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RESULTS OF SPECTRAL AND ANGULAR
SKY RADIATION MEASUREMENT PROGRAM*

Marlo Martin and Paul Berdahl
Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720
Abstract
Results are analyzed and plotted from a series of more than 50
thousand spectral infrared sky radiation measurements made in 6 U.S.
cities over a 1-1/2 year period. The data has been edited to arrive at
monthly averages for 42 spectral and angular sky emissivity components
under both clear sky and all sky conditions. An empirical sky emis-
sivity equation has been developed and validated to allow one to disag-
gregate the total sky emissivity €. s as would be measured by a pyrgeom-
eter, into its spectral and angular components. Such information is of
special relevance to the performance 6f radiative cooling systems, espe-
cially those designed to make use of angular and/or spectral selectivity

to enhance their performance.

*This work was supported by the Assistant Secretary for Conserva-
tion and Renewable Energy, Office of Solar Heat Technologies, Pas-
sive and Hybrid Solar Energy Division of the U.S. Department of
Energy under Contract No. DE-AC03-76 SF00098.



1. Introduction

The heat balance of the earth is determined by two heat sources and
one heat sink. The sodrces are incident absorbed solar radiation and
the relatively sma11ér amount of heat generated in the core of the
planet by nuclear reactions. The only heat%sink available is in the
form of thermal infrared radiation from the earth's surface and atmo-
sphere into outer space. The net radiative heat loss from an object at
the earth's surface is given by the difference between the outward radi-
ated flux and the inward fluxes due to emissions from the atmosphere and
radiatiqn from outer‘space. Since the radiative temperature of inter-
ste11$r space is low (approx. 49K) it effectively contributes nothing to
the inward flux. The outward flux from a radiator of known emissivity
can be simply determined if its surféce temperature is known, by means

of the Stefan-Boltzman equation:*

4
Rp = epoaTp

where o = 5.67 x 10824, Ty is expressed in degrees Kelvin,

and € is a constant lying between 0 and 1.

It is apparent that a completé quantitative description of the
radiative cooling rate from a surface exposed to the sky depends on an
accurate knowledge of the incident radiative flux from the atmosphere.
The atmosphere consists of a mixture of gases and particulates, only
some of which are strong emitters in the thermal infrared region of the

spectrum (approximately 5 to 40 micrometer wavelengths). Droplets of

*For simplicity, we are assuming that €. is 1independent of
wavelength and angle, as 1is often the case. Equation 1l is not
sufficiently general to apply to selective radiators.
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water, as found in clouds, fog, and maritime haze, act essentially 1like
blackbody radiators for which the outward flux is related to the droplet
temperature by Equation 1 with €. = 1 . Dry particulates generally
have a low emissivity and do not contribute strongly to the atmospheric
radiation unless they form nucleation centers for the condensation of

water vapor [1].

Infrared emission also occurs strongly from carbon dioxide and
water vapor molecules. The radiation has a spectral dependence charac-
teristic of the molecule, and the intensity of emission depends on the
air’ tempefature in the vicinity of the molecule. Although the concen-
tration of CO, does not vary appreciably through the atmosphere, the
amount of water vapor present generally decreases with altitude, as does
the temperature. The downward radiation from the atmosphere thus
depends strongly on the vertical temperature and water vapor profiles,
and on the presence and temperature of clouds. For a review of infrared
optical properties of atmospheric constituents, see chapter 5 of Refer-

ence 2.

The spectral dependence of sky radiation for a typical clear sky
summer condition 1is shown in Figure 1, based on earlier work by our
group [1,3]. The curve labeled 00 represents the radiation incident
from the zenith direction. The peak of radiation centered at about 7
micrometers is associated with an emission band from water vapor
molecules, and that at 15 micrometers is largely due to carbon dioxide
emission. The small peak at 9.6 micrometers is attributable to atmos-
pheric ozone. In addition, the entire region shown in Figure 1 has a

radiation contribution due to continuum water vapor emission which is
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important in determining the overall shape of the sky radiation spec-
trum, especially within the 8 to 13 micron window region [4]. As the
zenith angle incfeases toward the horizon (900) the instrument measures
radiation emitted preferentially along a path in the 1lower atmosphere
having higher temperatures and relatively large concentrations of water

vapor.

In this paper we report on detailed spectral measurements of the
sky radiation taken in six U.S. locations; Tucson, AZ, San Antonio, TX,
St. Louis, MO, Gaithersburg, MD, West Palm Beach, FL, and Boulder City,
NV.- The radiometers used in this study were developed at Lawrence
Berkeley Laboratory to measure the incident sky radiation through a 2°
field of view at five zenith angles (0°, 20°, 40°, 60°, 80°). At each
angular position, the incident radiation was reéorded through seven
infrared filters for which the transmission characteristics are
presented in Figure 2. The "no filter" channel actually represents the
spectral radiation passing through a coated germanium lens. The remain-
ing six channels will be referred to in terms of their central
wavelengths or their pass bands; 8.8 um, 9.6um, 1lum, 8-14ym, 15um,

and 17-22um .

