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SUMMARY OF RESULTS OF SPF.CTRAL AND ANGULAR SKY RADIATION MEASUREMENT PROGRAM* 

Marlo Martin and iaul Berdahl 
Lawrence Berkeley Laboratory 

University of Caifornia 
Berkeley, CA 94720 

Abstract 

Results are analyzed and plotted for a series 
measurements made in 6 U.S. cities. An empirical 
sivity into its spectral and angular components. 
mance of radiative cooling systems. 

of more than 50 thousand spectral infrared sky radiation 
equation is developed to disaggregate the total sky emis
This information is of special relevance to the perfor-

1. Introduction 

Infrared transfer between the building envelope and the environment is typically treated in a very 
approximate manner in calculations of building thermal performance. Corrections to the skin temperature of 
building walls and windows due to this phenomenon are required since half the field of view "seen" by these 
surfaces is at the "sky temperature." Reductions in the skin temperature of roof surfaces can be more signi
ficant since roofs are completely exposed to the radiatively cooler sky dome. It is desirable to be able to 
estimate these effects accurately in order to properly model the thermal performance of buildings. It has 
also been demonstrated that with a roof system designed to take advantage of infrared heat rejection to the 
sky, it is possible to achieve cooling rates of the same order of magnitude as the cooling loads for single 
story buildings. The degree to which this can be done depends on the effectiveness of the radiative and 
convective coupling of the radiator surface to the sky and to the interior space being cooled. It also 
depends on the amount of downward infrared· radiation received from the sky dome. 

Previous studies have concentrated on measurements and evaluation of the total downward radiative flux, 
which is usually expressed in terms of an effective "sky temperature," or a total sky emissivity [1]. It 
now appears, however, that the development of spectrally selective radiator and glazing materials could per
mit increased cooling rates to be achieved, thus requiring knowledge of spectral sky radiation properties. 

A blackbody emitter radiates according to the relationship 

4 
Rr = £raT r (1) 

where £r is a constant emissiv~ty~aving a value near unity for radiator surfaces (tr=lfor a true blackbody 
emitter); a • 5.67 x 10-8 Wm- K , and T is the radiator temperature in degrees Kelvin. For a spectrally 
selective radiator the surface material Is chosen to make the emissivity large in one portion of the 
infrared spectrum and small over the' remainder. 

The calculated spectral and angular behavior of typical midlatitude clear sky radiance is shown in Fig
ure 1. The plotted curves are most sensitive to variations in the moisture content and temperature profile 
of the atmosphere, and especially to the presence of cloud cover. The region between approximately 8 and 14 
micrometers is the part of the infrared spectrum through which most heat can be rejected to the sky, since 
the incident radiation from the sky is at a low level. This region is often referred to as the infrared 
"atmospheric window". A selective radiator would be designed to emit and receive radiation strongly only 
within this window region. The measurements presented here are the result of a multiyear program to inves
tigate the specular and angular sky radiation properties over a range of climates in the southern continen
tal United States. 

Detailed spectral measurements of the sky radiation are reported for six u.s. locations; Tucson, AZ, 
San Antonio, TX, St. Louis, MO, Gaithersburg, MD, West Palm Beach, FL, and Boulder City, NV. The radiome
ters 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 recorded 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 remaining six channels will be referred to in terms of their central 
wavelengths or their pass bands: 8.8\lm, 9.6\lm, 11 llm, 8-14\lm, 15llm, and 17-22\lm, 

During the course of approximately 1 1/2 years of measurements,readings were taken at half hour inter
vals. 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 

*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. 



of the five zenith angles. The data for no filter and the 8-14 micrometer fiiter is plotted as a function 
of the total sky emissivity in a series of graphs presented in section 7. 

