationl,2,3
on work performed during 1955 to 1957 have provided the means of making com-
parisons of the clear zenith sky temperatures at other locations. The data
wvere obtained by a Farrand spectrometer in the form of spectral radiance and
vere plotted as graphs over the wavelength band 2 to 20 microns. By integrat-
ing over the band 8 to 14 microns with a planimeter, then dividing by the
fraction of total black body radiance emitted within this band, and finally
converting this equivalent black-body radiance to temperature, the equivalent
apparent zenith sky temperature was obtained.

Table 2 is a compilation of these results, giving sky temperatures in
New Mexico, Colorado, and Florida, at altitudes from sea level to 14,000 feet.
The coldest zenith temperature calculated was -82°C on Pike's Peak, Colorado,
on 11 September 1956, at 0650. The warmest calculated was -21°C at Cocoa
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Table 1. Effective Whole-Sky Temperatures and Apparent Zenith
Temperatures of Clear Skies in the 8 to 1k micren band,
Flagstaff, Arizona

N &
S

%y

Effective Zenith Distance
Zenith Whole-Sky for Sky with
Temperature Temperature Same Temperature
Date  Time (MBT) To Tope as Tepe §
(156%) ’ —(°C) (°C) {degrees)
July
7 0845-0908 =45 -31 53%
28 0640 -51 -36% 5k
August
4 0630-0735 -5 -‘K;g 54
4 0915-0935 -7 -3 54
" 1040-1108 k7 -34 53%
) 0550-0615 -62% =45 54
5 0845-0910 -51 =37 5k
5 1037-1058 =l ~33 54
5 1210-1230 -4k -3 53%
6 0040-0111 -52k -37 5k
6 0256-0323 =55 -39 54
6§ . 0h428-0l450 =55 -1 5k
6 0604~0613 -53% -38% 54
67  2346-0005 48 -33% 54
T 1106-1133 -45 -31 54
7 1408-1416 - -32 5k
7 1523 - -37 54
T 1946-1954 - -32 55
" moss o g )
37-02; -4 -
8 0435-04L 7 ~45% -30 5k
8 0918-0935 -l -27 53
8 1052-1112 -31% -2k 5
9 127 -3k ~21% 52%
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Table 2. Clear Zenith Sky Temperatures, Integrated from 8 to 14
Micron Spectral Curves

Reference Iocation Date Local Time Altitude T rature
' (Peet) 5'05
1 White Sands, N. M. 13 Aug 55 - 1730 4,300 -25
1 Sacramento Peak, N. M. 21 Auz 55 00Lo 9,000 -k7
; 1 Climax, Colo. 30 Aug 55 1720 11,200 -69
3 1 Denver, Colo. 5 Sep 55 1205 5,300 =51
;§ 2 Pike's Peak, Colo. 10 Sep 56 1552 14,110 -T7
] 2 " " " 11 Sep 56 0650 " -82
»' 2 1" st " 12 Sep 56 lm:_o " _59
p 2 1 1 " 14 Sep 56 1040 l -50
E% 2 " i ] 14 Sep 56 2153 " =55
é 2 ] 1t 1" 15 Sep 56 0210 ) " _57
0 4 ) ] ] 1 15 Sep 56 0650 " _62
§‘§ 2 Elk Park, Colo. 17T Sep 56 1305 11,750 -48
f 2 " " " 19 Sep 56 lll'30 1 _5)+
3% 2 " " " 19 8ep 56 2058 " -60
31:2’
ff o " " " 20 Sep 56 0705 ] =56
4 2 Fort Carson, Colo. 2k Sep 56 1338 5,960 -ho
£ 2 Peterson Field, Colo. 26 Sep 56 2210 6,130 ~lh
§ 3 Cocoa Beach, Florida 13 Jun 57 0923 0 ~21
R to
,g 2310
K
: Beach, Florida, 13 June 1957, between 0923 and 2310 (an average of three sets
: of readings). Times listed are local.
i

These values agree well with the range of values obtained at Flagstaff.
It is noted that the temperatures and radisnces decresse with increasing alti-
tude. This is expected, since the total mass of air available for radiating
is less at the higher altitudes, and at the lower altitudes the warmer sur-
face layer of the atmosphere predominates in determining the sky radiance.