During the course of approximately 1-1/2 years of measurements
readings were taken at half hour intervals. Analysis of the resulting
data base yielded a total of 57 months of good data from among the six
- locations. Radiation measurements were averaged over each month for all
seven filter channels and for each of the five zenith angles. This data
is plotted as a function of the total sky emissivity in a series of

graphs presented in section 4.
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Sky radiation data can be expressed in a number of ways which are
essentially equivalent, but differ in their ease of interpretation. The
sky radiance RS(A, 9) which is a function of ane1ength A and zen-
ith angle 6 is the quantity most directly related to the net radiative
heat flux at any time. This quantity is not expressed by means of an
equation similar to Eq.l because the sky does not radiate as a black-
body, as can be seen from the typical radiation profiles of Figure 1.
An effective "sky temperature" T¢ can be defined as being the tempera-
ture of a blackbody for which the emitted radiative flux is the same as

forythe sky:

R = oTg (2)
where R. is the measured incident flux containing all  thermal
wavelengths from the sky. The objections to using an effective sky tem-
perature are twofold; first, the concept of temperature refers to a body
in thermal equilibrium in a well defined state, whereas the sky consists
of a gradation of layers at different temperatures, whose spectral emis-
sivity changes as a function of altitude. Due to the partial tran-
sparency of the air layers, the observer in reality "sees" a weighted
average of temperatures from each Tlayer which is a function of the
wavelength. The second objection is more pragmatic in nature. The "sky
temperature" as defined in Equation 2 fluctuates strongly with the
ambient air temperature T, throughout the day [3]. The changes in
apparent emissivity of the sky can thus be masked to a great extent by
ambient air temperature changes. In this report we chbose to express
the sky radiation data in terms of the spectral and angular sky emis-

sivity eS(A,e), which is defined to yield the spectral sky radiance
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Rg(n,0) = eg(n,6)Ba(2). (3)

Here Ba(A) is the Planck function evaluated with the ambient air
temperature Ta (°%K). The temperature T, is to be measured in the con-
ventional meteorological fashion at a height of 1 to 2 meters above the

ground. The Planck function is given explicitly by

-1
Ba(}) = 2hc2r-5 [exp(i%ﬁTg-)-]] \ (4)

where h is Planck's constant (6.626 x 10~34 Js), kg is Boltzmann's con-
stant (1.381 x 10723 J K~1), and ¢ is the speed of 1ight (2.998 x 108 m
s-1).

Under clear sky conditions, the value es(x,e) remains practi-

cally constant throughout the day. Multiplication by the factor con-

taining T, allows the incident radiance to be calculated readily, since

air temperatures are available for most locations. The total incident
sky radiation received by a horizontal surface is obtained by integra-

tion of equation (3) over all wavelengths and zenith angles.

) o 1
Rs = 2] dABa(A)j;cose dcoseeg(2,6). (5)

The total sky emissivity ¢_ may be defined by

s
4

Rg = €5 0Tgs v (6)

analogous to Eq.(3). Equations (5) and (6) can be used to express the

total sky emissivity in the form

© 1
J’dABa(AX[_cose dcosbeg(,6) (7)
€ = A ° : :
s . j“HABa(Xz[fcose dcose

which shows that € is a weighted average of es(A,e).

11
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2. Description of Measurements ——

2a) Overview

The basic spectral sky radiance measurements were made with a
radiometer developed by at Lawrence Berkeley Laboratory. Preliminary
discussions of the instrumentation and portions off the measured data
have been presented elsewhere [3, 5-111. Measurements of the radiance
in seven spectral bands at each of 5 zenith angles were obtained at half
hour intervals. Immediately foliowing these measurements a blackbody
reference radiation source was viewed through each of the filter chan-
nels. ‘The'tota1 thermal infrared sky radiance was also measured with an
Eppley pyrgeometer. Auxiliary information recorded at the same time
included: mirror temperature, blackbody temperature, several reference
voltages, and conventional meteorological observations of air and
dewpoint temperatures with radiation-shielded, aspirated sensors. A
rain sensor recorded the presence or absence of precipitation. During
periods when rain was falling, no radiance measurements were performed.
The data thus obtained was stored in random access memory of the on-site
microcomputer system which also controlled the operation of the radiome-
ter. Data was transferred to the Lawrence Berkeley Laboratory computer
system by telephone at intervals of one to three days. This arrangement
for data transfer was particularly useful because equipment failures
could usually be identified in a few day's time. The raw radiance data
thus acquired was processed by a computer program which produces cali-
bration constants for each day of normal radiometer operation, for each
filter channel. This program also makes corrections for the small
amount of thermal radiance produced by the viewing mirror. The data was

then subjected to various automated quality control checks to flag



-8 -

suspicious or erroneous data, as explainéd more fully below. Finally,
the data was edited manually to identify unforeseen problems and to
ensure that good data was not inadvertently deleted by the quality con-

trol procedures.

The resulting "prime" data set is summarized in Table 1. The six
1ocations' at which measurements were made are located in the southern
United States, with the majority of the data collected during the warm
-months in which air conditioning may be required. The data set contains
50,000 half houf]y observations of the 35 spectral radiances meaSured.
0f -these 6bservations, 31,000 were obtained during clear sky conditfons
and 19,000 were obtained with clouds present. (The measured radiances
were used to detect the presence ’of clouds, using the methodology
developed earlier in this project [3]). Observations prevented by rain
numbered 1300. The data collected is.sufficiently extensive to give é
statistical picture of the speétral and angular distribution of thermal

sky radiance in the southern United States.