2. Apparent ~Emissivity 

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 R5 (:>., 6) which is a function of wavelength A and zenith 
angle e 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 blackbody, as 
can be seen from the typical radiation profiles of Figure 1. An effective "sky temperature" Ts can be 
defined as being the temperature of a blackbody for which the emitted radiative flux is the same as for the 
sky: 

4 Rs = aT5 (2) 

where R5 is the measured incident flux containing all thermal wavelengths at all angles from the sky. The 
objections to using an effective sky temperature are twofold; first, the concept of temperature refers to a 
body_ in thermal equilibrium in a well defined state, whereas the atmosphere consists of a gradation of 
layers at different temperatures, whose spectral emi·ssivity changes as a function of altitude. Due to the 
partial transparency of the air layers, the observer in reality "sees" a weighted·average of temperatures 
from each layer 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 [1]. 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 choose to express the sky radiation data in terms of 
the spectral and angular sky emissivity.Es(X,B) which is defined to yield the spectral sky radiance: 

(3) 

Here Ba(A) is the Planck function evaluated with the ambient air temperature Ta (°K). The temperature Ta is 
to be measured in the conventional meteorological fashion at a height of 1 to 2 meters above the ground. 
The Planck function is given explicitly by. -1 

Ba(A) = 2hc2x-5 [ exp(x~~Ta) -1] , (4) 

where his Planck's constant Cg·626_f l0-34 Js), ka is Boltzmann's constant (1.381 x lo-23 J K-1), and c is 
the speed of light (2.998 x 10 m s ). 

Under clear sky conditions, the value e:s(A,B)remains practically constant throughout the day. Multi
plication by the factor containing Ta allows the incident radiance to be calculated readily, since air tem
peratures are available for most locations. The total incident sky radiation received by a horizontal sur
face is obtained by integration of equation (3) over all wavelengths and zenith angles., 

Rs = 2nf"'d).Ba(x)J:cose dcosee: 5 (x,e). (5) 

The total sky emissivity e:s may be defined by 

(6) 

analogous to Eq.(3). Equations (5) and (6) can be used to express the tota~ sky emissivity in the form 

e:
5 

= J~XBa(x)J01cose dc:osee:5{A,e>([dxBa(:l.)fcose dcose]-l c7> 

which shows that ts is a weighted average of e:~().,B). 

3. The Sky Radiance Equation 

An empirical equation has been developed to describe the spectral sky emissivity tsCA, G) as a function 
of zenith angle e and total sky emissivity e:s. The spectral emissivity of the sky can be written in terms 
of the apparent sky transmissivity: 

e: 5 (A,9) = 1 - T(A,6) (8) 

We make the assumption that the wavelength and angular dependences can be separated, and that the angle 
enters in the form 

e: 5 {A,e) = 1 -At(A)e-b/cose (9) 

where 1/cosGis the air mass. The constant.A can be determined bv the condition that e:s(A, B) averaged over 
all wavelengths and over the angles 0 to 90° corresponding to the sky dome must equal the total sky emis
sivity e:s (Eq.7): , 

2 
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-1 1 
-b/cose ts = 1 - 2At o e cose dcose 

{10) 

where t = J: d>.t(~) Ba(>.)/ fo"' d>.Ba(X), 

The iqtegral over dcos e in Equation (10) is equal to twice the third exponential integral [2], 2E3 (~)' which 
can be well approximated over the range of interest (0 <• b <• 0.6) by the exponential function e- • b. We 
,can thua write Equation (10) as: 

ts = 1 - t A e -1 • lb 

which yields an expression for A, 

A = (1 - t 5 ) e 1. lb It 

Substitution in Equation (9.) results in the sky radiance equation: 

ts(>.,e) = 1 _ (1 _ ts) [t(A)/t] eb-(1.7-1/cose) ( 11) 

The expressions t(A)/t and b implicitly contain a dependence on the total sky emissivity Es, which will 
be determined by analysis of the experimental ·data. 