P o,
et e A

‘ Figures 25 through 33 sre radiance plots of clea. zenith skies, in the

‘ 8 to 14 micron band, copied from the Ohio State University reports. They

3 were selected from the group listed in Table 2 to illustrate the form of the

. curve and to emphasize the non-blackbodyness of the sky radiation. Two fea~-

i tures are of note. Ome is the ozone band that causes a hump in the curves at

4 9.6 microns. It is present in all the curves, to different degrees of inten-

; sity, e«dthough almost masked in the Cocoa Beach plot by the warm surface

| layer of the atmosphere. The other feature is the existence of sharp wings

) in the curves at 8 and 1k microns. This is interesting because it means that,

, for a sky of low radiance, most of the energy lies in these wings. If a
detecting instrument were used with sensitivity in the 9 to 13 micron band

4 instead of 8 to 14 microns, the apparent sky temperatures would be

p)

o g,




corsiderably icwer than those recorded here. The {experstures compoted from
the curves depend critically on the actual pess band of the Ingirument.

Ancther agpect of this exitrene pon-blackbodiness is the error firvited in
calculations vhen blackbody values are used. In exissivity caicalaiiors, a
factor enters to take into account the fraction of the toial radfance or
radisnt exitiance that falls within the spectral tand seen by the ingimment.
IT this fraction is taken Zrox the Planck distritution of & Dlackbody radi-
ator, it vill be guite different from i1xat taken frox 2 distribution
exexplified In these curves of Tige. 25 trovgh 33, for the Planck distritu-~
tion is convex upward at there Texperatures, vhereas tZege curves are concave.

This erxor is further coxpounded by the possivle unceriainty of the
actual pass berd >2 the insi: te I¥ is customary for zmarnlacturers o
specify the lixits of a pass oand at ihe half-pover points. Uzfortuzsiely,
with the Barnes portable radiatioc tzeracmeter, whickh bas 2 pass tand of 8 %o
lkzicmm,tberespomeottheimtrmtmnpiﬁyattbeﬂr@oz
the bend at the saze wavelepgina ithat the erergy Zxox the sk rspidly
ircreases. This mekxes for difficult calculations srd uncertain results.

In the spectral studies of the clear sky made by Ohic State University
Besearch Foundation, measurements were made over the specizral tand 2 to 20
xicrons, at varicus zenith distances from the zerpith to the borizon. It was
Tound tzat the responsa gracusliy ckanged from a concave curve upvard, taken
at the zenith, {0 a convex curve upward arproxizating a blackbody at the
texperature of the atmosthere pear the ground, tak¥en at tke borizon. At low-
altitude locations, this aspproximetion to 2 blackbody curve wes betier than
at higher altitudes. This is to be expectied, because at s2a level the
spectrometer looks througn a large air =sss on the borizon which coataivs a
relstively high density o soldd aerosol particles whose exissicn is eszen-
tially blackbody radiation. Tbese effects zre shown in Pigs. 3% ard 35.3

The spectral radisnce cn the horizen at Cocoa Beach is very close to
that of a blackbody at the temperuture of the at=osphere near the ground, and
the envelope of the curves at Blk Fark, Colorado, sgain approximates that of
& blackbody. This feature was used by Chio State University {o =axe an
analysis of a mathematical avproximat.on to the spectral curves st different
zenith distances, and will be discussed later. It is significant that not
until the zenith distance approaches very rear the horizon does the curve
approximate closely that of a blackbody. Even at a zenith distance of 88.2
degrees, which is 1.8 degrees above the horizon, the dimple in the spsctral
curve is appreciasble at zea level and is quits large at 11,000 fest altitude.
The air mass at this angie is about 20 air mess unitis at ses level, and is
much less at 11,000 feet. It is evident that a very large sir mass is neces-

sary for the atmospbere to approxi=zete a blackbody.

0f interest here, it is also significant that within tbe spectral band
2 to 20 microns it is the central porticn between 8 and 1% microns that

changes so radically with viewing angle.

These ebove-described factors lead to the conclusions tpnat the sky
temperatures "seen" by the Barzes portable radiation thermometer are never
equivatent to the true blackbody temperatures except on the horizon at ses
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level, and the devistion from blackbcdy values is derendent on both sititude
of site and viewing arngle. ZHence, all measured texperatures are called

Marparent” tewperstures.
Develomment of & Mathemstical jpproxi=etion

Zhe aixn of the messuwreaenis at Fisgstalf wvas to develop & method of
chialining, by siznle means, an effective integrated valne of texperature,
rarcesentative of ihe wbole sky in the 8 to 1k microm wavelepgth bend. The
arprosch aken was to develor 2 mathemptical sxpression for the radiance of
the sky, or for the radlant exitiance, as a function of zeaith distance, and

Integrate It from the zenith {0 the soriicz.