The following subsections present a more detailed description of
the instrumentation and a discussion of the processes of calibration and

data editing.

2.b) Instrumentation

The spectral infrared filter radiometer developed for these sky
ra&iance measurements is based on a comme}cially available instrument,
the Barnes Engineering Corporation's model 12-880 radiometer. This
instrument includes a gold plated chopper to modulate incoming infrared

radiation, a coated germanium lens, a filter wheel, and a pyroelectric
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Table 1: Summary of "prime" data set.
3 .
_
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Site $ § 85 5558 85 2585
= & 58 5855 S s s
TJUCSON, A2 5 1979 303 294 5687 ( 3) 23.5 8.1
TUCSON, A2 6 1979 732 b18 1159 ( 6) 28.2 4.9
TYUCSON, AZ 7 1979 1004 383 1387 ( 8) 30.7 10,7
TUCSON, A2 8 1973 677 281 958 (  0) 27.9 3.3
TUCSON, AZ 9 1979 816 112 923 ( 0) 29.4 8,5
TUCSON, AZ 10 1979 1042 135 1177 «( 0) 23,6 2e2
TYUCSON, AZ 11 1979 403 162 565 ( 4) 1%.3 =2.1
TUCSON, AZ 12 1973 768 306 1076 (&) 13,5 <b.1
TYUCSON, AZ 1 1980 344 351 695 ( 13) 12,0 145
TUCSON, AZ 2 1980 702 431 1133 ( 33) 13.2 2.7
TUCSONs AZ 3 194890 9il 433 1634 ( 31) 14,2 -e2
TJUCSON, AZ 4t 13610 1015 277 1292 ( W) 19,0 =146
. TUCSONs AZ 5 1380 322 109 431 ¢ 0) 22.0 1.9
SAN ANTONIO, TX s 1973 274 340 61% ( 10) 22,3 15,8
SAN ANTONIO, TX 6 1873 488 300 788 ( 68) 25,6 18,2
SAN ANTONIO, TX 7 1979 447 439 885 ( 16} 27.5 22.4
SAN ANTONIOy TX 11 1973 341 33 bue ( 8) 13.0 3.8
SAM ANTONIC, TX 12 1973 K20 581 10C1 ¢ 14) 1c62 Lols
SAN ANTONIO, TX 1 1980 520 723 1243 (  S) 1.7 5.3
SAN ANTONIO, TX 2 19383 291 234 525 (  2) 11.2 2.3
SAN ANTONIO, T 3 1988 254 3u6 600 ( 9) 1S4 5.2
SAM ANTONIC, TX 4 198¢ 477 334 811 {3 20.5 9.2
SAN ANTONIO, TX S 1383 580 854 1436 ( 18) 23,1 18,5
SAN ANTONIO, 7 & 198) 894 545 1633 ( 1) 2B.6 20.°
SAN ANTONIO, TX 7 1980 681 233 914 { 1) 29.9 20.5%
GAITHERSBURGy M3 6 1979 179 1414 320 ( 11) 20.1 16.°C
GAITHERSBURG, WZ 7 1979 559 681 1240 ( 22) 2247 18B.2
GAITHERSBURG, WD 8 1979 558 321 879 ( 24) 22.4 17.8
GAITHERSBURGy M) 9 1979 675 Sa6 1222 ( 20) 1S¢3 1543
GAITHERSBURG,y M3 10 1979 503 479 982 ( 40) 13.2 9.8
GAITHERSBURG, MD 11 1379 k111 235 579 ( 14) 12.°¢ 7e5
GAITHERSBURG, M3 1 198) 336 714 1050 (¢ 37) el =648
GAITHERSBURG, MO 2 198¢ 583 535 1118 { 13) =1.0 =9.6
GAITHERSBURGs MD 3 1980 L38 788 1225 ( 38) S5¢1 =248
GAITHERSBURG, M2 & 1983 319 354 673 ( 10) 12,4 3.7
ST. LOUIS, MO 7 1979 520 252 772 ( 70 2€.2 17.3
ST. LOUIS, MO 8 1973 636 295 931 ( 70) 2E.1 194
STe LOUIS, MO 9 1973 1190 222 1412 ( 1) 214 12,0
S$T. LOUIS, MO 10 1979 B4t 558 1402 { 69) 4.8 5.3
ST. LOUIS, MO 11 1973 2€6 585 85t t 78) €l =17
ST. LOUIS, MO 12 1973 400 515 915 ¢ 70) 3,8 =5.8
S$T. LOUIS, MC 4 1980 482 395 877 ( 70) 18.3 2.5
ST. LOUIS, MO S 1980 568 259 827 ( 70) 19,2 Teb
STe LOUIS, MO 6 1980 772 315 1087 ( 32) 2347 13,2
ST LOVUIS, MO 7 1980 762 155 917 ( 51) 28.5 118.7
ST. LOUIS, MO 8 1981 744 136 880 ( 9) 28,5 18.3
STe LOUIS, MC 9 198) 418 123 S41 { 26) 24,2 1€.6
ST« LOUIS, MO 10 1980 852 305 1157 ( 70) 13.2 3.5
STe LOUIS, MO 11 1385 415 I e ( 0) 2ell 240
STe LOUIS, MO 12 19380 302 409 712 . 70) &e2 243
MEST PALM BEACH, FL 7 1980 272 161 433 ¢ 28) 27.0 23.5
WEST PALM EEACH., FL 8 198) 155 92 247 € S¥ 27.8 2u.(
WEST PALM EEACH, FL 9 198) 268 198 566 ( 27) 26,8 232
BOULDER CITY, NV 6 1980 2k 52 293 ¢ 0 2%4 -1.8
BOULDER CITY, NV 7 19810 588 189 777 ( 16) 31,0 5.7
BOULDER CITY, NV 8 1980 702 58 763 0) 32.1 545
BOULDER CITY, Nv 9 1980 207 83 290 ¢ 1) 2%3 Bole
TOTAL CR AVERACGE 30835 19469 50904 (1302) 19,1 8.0
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detector. The field of view of the radiometer is approximately 2
degrees (full width at ha]f maximum). Infrared bandpass filters were
selected to de]fneate the main features of the “typical" atmospheric
spectrum. In particular, the 8.8, 9.6, and 11 micrometer filters were
selected to obtain information concerning the distribution of radiation