4. Determination of Total ~ Emissivity 

The spectral radiometer used to make the sky radiation measurements was considered to be a more accu
rate instrument than the pyrgeometer. After each set of measurements (every half hour) the sensor was 
directed into a blackbody reference cavity of known temperature. Once a day the cavity was caused to pass 
through a fixed temperature range allowing an absolute calibration of the radiometer to be carried,out. The 
pyrgeometer cannot be calibrated as readily, and is thus considered to be leas accurate. Furthermore, the 
radiometer readings are not affected by the sun, whereas a correction must be applied to pyrgeometer read
ings 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 
emissivitiea measured at each zenith angle with the "no filter" channel are weighted by the solid angle sub
tended 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 pyrgeometer reading, if the pyrgeometer is 
averaged over a sufficient interval to smooth out fluctuations due to cloud asymmetry. A plot showing the 
pseudo pyrgeometer as a function of dewpoint temperature is presented in Figure 3.' The straight line in the 
figure is a least square fit to t_he 57 monthly average pseudo pyrgeometer values: 

tps • 0.00831 Tdp + 0.6033, (12) 

where Td is the dewpoint temperature in degrees Celsius. Each of the measured average monthly spectral sky 
emissivi~ies E 5 (~.e) can be plotted against the pseudo pyrgeqmeter reading, where Eps replaces Es in Equa
tion (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 empir_ically 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 equation 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 (Equation 12) and the pyrgeometer reading 
based on the correlation developed by Berdahl and Fromberg [1], which can be expressed as 

ts '" 0.00614 Tdp + O. 734. (13) 

This equation was originally developed by analyzing 11 months of clear sky data, and applying correc
tion 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 it was found necessary to adjust the 
relationship given in Equation (13) to read 

Ell • 0.00696 Tdp + 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) different from conditions for the full 57 month data set. The full data set 
indicates slightly lower emisaivities for a given dewpo~1.nt temperature. To maintain consistency in our 
analysis we require a relationship between Es and Tdp based on the entire 57 month data set. The adjustment 
of 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· · 
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0.84 btps 

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 0°C, 
and the current derivation is somewhat indirect. The utility of Equation 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 ts as a function of the pseudo pyrgeometer valuetps •• 

c. s • 0.838tps +0.204 (15) 

This relationship is plotted in Figure 4, along with the data points which display measured pseudo pyrgeome
ter values versus the measured pyrgeometer values for clear skies. The small systematic difference between 
the derived line 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 relationship is 
presented in Figure 5, which shows the corresponding plot for all sky conditions. For the purposes of this 
paper the pyrgeometer values ts ~ always obtained from measured pseudo pyrgeometer values by the use of 
Equation 15. · 

5. Determination of Parameters in the Sky Emissivity Equation 

Equation (11) is of a form suggested by the physical phenomena taking place within the atmosphere. 
However, it is not a rigorously derived equation, and the primary purpose for introducing it at this time is 
to provide a concise analytical expression which adequately embodies the results of tens of thousands of 
individual spectral sky emissivity measurements. The nature of the transmissivity function t (A) has as 
yet been left undefined, except to state that it is related to the atmospheric spectral transmissivity (in 
the zenith direction). It is expected to be a function dependent on the total sky emissivity £s· 

In order to fit the experimental data measured through seven infrared filters at five zenith angles, we 
consider the quantities t (A) It . and b to be linear function of £ s• In all four filter 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 ts • 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/cose ) is no longer 
of relevance. This is 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 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(A)ft is small (<=().2 for ts>0.7) indicating a situation where all emis
sivities approach unity. The unique ·feature in this spectral region is that a secondary "window"" begins to 
open at low values of £5 (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 emissivity £

8 
are presented in Table (2); 

Table 2 

Values of least squares fit parameters for use in 
Equation 11 to predict spectral sky emissivity. 