Foromatlely, the radiaxce of the skr in this wavelength band seems 10 be
irdependent of azixuth, within the error of measurement. Thiz is borne oat
by the piols of Rigs. 1 throngh 22. The dats on these plots iznclude megs-
urenents at four different szimiths, and slthough thxre wers differences in
readings from one azimith to azsther, no consistent patiern cf wariation
sbowed up, ani the veriations were germerally smald encusi 0 be cocsidered as
within experizmentad errcr. 7his conclusion wes basically the same a8 ihat
reacked by Ohio State Urniversity Research Yourdation in their messurements at
varicus altitudes. The independence cf rsdiance with arfwath gixrififieg ihe
derivation of 2 mathematical relationship.

Cur f£irs? attexst 0 f£ind a mathewatical expression for ithe dependence
o!shm&i&mmmi&dismn:mmeofmegmﬁmfcram
transxzission developed by R. N. Goody™ a=d adapted by Chio State University.
Goedy's law describes the average transmissica of infrared rgdiation through
the atoosthere.

Yoo

5P + ¥ o of )2

Wiere o is the hal?-width of the Lorentzian-shaped absorption lirces, o is the
mean liue sirength, § is the mean line spacinz, and v is the mass of the
absorber per urit cross-zectioral area of the path.

It is inovn that transxission of sunlight through the atmospbere follows
s dependence on the mass of air through vhich the radiation passes. It would
be expected that the variation of radiant exittance, or the wariation of
radiance, would aiso follow such a Gzpendence. The stardard values for air
mass are very closely approximated by the simple expression ¥ = sec vhere
v i8 the air mess and ¢ is the zenith distance. Thixappmximtionﬁgaod
to 0. percent for zenith distances up to 65 degrses and falls off to 3 per-

cent at 80 degrees.’
E. B, Bell of Chio Stataé simplified Geody's lavw by assuming a strati-

fied atmosphere, for which v is proportionsl to sec ¢, and assuming that the
otber quantities are constants. 7nen the absorptivity, or emissivity, is

given by

7T = &xp [’ 2

cml-Fal [ sec @
arEtmioT=lcoexp -(A+Bsec¢)£’

1




¥here £ and B sre lumped constants. Bell found, for the Ohio State data in
the infrared regicn, that 3 >> A, and the equation reduced to

[-c(sec g)i']

¥here C is axother Iuxped ccmstanc. 5ell considered that the aky radiance at
zenith distarce o is

c-l-exp

T A

viere X, is the biackbody radiance al ainospheric texpersiture. 3ell forxd
at X, vas satisfactorily approxirated by the sy radfarce al the horfizon,
where o = 90 degrees.

A test of £it of the Oalo State datz in (ke vaveiengih rexicn 2 to0 20
microns stoowed go0d agreemer: when the coostact C vas acproximstely 0.5, For
ocoe set of data at k.5 xicroes, C was 0.k%; for ancther set at $.3 xfcross,
C was 0.50. 'The eguaticp fits the data well excert at the horizon.

£ test was made of the Zitl of this egquation to the data of this repcrt
by converting the radiszces N and X, to eguivalent aspparent sky texperatures,
T and Ty, respectivaly, wvhere T is the avparexnt sky texperature on the

§

5 -C(sec o)%]
‘oq-‘%’c‘*g [1-e ) Zor a diffuse sky.

Bere, ¢ ‘J."i is the Stepnan-Boitzmann expression for blackbody radisnt
exittance.

The equaticn did not £it the data well using either value of C--0.4k or
0.50. Deviations were in excess of 3°C over muca of the range of zerith dis-
tances, and it appeared ithat choosing a different wvalne for the constant C
would only shift the position of the devisztions on the airve, and not elimi-
nate ttem. So tals approcach wac abardcned.