within the 8 to 13 micrometer window. (Compare Figures 1 and 2.)

The instrument is provided with a stepping motor drive to turn the

filter wheel through eight positions. One of the positions is an opaque
"filter," which is used to monitor the instrument's output offset vol-
tage. . A front surface gold plated mirror is mounted at a 45 degree
angle on the optica1'axis of the radiometer. Rotation of this mirror
permits the radiometer to view an arc of the sky from the north horizon
to the zenith. when the instrument is not actively making measurements,
the mirror assembly is rotated to a position which prevents intrusion of
dust, rain, and other environmental contaminants. Further protection is
provided against‘dust and rain by a fan which maintains a positive pres-

sure inside the instrument case.

An important feature of the radiometer is the attached blackbody
radiation source which is viewed each half hour by the radiometer, as it

permits accurate calibrations on a daily basis.

The output voltage of the radiometer is measured by <the microcom-
puter data acquisition system's analog-to-digital converter. For each
measured radiance the output voltage is sampled 50 times over a 3 second
interval and the average value stored in the computer's memory. The
output voltage with an opaque filter in place is measured in a similar

fashion and subtracted from the value in memory. These manipulations

vy A
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have the effect of 1imiting the noise bandwidth of the measurements.

Four spectral radiometers systems were constructed and initially
deployed at Tucson, AZ (August, 1978), San Antonio, TX (September,
1978), Gaithersburg, MD (November, 1978), and St. Louis, MO (June,
1979). As 1initially constructed, the radiometers could measure 6n1y
zenith radiances (for budgetary reasons). During the first few months
of operation, a number of system improvements were devised, including
the ability to scan from the north horizon to the zenith. Calibration
techniques were improved, and the scanning mirrors were replaced with
evaporated»front—surface gold mirrors to reduce the size of the correc-
tions required to account for the mirror emissivity. Thus the "prime"
data, measured at multiple zenith angles, begins in May, 1979 as shown
in Table 1. The older data will not be discussed further here; however
a brief report on this data was presented at the San Jose National Pas-

sive Solar Conference [6].

2.c) Calibration and Data Editing

As mentioned previously, the spectral radiometer was calibrated
each day using the radiance data obtained by viewing the blackbody cav-
ity radiation source at half hour intervals. The temperature of the
source is measured with a thermistor. Once the temperature is known,
the blackbody's spectral radiance can be easily calculated, for example
by using Eq.4. The source temperature is controlled at about 70 degrees
Celsius most of the day but is turned off under microprocessor control
and allowed to cool to ambient temperature early each morning. The tem-
perature of the viewing mirror also varies during each day, following

the ambient temperature. A least squares fit of measured and calculated



- 11 -

blackbody radiances is performed for each filter channel to determine
the calibration constant and the mirror emissivity correction. The
variation of temperature of the b1ackbody during the calibration period
substantially improves the accuracy of the calibration. If the residual
root mean square radiance error is greater than 0.1 W m=2 sr-l micron-1,
the calibration 1is aborted and values from the previous day are
employed. (The spectral radiance of a 3009K black body at 10 microns is
about 10 W m-2 gr-l micron‘l, so the va]he 0.1 represents roughly 1%

error.)

" The pfimaky quality control measure for the spéctra] radiometer
radiance data is the comparison of measured blackbody radiance with the
calculated value based on the calibration constants in use. For each
half hourly set of measurements, if the blackbody radiance departs from
the expected value by more than 0.25 W m-2 sr‘1 micron'1 in any filter
channel the data from that observation is flagged as suspect and is not
used. This powerful test detects virtually all of the known erroneous

data produced by the spectral radiometer.

The manual editing procedure relied primari]y on inspection of the
entire.'data set as printed out on microfiche. However, two types of
graphic displays were used. Graphical displays of data were examined
for days chosen at random. Also, graphical displays of the daily cali-
bration constants wére examined for the entire data set in order to

locate changes indicative of malfunctions.