11 nO fi1ter11 

8-14~m 

8.8~m 

9.6~m 

ll.O~m 

15.0~m 

17-22~m 

b = 

A 

1.4929 

1. 7915 

1.2809 

1.3046 

1. 7784 

-5.7780 

-0.6914 

A •s + B t(~)/f = C•s + D 

B c D 

-0.8668 1.1243 0.5997 

-1.1127 1.8068 1.0340 

-0.7710 5.1191 -1.1922 

-0.7153 5. 3211 -1.6090 

-1.1592 3.1744 0.4515 

5.2576 0.0410 -0.0066 

1.6528 -1.5486 1.2975 

These values are substituted into the sky radiance equation (Equation 11) in order to produce the 
curved lines through the data points in the graphs presented in section 4 (Figures 6-9). 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 determined by 
fitting the data points at the zenith and 60° angles. Measurements at a zenith angle of 80° were judged to 
be of less practical importance for radiative cooling purposes due to the small projected area of a horizon
tal surface in that direction (cosine effect). 

4 
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6. Estimation of Total ~ Emissivity 

The most straightforward way to obtain a value for the total sky emissivity Es for use in Eq.(ll) is to 
measure it directly with a pyrgeometer. A correction to the reading is required to account 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 [1] for the total emissivity as a function of 
dewpoint temperature (°C). This correlation has been developed from clear sky pyrgeometer data which was 
subjected to corrections to account for solar heating of the instrument. Berdahl and Fromberg report two 
linear relationships for this function; one is a nighttime correlation; and the other is valid during the 
daytime: 

(16a) daytime Es 0.0060 Tdp + 0.727 nighttime Es 0.0062 Tdp + 0.741 (16b) 

A third relationship, valid for 24 hour average emissivities, can be obtained by simply averaging the coef
ficients 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 clouds 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 usu
ally 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 lapse 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 [3]: 

clear 
ES = €5 (1- rn) + rn, (17) 

clear 
where Es is the clear sky emissivity calculated from Equation 13 or 16, n is the estimated fraction of 
sky covered by clouds, and r is a parameter which depends on the cloud height and type. Values for 
r range over 0.16 for cirrus clouds (height 12.2 km), 0.66 for altocumulus clouds (height 3.7 km), and 0.88 
for stratocumulus clouds (height 1.2 km). Measurements in Atlanta, GA [4] and San Antonio, Tx [5] indicate 
that a value of r .. o.;; to 0.6 can be used as an average for opaque clouds at these locations. Further 
information is available in the monographs by Sellers [6] and Kondratyev [ 7]. 

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. 

1. Discussion of Results 

A total of 12 graphs are used to plot the spectral sky emissivities as a function of the total sky 
emissivity for each m~asurement channel. Half of these graphs are used to plot monthly averaged emissivi
ties over clear sky conditions only, and the other half plot the same quantities using data from all sky 
conditions. Each set of graphs represents measurements made through six zenith angles (actually five angles 
and one composite channel referred to as the "global" measurement). 

Due to the importance of blackbody emitters and radiators which emit strongly between 8 and 14 microme
ters, we present detailed results for these two cases in Figures 6-9. 

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 global measurement closely approximates the emissivi'ty at a zenith angle of 
50°. For smaller zenith .angles the sky emissivity varies only slightly, achieving its lowest value in the 
overhead direction. As one approaches within 30° 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 por
tion of the sky dome. However, little is to be gained by focusing a radiator sharply toward the zenith, 
since the emissivity values do not begin to increase rapidly until within 30° of the horizon. 

The potential advantage of using a selective radiator which is highly emissive only within the 8-14 
micrometer region is shown by an examination of the 8-14 micrometer global results (Figs 8,9). The maximum 
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temperature depression (below air temperature) which can be produced by a non-selective (blackbody) radiator 
is roughly proportional to (1 -E5 ), the deviation of the total sky emissivity from unity. The maximum tem
perature depression which c~n be produced by an 8-14 micrometer 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 Sa 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 beneficial under overheated conditions where the dewpoint temperature, 
and hence the total sky emissivity E 5 , is relatively high. 
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