The paxt approach was 0 1look for an empirical relationship that would
f£it the data over part of the range of zenith distances and, if necessary,
another to £it tbe remmining part. It was hoped that such expressions could
be integruted to calculate the effective whole-sky temperatures, thus avoiding
the tedious work of summing all the radiance values (or radiant emittance
values) calculated at each zenith distance. However, it turned out that the
work of calculsting the constante of the empirical eguations for each set of
data, plus the work of calculating the resultant integral, was more tedious
than a summation process. Hence the integral form was used only to verify
the accuracy of the sumxation process. The development of these mathematical

relations 1s given next.
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The fundamentsl physical guarntity of a radiating body is radiant emit-
<tence, expressed by the Stephan-Boltzmean relation

‘!'sa'i'h,

wkere W is the rate of epergy exitted per unit time from 2 unit surface area
cf the source into the wkole hexispher= to which it is exposed, T is absolute
teperetuze, and ¢ ic the Stephap-Bolitzaecn copstant. Eence, a fourtk-pover
relationship between sky texperatnre arld zenith distance is sought.

Thne ssoothed Cata Zrom the taoeratire caxves of Figs. 1 through 23
skow thatl the Zourth power G2 te—geratrre fitield clossly a lineer relatioo-
stip with the secert of toe zexiih distance, wrich was chosen becauses of Iis
represeniatisn of the 2ir zess.

?‘4110'91:5:3::%3, l)

sbere A is am ardiftrary comstant.

Tre radistion seen Uy tihe portable radiation thermometer iz only tkat
within the spectrzl tard 8 to 1k —icroms, tut the instrument registers the
te—merature as though it were seeing a blackbody with spectral emittance
revresented by this amcumt of epergy. Eence we are justified in using, in
this analysis; this temperature in its relation to the total radiant
ezittance.

Trhe copnstant 4 can be evaluasted by inserting the value of T at the
zenith distence 0%, T,. Then,

A-:Tol*xlo'9-1.
The total radiant exittance of a sky with an apparent temperature T is
Wso'Tb-cTC,l*+l.O9 (seccp-l]. (2)

The cconstant A is obviously different for each sky scan having a different
apparent zenith temperature.

. Equation (2) fite the data of almost all elevation scans of temperature
with an accuracy of #3°C through zenith distances 0° through 60°®. There are
a few excepticns, but they are small enough to be included in the errors of
measurement. For smcoth data, this accuracy is correct. The relation
deviates rapidly from this accuracy at zenith distances greater than 60
degrees, partly becuuse the expression sec ¢ no longer holds accurately for
the value of air mass.

In an attempt to find a reletion to express the rndiant emittance at
zenith diatances greeter than 60 degrees, an exponential form was used. A
three-constant eguetion was found to be neceasary to meet the requirements.

T » 8 PP 4 c, (3)

vwhere T is absolute temperature, ¢ is zenith distance in radians, and a, b,
and ¢ are constants.




This equation fits the data of two of the scooth-valued test runs in
thé zerith distance renge 60 to 9C degrees, with an accuracy of =1°C. The
tediousness of calculating te—peratures with thais eguation discouraged our
using it for more than two seis of deta. But it was decided ket if the
equatic: fit the data closely enocugh, eznd if the integraticn of radiences
with this eguatiocn agreed with the su=amticn teckrnigue closely encugh, then
the suxration tecrnisue would be copsidered valid and wonld be used for 211
cioer data.

The itmadisrce of energy frox the whole siy o2 2 korizontel surface of
£oe earik is zought. Cmiiarmels:ezto!a:eaéasc:t‘xsky,m:mr-
=3 o the dire u.emafthe&rth,:a&atingasam.mwm, i.e.,
2 d5Zfuse cource, for which the cosize law olds, Iz Pig. 35 the ererzy
Irem this source sizikas an elezent of aves @2, 0F the eartn's surface trat
is exposed {0 tbe wiole rexisriare of the sky. R is tte distance petween
ke source and receiver elementsz. o is the zenith disterce, the angle
between the direction of R and ihe rormel to ihe receiver ele=ent.

The radiunce £rom éAs, censiaermgitase.b&ac,bodﬁ isﬁs‘iattcna
ster-l, and the radiant intensity Js is liydag watt
pover striking die 1is

.dAB
Ppe = Ng d45 x (—5 cos 9),

where the expression ir parentheses is the solid angle subtended by Gae
from dA;.