As a result of the editing process, some of the data was processed
in a special manner. For example, the rain detector at St. Louis failed

in a way which gave a continuous indication of rain. It thus became
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necessary to estimate the number of measurements genuinely lost due to
rain rather than equipment malfunction. Another, more important problem
occurred because the air temperature sensor used at San Antonio indi-
cated values in error by about 2 degrees Celsius over most of the period
of data acquisitidn. In this case the measured radiance derived from
the 15 micrometer filter at a zenith angle of 80 degrees was used to
infer the air temperature. This procedure appears to give values accu-
rate to within 1 degree Celsius, and is probably better for average

values,

2.d) Limitations of the Pyrgeometer Data

The pyrgeometer data is quite important for our analysis because it
measures the total downward thermal flux from the atmosphere. We wish
to develop here approximate methods whereby spectral fluxes can be
derived from the total flux. We thus require, and will subsequently
present, correlations of various spectral emissivities with the total
emissivity. Unfortunately, the pyrgeometer data has a number of limita-
tions. Some of the wintertime data is missing because the pyrgeometers
were returned to the manufacturer for recalibration. Data was also lost
due to battery failure and other equipment problems. Thus the number of
months of data for which simultaneous pyrgeometer measurements accompany
all the spectral radiometer measurements is only a fraction of the full

data set (29 of 57 months).

Another difficulty lies in the fact that the 2 or 3 % errors typi-
cal of pyrgeometer data are undesirable. In a previous paper [ 3] we
succeeded in transferring a monthly calibration from the spectral

radiometer to the pyrgeometer to reduce these errors, but the process is
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rather laborious. Furthermore, this process --- even when complete ---

would only extend the useful data set to 29 months.

Still a third difficulty occurs because the pyrgeometer data is
biaséd during daylight hours due to the absorption of sunlight by itsv
silicon dome._ The warmed dome transfers heat to the radiation sensing
thermopile by_conductioh, 1eading to experimental error. This issue is

discussed at some length in reference [3].

As a result of these experimental difficulties, we shall avoid
using the pyrgeometer data whenever possib]e. Instead we employ a quan-
tity céIled the pseudo pyrgeometer to develop correlations with the
spectral data, and use a separate correlation between pyrgeometer and
pseudo pyrgeometer to express final results in terms of pyrgeometer

measurements.

Our discussion of the limitations of the pyrgeometer should not be
interpreted as an indictment of the particular instrument used. We have
no reason to believe that aﬁy currently available instrument is supe-

rior.
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3. Analysis of the Experimental Measurements

3a) The Sky Radiance Equation

An empirical equation has been developed to describe the spectral
sky emissivity €S(A,e) as a funCtion of zenith angle 6 and total

sky emissivity € The spectral emissivity of the sky can be written

S .

in terms of the apparent sky transmissivity:

eg(n,68) = 1 = 1(1,8) | (8)

We make the assumption that the wavelength and angular dependences can

be‘sebarated, and that the angle enters in the form
es(1,8) = 1-At(x)e b/cose | (9)

where 1/cos® 1is the air mass. The constant A can be determined by the
condition that es(x,e) averaged over all wavelengths and over the
angles 0 to 900 corresponding to the sky dome must equal the total sky

emissivity e (Eq.7):
,1
_ - -b
es = 1 - 2AT [ e D/COSB o o yoco (10)

where €=[;dum Ba(2)/ [, daB,(n),
and Ba(A) is the Planck function corresponding to an ambient tem-

perature Ta. The integral over dcosé® in Equation (10) is equal to
twice the third exponential integral [12], 2E5(b), which can be well
approximated over the range of interest (0 <= b <= 0.6) by the exponen-

tial function e~1-7P, We can thus write Equation (10) as:
eg = 1 -fA.e-]jb

which yields an expression for A,

A=(1-cgel g
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Substitution in Equation (9) results in the sky radiance equation:

2s(0,0) = 1= (1 - eg) [tn)/E] U171/ c0s0) (1)
The expressions t(1)/t  and b implicitly contain a dependence on the
total sky emissivity € s which will be determined by analysis of the

experimental data.

3b) Determination of Total Sky Emissivity

The spectral radiometer used to make the sky radiation measurements
was considered to be a more accurate instrument than the pyrgeometer.
After each set of meésurements (every half hour) the sensor was directed
into a blackbody reference cavity of known temperature. Oncé a day the
cavity was caused to pass through.a fixed temperature range allowing an
abso1ute calibration of the radiometer to be carried out. The pyrgeome-
ter cannot be calibrated as readily, and is thus considered to be 1less
accurate. Furthermore, the radiometer readings are not affected by the
sun, whereas a correction must be applied to pyrgeometer readings due to

heating of the silicon dome by shortwave solar radiation.

For these reasons, a quantity called the “pseudo pyrgeometer" was
derived from the recorded data. The emissivities measured at each zen-
ith angle with the "no filter" channel are weighted by the solid angle
subtended by them in the sky dome, and by the cosine of the zenith angle
to account for their projection onto a horizontal surface. The quantity

thus constructed behaves like a pyfgeometer reading, if the pyrgeometer
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is averaged over a sufficient interval to smooth out fluctuations due to
cloud assymetry. A plot showing the pseudo pyrgeometer as a function of
dewpoint temperature is presented in Figure (3). The straight 1line in
the figure is a least square fit to the 57 monthly average pseudo pyr-

geometer values:

€ps = 0. 00831 po + 0.6033 (12)

where Tqy is the dewpoint temperature in degrees Celsius. Each of the
measured average monthly spectral sky emissivities ¢£(A,6) can be plot-

ted against the pseudo pyrgeometer reading, where ¢ replaces € in

ps
Equation (11). The advantage of doing so is that this equation provides
a good fit to the data points taken under all sky conditions,‘as well as
under the clear sky conditions used to empirically establish the con-
stants in the equation. However, since the pseudo pyrgeometer is not a
readily available instrument, it is more desirable to express the equa-

tion in terms of the true total sky emissivity as would be measured by a

properly calibrated pyrgeometer.

