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Introduction 
 
 

Man’s settlement on the earth’s surface has become sufficiently extensive during the 
last hundred years to give rise to considerable changes in the natural environment. It 
seems that nature is being subjugated by man with his science and technology. 
Penetration of human activities into areas with less favourable living conditions is 
taking place as he learns to modify the environment to suit him with his machinery 
and energy. This may be seen as progress, but excessive use of fossil fuels for the 
purpose of seeking comfort eventually brings about thermal pollution in the urban 
environment as well as a shortage of fossil fuels which are in limited supply. 

The urban environment in the modern society is a product of interaction 
between nature and man. From the viewpoint of thermal behaviour, the 
temperature, humidity, air movement and radiation in the inhabited area are quite 
different from the earlier conditions before human activities appeared. 

 

Fig. I.1.  Annual average air temperature deviation from the mean value for 30 years from 
1971 – 2000 in Japan (Source: Japan Meteorological Agency)  
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Fig. I.1 gives a clear evidence of this trend over the past century from the data of 
the average air temperature deviation in Japan. The trend of long term is shown by 
the straight line together with 5 years moving mean value. It can be seen that the 
annual air temperature in Japan is increasing at a rate of 1.13 deg. C per 100 years 
on the basis of long term. Especially a frequent appearance of high temperature 
years can be manifested since 1990. 

It is necessary for architectural scientists and air conditioning engineers to 
understand the quality and behaviour of the urban environment if the buildings of 
the future are not to make a detrimental contribution. Figure I.2 shows how the air 
conditioning and other building services systems function in the inter-relationship 
between the environment that is supplied to and exhausted from these building 
services systems. All of the energy supplied as power, oil, gas, coal and pressurised 
city water is primarily taken from and returned to the environment; part of it will be 
thrown away without being effectively used. Consequently the natural environment 
cannot remain in its natural state and will be distorted as shown in the figure, with 
the result that we can see ‘real nature’ only in the distance, as yet undeveloped. On 
the other hand, the human activities under the artificially comfortable environment 
are contributing to new energy demands and to an industrialised society that in turn 
causes environmental disruption by the solid, liquid and gaseous wastes emerging 
from industrial production. 

 

 
 

Fig. I.2.  Interaction between building services and environment. 
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The Purpose of air conditioning is primarily to create a comfortable 
environment for human beings, not only in providing pleasant conditions to work 
or to relax, but also to give protection from unhealthy or harmful conditions. On 
the other hand air conditioning systems have to work in the midst of circumstances 
which destroy the balance of nature. In studying the scientific basis of air 
conditioning, one must always keep these interactions in mind and consider the 
role of air conditioning in creating an urban environment inevitably different from 
the original natural environment. 
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Chapter 1 

 
Solar Radiation 

 
 
Solar radiation can be regarded as the only original energy source for living 
creatures on the earth and all of the weather patterns that occur every day throughout 
the world can be attributed to the energy from the sun. From the viewpoint of air 
conditioning, solar radiation makes an important contribution to space heating in 
winter and gives rise to a considerable amount of cooling load in summer. Hence 
solar radiation must be treated as thermal energy in air conditioning. Subsequent 
consideration must be given to the spectrum characteristics of solar radiation for 
estimating the rate of solar radiation absorbed by or transmitted through various 
building materials. 

In this chapter studies are to be carried out to understand how much, when and 
what kind of solar radiation reaches the building surface of a certain orientation 
and inclination at a given locality. 
 
 
 

1.1.  SOLAR CONSTANT AND SOLAR SPECTRUM 
 
 

The intensity of solar radiation received by building surfaces on the earth at 
any time and at any location must be estimated for the heat load calculation of air 
conditioning. The key value for estimating the intensity of solar radiation for given 
conditions is the solar constant. The solar constant may be defined as the intensity 
of solar radiation outside or the atmosphere in the normal direction to the sun’s ray 
when the distance between the sun and the earth is averaged over a year. 