For this Lambertian source, the relation between radiance and radient
enittance is

1
Ns :‘;'ws,

vhere Wy 1s the total radiation power emitted from a unit area of the source
into the whole hemisphere. The factor m enters here rather than 2q because
the radiance is defined in terms of radiation in s direction normal to the
emitting surface. If the radiance multiplied by the cosine of the angle to
the normal is integrated over the whole hemisphere, the resultant quantity,
the radiant emittance, is equal to ¢ times the radiance. ‘Then,

1
Ppe = —= Wy dag Ahq cO8
me

The infrared energy rate received by the porteble radiation thermometer
from the clear sky was found to be independent of azimuth. Since the
ingtrument records the radiation as though the source were a blackbody, the
analysis is carried out in blackbody fashion with this assumption of azimuth
independence.

The radiation power from a spherical band, described by the element
dAg,at the radius R, 1s
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3 Wyoame B, da

1 P
= ——W_ d&, cos ¢ (2n x Big)
o

:'is &Aes‘.‘n 29&;-

‘Ebeirraﬂ.‘;anceftmtbe‘basdondaeis
. .

Hy "?g"ws sin 29&9-0’232" sin 29 dp watt =2,
The irredisnce from the toiasl hexigswhere of the sky is

/2

Ex [ 05" sin 29 dpwatt o=

Since the ain iz {0 determine the "effective”™ tecperature of the whole
sky as the instrument sees it, "effective” is defined. It is the texperature
that the instrument would see if the epergy were distributed wniformly
throughout the hemisphere.

If 75 is uniform, then the irrediance is

H, = o Tg* I;Vlesin 2p dg.

Hu-a'TSh-ws, (5)

where the subscript u refers to a uniform sky. This states that the irradi-
ance on a small surface element enclosed in a hemispherical blackbody radiat-
ing uniformly is the same as the radisnt emittance of the blackboly. Bence,
using this one-to-one relationship between irradisnce on the receiver and
effective radisnt emittance of the sky, it can be seid that the effective
radiant emittance for eny kind of sky is

/2
eft Wy mH = [ aTshsian:dq-oTsheﬂ- (6)
The effective sky temperature is then
eff Tg = (2 eff RLAS (7)

To obtain the total irradiance from the whole hemisphere, Eq. 6 is
integrated in two parts, one covering zenith distances O to 60 degrees, the

1




other covering zepith distances 60 to 90 degrees. Bzustions (2) and (3) are
used, inserted into eguation (6).

eft Vg .a.j‘zﬁ [gzo'* + 109 ¢ (sec g-l)] sir 29 do

+j:é§a(a.eb?+c)sin29dg;. (8)
This can be integrated, and reduces to

A
effvs-%a;.o +-£cx109+
ca i’ '01'12 143 b/3 ]
S 2 l C.
vl | > ) i (9)
Eere, ¢ is the Stefan-Bolizmann constant, T, is the apparent sky temperature

at O-3egree zenith distance, and a, b, and ¢ are constants determined fron
the data of a set of measurenents.

This equation was used to caiculate the effective t emittance of
the sky and the effective whole-sky temperature, Tapy = (— etz W )/, for

theda..aofzzanazaauly-"'

A summation process was also made of tbe same data, using 18 equally
spaced segments of zenith distance (from O to Q0 degrees) to obtain the same
effective radiant emitiances and effective whole-sky temperatures. From the
geometry of Fig. 36, the s0lid angie of the spherical band as seen by the
element of eertn’s szurface G4, is

Ogana = 27 (cos @ - cos @),
vbere ¢; and ¢p are the zenith distances of the edges of the band. If we let

+
%-ﬂ'—é-gandz\q:-cpa-“,thisconvemto

Qpand = A“sin @y 8in %9 . If Aq:1.8 degrees, we can approximate

sin -%9 = -925’ with an error of less than Q.1 percent. 8Since these dats were

taken in steps of 5-degree intervals of zenith distance, we can use the
approximation. Then,

()Band-ZﬂBin %AQ'

In a manner analogous to the develcpment of the integral expression, it can
be stated that the irradiance on the elemental surface of the earth dA, from
the spherical band is

Hpand = NBand OBana 0% @4

12
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W
WLere Np,.; = average radiance across the band -_é._J:oTAh, cos g is

o o
ihe factor due to Lambert's law, and T, is the average temperature across
the band.