A relationship can be derived between the pseudo pyrgeometer (Equa-
tion 12) and the pyrgeometer reading based on the correlation developed

by Berdahl and Fromberg [3], which can be expressed as

es = 0.00614 Tgp + 0.734 (13)

This equation was originally developed by analyzing 11 months of
clear sky data,'and applying correction factors to account for daytime
solar heating of the pyrgeometer and small calibration corrections. In

applying this equation to the data based on 57 months of clear sky data
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it was found necessary to adjust the relationship given in Equation (13)

to read

£g = 0.00696 Tgp + 0.709. : (14)

The reason for this adjustment is that the mean clear sky conditions for
the original 11 month data set were systematically (if slightly) dif-
ferent from conditions for the full 57 month data set. The full data
set indicates slightly 1low emissivities for a given dewpoint tempera-
~ture. To maintain consistency in our analysis we require a relationship
betyeen € and po based on the entire 57 month data set. The adjust-
ment df Equation 13 to produce Equation 14 was determined by evaluating
the difference between the two data sets using the pseudo pyrgeometer

and then using the approximate relation
AES = 0.84 Aeps

to determine the adjustment required. In principle Equation 14 is an
improvement over Equation 13 because it is based on more data. However,
the difference is small, especially at dewpoint temperatures above 00C,
and the current derivation is somewhat indirect. The utility of Equa-

tion 14 in the present context is that it is consistent with Equation
12, especially since it is based on the same data set. Eliminating the
dewpoint temperature between equations (12) and (14), one arrives at the
desired expression for total sky emissivity €, as a function of the

pseudo pyrgeometer value EpS .

ES = 0.838 Eps + 0.204 (15)

This relationship is plotted in Figure 4, along with the data points
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which display measured pseudo pyrgeometer values versus the measured
pyrgeometer values for clear skies. The small systematic difference
between the derived 1ine and the data is due to the effect of sunlight
on the pyrgeometer. If it were possible to correct the pyrgeometer
observations for this error, agreement would be better. The same rela-
tionship is presented in Figure 5, which shows the corresponding plot
for all sky conditions. For the purposes of this paper the pyrgeometer

values are always obtained from measured pseudo pyrgeometer values

by the use of Equation 15.
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3c) Determination of Parameters in the Sky Emissivity Equation

Equation (11) is of a form suggested by the physical phenomena tak-
ing place within the atmosphere. However, it 1is not a rigorously
derived equation, and the primary purpose for introducing it at this
time is to provide a concise analytical expression which adequaté1y
embodies the results of tens of thousands of individual spectral sky
emissivity measurements. The nature of the transmissivity function
t (1) has as yet been left undefined, except to state that it is
related to the atmospheric spectral transmissivity (in the zenith direc-
tiqn); It iS expected to be a function dependent on the total sky emis-
sivity eg- |

In order to fit the experimental data measured through seven
infrared filters and five zenith angles, we consider the quantities

t(A)/t and b to be linear function of € In all four filter

s
regions included in the atmospheric window (8-14 micrometers), and for
the "no filter" case, the parameter b is a well defined linear function
of €.. In the 15 micrometer channel there is only a slight dependence
of either parameter on the total emissivity, since the atmosphere is

optically dense at this wavelength. In other words, due to the fact

that most 15 micrometer radiation reaching the detector originates

within a few tens of meters from the instrument, the angular dependence
described by the air mass term (1/cos®) is no longer of relevance.
This 1is borne out by the fact that the average value of the parameter

t(A)/t approaches zero (approx 0.02), and each spectral emissivity,

‘as well as the total emissivity approaches unity.

The other anomalous channel is the 17-22 micrometer region. Here
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the clear sky data can be used to determine a-least squares fit for the
b-parameter, but a large amount of scatter exists. Again, as in the 15
micrometer case, the value of t ())/t is small (<= 0.2 for €.>

0.7) indicating a situation where all emissivities approach unity. The
unique feature 1in this spectral region is that a secondary "window"

begins to open at low values of €, (low dewpoint temperatures).

The results of performing least squares fits for the two parameters

b and t(A)/t to straight lines as a function of the total sky emis-

sivity € are presented in Table (2).
" Table 2
Values of least squares fit parameters for use in
Equation 11 to predict spectral sky emissivity.
b=Ae, + B t(r)/T = Ceg + D
A B C D
"no filter" 1.4929 -0.8668 1.1243 0.5997
8-14um 1.7915 -1.1127 1.8068 1.0340
8.8um 1.2809 -0.7710 5.1191 -1.1922
9.6um 1.3046 -0.7153 | 5.3211 -1.6090
11.0um - 1.7784 -1.1592 3.1744 0.4515
15.0um -5.7780 5.2576 0.0410 -0.0066
17-22um -0.6914 1.6528 -1.5486 1.2975

These values are substituted into the sky radiance equation (Equa-

tion 11) in order to produce the curved lines through the data points in
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the graphs presented in section 4 (Figures 6-19). Clear sky data has
been used to generate the parameters in Table 2, which have not been
altered for presentation of the data from all sky conditions. - In
obtaining the values for these parameters, the b-coefficient is deter-
mined by fitting the data points at the zenith and 600 angles. Measure-
ments at a zenith angle of 800 were judged to be of less practical

importance for radiative cooling purposes due to the small projected

area of a horizontal surface in that direction (cosine effect).