Values for the solar constant have been proposed by a number of 
meteorologists throughout the world based on data obtained from observations 
made at high altitude in the atmosphere. One of the most reliable values would be 
1353 W m-2 proposed by Thekaekara [1.1] which is based mainly on the data 
obtained by aircraft, rockets and satellites under conditions almost free from the 
effect of the atmosphere. 

Thekaekara also proposed a standard solar spectrum as shown in Fig. 1.1. The 
values of irradiance against wavelength are listed in Table 1.1, where the integral 
over the whole wavelength is equal to 1353 W m-2. It is found that 99% of total 
solar radiation outside of the atmosphere lies in the wavelength range from 0･
28μm to 5μm. 
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Fig. 1.1.  The standard solar spectral irradiance curve (NASA), 0⋅2 to 2⋅6μm.(By 
permission of Thekaekara [1.1].) 
 

The relationship between the solar constant and the spectral irradiance can be 
expressed by the following: 

 ( ) λd
00 
∞

=
 

　λEI  (1.1) 

where I0 = solar constant (W m-2), λ = wavelength (μm), E(λ) = spectral irradiance 
averaged over small bandwidth centred at λ (W m-2 μm-1). 

Table 1.2 gives the standard values of the intensity of solar radiation outside of 
the atmosphere, often called the extraterrestrial solar radiation for every month, 
taking into account the distance between the sun and the earth. 
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Table 1.1 
Solar spectral irradiance―standard curve (By permission of Thekaekara [1.1]) 

E(λ) E(0-λ) D(0-λ) 



 

 
 

7 

Table 1.1―contd. 

 
 λ = Wavelength (μm) 
 E(λ) = Solar spectral irradiance averaged over small bandwidth centred at λ 
  (W m-2μm-1) 
 E(0-λ) = Integrated solar irradiance in the wavelength range 0 to λ (W m-2) 
 D(0-λ) = Percentage of solar constant associated with wavelengths shorter than λ 
 Solar constant = 1353 Wm-2 

 

Table 1.2 
Monthly standard extraterrestrial 

solar radiation (W m-2) 

 

E(λ) E(0-λ) D(0-λ) 
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1.2.  SOLAR POSITION 

 
 

It is essential to know the direction of the sun seen from a given point on the 
earth, generally called the solar position. The solar position is expressed by the two 
angles: solar altitude and solar azimuth. As shown in Fig. 1.2, solar altitude is 
defined as the angle of the sun’s direction to the horizontal plane and solar azimuth 
as the angle of the horizontal projection of the sun’s direction deviated from the 
south. 

 
Fig. 1.2.  Solar azimuth α and solar altitude β. 

 
These two angles are geometrically expressed by the following formulas: 

 tcos cos cos sinsinsin δϕδϕβ 　　 +=  (1.2) 

 
β

δα
cos

sincossin t=  (1.3) 

 
ϕβ

δϕβα
coscos

sinsinsincos −=  (1.4) 

where β = solar altitude (degree), α = solar azimuth (degree), φ = latitude of locality 
(degree), δ = declination angle (degree), t = hour angle (degree). 

Declination angle varies with season, but for engineering purposes monthly 
average values are sufficient for any calculation in practice. Fairly good 
approximation is obtained by a sinusoidal function with a period of 365 days and δ 
= 0 for spring and autumnal equinoxes, δ = 23° 27′ for summer solstice and δ = 
-23° 27′ for winter solstice. 

The hour angle may be determined from the deviation of the hour from noon, 
which is converted into angular measurement on the basis of 15 degrees per hour. 
Positive values are applied to the afternoon hours and negative to the morning 
hours. If the hour is expressed in local standard time, it should be converted into 
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solar time. The equation of time is also often taken into account for determining 
the hour angle. In short, the following formula gives the hour angle t: 

 1512
6015

×





 −+

−
±= eLLtt s

s  (1.5) 

where ts = hour expressed in local standard time (h), L = longitude of the locality 
(degree), Ls=longitude of the standard location of solar time (degree), e = equation 
of time(min). The double signs indicate that (+) is applied to the eastern 
hemisphere and (-) to the western. 