Hm'-ﬁ& 2n sin g cos py A
-ZUTAhsin%cos 9y A

8ince T and cos g are both nonlinear functions, the question arises as
to the proper values to choose for the respective "average" values, T, and
cos gu. Bo.ever, for simplicity it is assumed that the band interval Ag is
s=all enough so teut the midpoints of these variables may be used. Then
cos ¢ and sin gy refer to the same angie. Then

Bpang = 0 T sin 2g; Ag. (20)

Sumxing this over all values of zenith distances gives, in exsct analogy
to the integral expression of eguation (6),

~

eff Wy = H » z-g/ ‘cTA'* sin 2g, Age \11)

Trhis equation was used on the data of 27 and 28 July 196% to determine

Tersy = (% eff W )1/ ’4. The results agreed with those of the integral equation
to’getter than ;°c. With this verification, the summtion equation (11) was

assuned valid, and it was used on the rest of the data.

Effective Whole-Sky Texperatures

The results of the calculations on effective vhole-sky temperatures are
given in Table 1. Tbe last column gives the zenith distance at which the
apparent sky temperature is the same value as the effective whole-sky tempera-
ture. The values in this last column are surprisingly constant at 54 degrees
zenith distance, which attests to the consistency cf the form of the curve
over all times of day and night. This fact enables the evolvement of a much
simpler method of obtaining reliabie measurements of effective whole-sky
temperature. A single meassurement of spparent sky temperature at a zenith
distance of 54 degrees is all that is reeded; at least hypothetically. The
relisbility of such a technique should be held with reservations, especially
when the measuremenis are extrapolated to all seasons of the year and other
locations at different altitudes. But if high accuracy is not required, the
gain in speed and simplicity mekes this technique worth while.

By the same token, a linear relationship between effective whole-sky
temperature and apparent sky temperature would be expected at the zenith.
Such a relationship does exist in our data, as shown in the plot of Fig. 37,
but it is not as definite a relationship as might be desired.

The calculations of effective whole-sky temperatures revesled the Pact
that the energy coming from the extremes of zenith distances--that is, at the
zenith and at the horizon--contribute almost negligibly to the whole-sky
temperature. At the zenith it is because of the cold temperature and

13




rarefied atmosphere. At the horizom it is because of the cosine factor of
Lambert’s lav.

SUMMARY

A portable radiation thermometer, made by Barnes Engineering Company,
was used to measure apparent sky temperatures during July and Aungust 1964 at
Flagstaff, Arizona, st an altitude of 7000 feet. The two-degree field of
view permitied point measurements at selected zenith distances from the
zenith to the bhoriron, which were then used in a summation equation ‘o cbtain
effective whole-sky temperatures.

The s=nsitivity of the insirument is in the 8- to li-micron band, so the
texmperatures measured were rot blackbody temperatures, nor even "true” sky
texperatures. This was seen clearly in the spectral curves of sXy radiance
obtained by Ohio State University Besearch Foundation in measurements made
over a period of time at different locations and at altitudes from sea level
to 14,000 feet. These spectral curves show sharp "wings" in each case at
about 8 and 1% microns, featuring very rapid changes of response at these
points. Because of this the apparent sky temperature indicated by the Barnes
instrument is critically dependent on.the pess band of its filters. Thiz is
not a criticism of the instrument, since it was designed to measure tempera-
tures of warmer surfaces such as the earth and bodies of water, which approxi-
mate blackbodies. But it does indicate precautions in using the instrument
for this purpose.

All the measurements indicate that the apparent sky temperature at any
zenith distance is not dependent on azimith, but does vary with time of dsay.
In general it follows the warming of tkhe atmosphere by the sun. The plots
of appareni aky temperature as a function of zenith distance were quite
sa00th and consistent, ard it was found that the siy repeats itself thermally
to sucl: an extent that a plot of temperatures is duplicated reliably by any
plot at encther time or another day iff the zenith temperature is the same.

Apparent zenith temperatures of clear skles were obtained for altitudes
from sea level to 14,000 feet by integration of the Ohio State University
curves. These temperatures ranged from -21°C to -82°C, and are gemerally
consisa‘%bent with the temperatures found at Flagstaff, which ranged from -34°C
to -623°C.

The summetion equation used to compute the effective vhole-sky tempera-
tures was found, by comperison with an integral equation, to f£it the data
from Flagstaff to within 4°C. Being much simpler and faster to use, it ves
used in preference to the integral equation.

It was found that the effective whole-sky temperature was consistently
the same value as the apperent sky temperature at a zenith distance of
54 degrees. This fact can simplify data-taking considerably.

The program of sky-temperature measurements was part of a program of
measuring the emissivity of soil surfaces, for which the sky temperature is

peeded. The program of measuring the emissivity of soil surfaces will be
covered in a separate report.
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