3d) Estimation of Total Sky Emissivity

The most straightforward way to obtain a value for the total sky
emissivity e is to measure it directly with a pyrgeometer. A correc-
tion to the reading allows compensation for heating of the silicon dome
whenever the instrument is located in direct sunlight. Unfortunately,
pyrgeometers are not common instruments, and little data. from them is
available on a long term basis. Even weather stations operated by the
National Oceanic and Atmospheric Administration (NOAA) do not use such

an instrument for routine measurements.

A correlation has been documented by Berdahl and Fromberg [3] for
the total emissivity as a function of dewpoint temperature (OC). This
correlation has been developed from clear sky pyrgedmeter data which was
subjected to the proper corrections to account for solar heating of the
instrument. Berdahl and Fromberg report two 1linear relationships for
this function [ 3 ];. one is a.nighttime correlatibn; and the other is

valid during thé daytime:

daytime ~ es = 0.0060 Tgp + 0.727 (16a)
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nighttime e = 0.0062 Ty, + 0.741 (16b)

A third relationship, valid for 24 hour average emissivities, can be
obtained by simply averaging the coefficients of these two equations,

and has been given as Equation 13.

Use of the linear fit which best describes the day/night conditions
of interest in a given situation will yield total sky emissivities
nearly as accurate as pyrgeometer readings if the clear sky condition is

satisfied.

When c1buds are present, a number of complexities are introduced
into the estimation of the total sky emissivity. The temperature of the
cloud base as well as its zenith angle and angular extent must properly
be taken into consideration to produce accurate results. In practice
this detailed an analysis is not usually feasible. One must be content
with estimating the fraction of the sky vault covered by clouds, and the
cloud base temperature must be roughly inferred from its altitude and
the atmospheric 1lapse rate. The assumption is made that over a period
of time the angular distribution of clouds as seen by an observer is

uniform over the sky dome.

The method recommended here is that in the presence of clouds, the

total sky emissivity be assigned a value [13]:

clear
€g = €g (1-Tn) + 'n,

where eg]ear is the clear sky emissivity calculated from Equation 13

or 16, n is the estimated fraction of sky covered by clouds, and T is a

parameter which depends on the cloud height and type. Values for
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I range over 0.16 for cirrus clouds (height 12.2 km), 0.66 for altocu-
mulus clouds (height 3.7 km), and 0.88 for stratocumulus cloudé (height
1.2 km). Measurements in Atlanta, GA [14] and San Antonio, TX [15]
indicate that a value of T = 0.55 to 0.6 can be used as an average for
opaque clouds at these locations. Further information is available in

the Mongraphs by Sellers [16] and Kondratyer [17].

Once the total sky emissivity has been determined by the above
means, it can be used directly in the sky radiance equation, or one can
use it to find the desired spectral emissivity from one of the graphs

presented in section 4.
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4, Discussion of Results

A total of 84 graphs are used to plot the spectral sky emissivities
as a function'of the total sky emissivity es.' Half of these graphs are
used to plot monthly averaged emissivities over clear sky conditions
only, and the other half plot the same quantities using data from all
sky conditions. Each set of 42 graphs represents measurements made
through seven infrared filters and six zenith angles (actually five
angles and one composite channel referred to as the "global" measure-

ment).

The sevén filter regions can be further divided into three groups:
(1) the "no filter" and 8-14 micrometer region, which are of most
immediate applicability in the determination of radiative cooling rates
from blackbody emitters and from selective radiators which emit
throughout the atmospheric window; (2) the three narrow-band filters
(see figure 2) which have been used to explore details of the emissivity
within the window region; and (3) the 15 and 17-22 micrometer regions,
which 1lie on the long wavelength side of the window, and do not contri-

bute in an important way to cooling under warm ambient conditions.

4.1 "No filter" and 8-14 micrometer filter results (Figures 6 through 9)

Both the clear sky conditions and all sky conditions are well
described by equation (11) using the parameters provided in Table (2).
At a zenith angle of 80° (10° above the horizon) the equation con-
sistently predicts larger emissivity values than are observed. In all
cases it will be noted that the angular-weighted pseudo pyrgeometer

measurement closely approximates the emissivity at a zenith angle of
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50°. For smaller zenith ang\e§ the sky emissivity varies only slightly
achieving its lowest value in the overhead direction. As one approaches
within 300 of the horizon all the measured emissivities increase
rapidly, confirming the known fact that a cooling surface should be in
radiative contact with the upper portion of the sky dome. However, 1it-
tle is to vbé gained by focusing a radiator sharply toward the zenith,
since the emiésivity values do not begin to increase rapidly until

within 300 of the horizon.

The potential advantage of using a selective radiator which is
highly -emiésive only within the 8-14 micrometer region is shown by an
examination of the 8-14 micrometer global results (Figure 8a). The max-
imum temperature depression (below air temperature) which can be pro-

duced by a non-selective (blackbody) radiator is roughly proportional to

(1 -¢)

g/» the deviation of the total sky emissivity from unity. The

maximum temperature depression which can be produced by an 8-14 microme-
ter selective radiator is proportional to the deviation of the
corresponding emissivity from 1, with approximately the same constant of
proportionality. Since the slope of the curve in Figure 8a is greater
than 2, the maximum temperature depression achievable with an 8-14
micrometer selective surface is more than twice the value achievable
with an ordinary blackbody radiator. This can be particularly benefi-
cial under overheated conditions where the dewpoint temperature, and

hence the total sky emissivity €5, is relatively high.

4.2 8.8-9.6 -11.0 micrometer filters (Figures 10 through 15)

The transmissivity functions of these three filters are all rela-
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tively narrow banded, as can be seen in Figure 2. They sample the sky
emissivity in the spectral region where the clear atmosphere 1is most
highly transparent. Consequently, the radiation impinging on the detec-
tor originates largely from high altitudes and corresponds to the 1lower
temperatures found at those altitudes. The ozone emission peak centered
at 9.6 micrometefs originates almost entirely in the ozone layer, typi-

cally (10-30 km) above the earth's surface.

~

A characteristic of measurements made through these filters is that
the presence of cloud cover (as observed in the graphs where all sky
conditions are plotted) causes greater scatter in the spectral emissivi-
ties than was observed in the broad banded filters discussed in section
4.1. Note that the presence of cloud cover always causes the spectral
emissivity to increase above clear sky values at zenith angles less than
600, and to decrease at 80°. This behavior is due to the fact that the
emissivity of cloud skies is more nearly isotropic than the emissivity
of clear skies. Another characteristic of these channels is that the
spectral emissivities are uniformly lower than in the other regions

measured, which is expected from the behavior shown in Figure 1.

4.3 15 micrometer and 17-22 micrometer filters (Figures 16 through 19)

The results obtained from measuring the peak 15 micrometer emis-
sivities are exactly as anticipated, if somewhat uninteresting. It is
well known that at this wavelength the atmosphere is highly opaque, and
that radiation incfdent on the detector should have the characteristics
of blackbody emission from near the instrument. The measurement indi-

cates that, indeed, through all angular positions and sky cover condi-
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tions only radiation produced at ambient air temperature is being sam-
pled (the spectral emissivity always equals 1 to within experimental
accuracy). This channel was included in the instrument package to pro-

vide an independent check on its functioning and calibration.

A c]ose'exmamination of the 15 micrometer emissivities shows that
they are aboutt 0.01 1afger at a zenith angle of 800 compared with the -
zenith direction. This behavior is caused by the lapse rate (decrease
of temperature with height) near the ground. The 17-22 micrometer chan-
nel, exhibits an interesting feature, even though it has no impact on
the 'radiatfve cooling rate under normal warm ambient conditions. The
spectral emissivity remains equal to unity under all clear sky total
emissivity values in excess of approximately €y = 0.75. This
correspohds to dewpoint temperatures above approximately 6°C, as was
seen 1in section 3d. However, at cooler temperatures or under éxtremeiy

arid or high altitude conditions a secondary  atmospheric window is

observed to open in the wavelength region.
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5. Conclusions

The purpose of the extensive measurements of the thermal spectral
radiance of the sky reported here has been to determine the resource for
radiative cooling by systems which have spectral and/or angular selec-
tivity. Direct estimates of the sky radiance can now be made for the
six sites at which measurements were made. More significant, however,
is the fact that new correlations have been developed which permit esti-
mation of the spectral and angular components of <thermal sky radiance
based on pyrgeometer measurements of total sky emissivity or upon con-

ventional meteorological measurements.

The method for estimating the detailed spectral and angular sky
emissivity es(k,e) makes use of the total sky emissivity e Thus
the empirical sky radiance Equation (11) allows the disaggregation of

into its spectral and angular components. This procedure is analo-
gous to the well-known Liu and Jordan procedure which estimates the dis-
tribution of sunlight over the sky dome when only the global solar radi-

ation value is known. In a given application, once (x,0) and the

€
3
air temperature are known, Equation (3) can be used to compute the full
sky radiance function RS(A,e) necessary for the calculation of the
cooling rates of various radiator systems. The first such application

of the sky radiance equation has already been completed [18].

If the total sky emissivity is not known, it can be estimated based
on meteorological data. For clear skies, the dewpoint temperature can
be used to determine this quantity. For cloudy skies, cloud amount and

cloudbase heights are additionally required to estimate ¢ Our recom-

S .

mendations for performing these estimates are given in Section 3d. Once
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€ is known, further calculations are to be performed as though it had

been measured.

The sky radiance data has been collected in the southern United
States with the primary emphasis on summertime conditions. Therefore,
the resulting correlations should be most re]iab]e for conditions where
the dewpoint temperaturés lies in the range -10 < po < 250c. A

phenomenological equation describes the data from all six locations.
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- NOTATION:

In all the subsequent graphs each letter symbol represents
a full month of averaged data from one of the six U.S.
cities at which radiometer measurements were taken.

The key to interpreting these symbols is:

A = San Antonib, TX

B = Boulder City, NV

G = Gaithersburg, MD

L = St. Louis, MO

T-= Tucsoh, AZ

W = West Palm Beach, FL
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