Table l.3 shows the monthly standard values of declination angle and equation 
of time which may be used for practical engineering calculation with sufficient 
accuracy. 

As the solar radiation passes through the atmosphere, part of it being absorbed 
by small particles such as water vapour and carbon dioxide until it reaches the 
ground where the intensity is substantially decreased. 
 

Table 1.3 
Monthly standard values of declination angle 

δ (M) and equation of time e (M) 

 
 

The gradient of this decrease through the distance dx in the atmosphere may be 
regarded as proportional to the intensity itself. Taking the x-axis as shown in Fig. 1.3, 
this relationship is given by the following equation: 

 kI(x)
x

I(x) −=
d

d                                           (1.6) 

where I (x) = intensity of solar radiation at boundary of the atmosphere (Wm-2), k = 
constant of proportionality (m-1). 
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Fig. 1.3.  Path length or solar beam. 
 
 

Solving eqn. (1.6) for I, it gives: 

 kx)(II(x) −= exp0  (1.7) 

It is clear that the larger the value of k, the quicker the intensity decreases, so the 
constant k is called the extinction coefficient. When the sun is at the zenith, i.e. solar 
radiation falls perpendicularly to the ground, the ratio of the intensity at the ground 
to the extraterrestrial radiation is called the atmospheric transmissivity, namely: 

 kl)(
I
I(l)P −== exp

0

 (1.8) 

where l = length of passage in the atmosphere (m). 
 

When the sun is not at the zenith and the solar altitude is β degrees, the length 
of passage is longer than l. As shown in Fig. 1.3, the length of passage becomes 
l cosec β. The value m, known as the air mass, is usually used to describe the path 
length relative to the perpendicular path length through the atmosphere, because 
the true value of t is not known. 

 β  
l
βl = m coseccosec =  (1.9) 

The general expression to give the intensity of solar radiation on the surface normal 
to the sun’s ray is 

 
( )

( ) βklI=
 βlI= I
cosecexp

cosec

0

DN

−
 (1.10) 

where IDN = direct normal solar radiation (W m-2). 
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It follows, therefore, that 

   PIPI= I mβ
0

 cosec
0DN =  (1.11) 

Equation (1.11) is known as Bouguer’s formula. 
The atmospheric transmissivity on a clear day is different from month to month 

primarily because of the difference in water vapour content in the atmosphere. The 
monthly standard values of the atmospheric transmissivity for Tokyo area are 
given in Table l.4. It is interesting, however, to see that the value of the 
atmospheric transmissivity still varies with time of the day when compared with 
actual values observed at meteorological stations.  

 
Table 1.4 

Monthly standard values of atmospheric 
transmissivity of clear sky for Tokyo 

 
 
 

The author has tried two approaches to express the value of P using measured 
values in Tokyo. One approach is to express P as a function of time deviation t (h) 
from solar noon in the following expression: 

 P = P0 + at2 (1.12) 

where P0 and a are constant values for each month to be given in Table l.5. 
The other approach is to express P as a linear function of sin β, viz., 

 P = S − T. sin β (1.13) 

where S and T are constant values for each month to be given also in Table l.5. 
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Table 1.5 
Constants for eqns. (1.12) and (1.13) 

 
 

In reducing these formulas from the measured values of global radiation, 
Berlage’s formula to give diffuse sky radiation on a horizontal surface, which will 
be described later, was used. 
 
 

1.3.  DIRECT SOLAR RADIATION 
 
 

The American Society of Heating, Refrigerating and Air Conditioning 
Engineers takes a different approach to give direct normal solar radiation, i.e. 
instead of using the real value of extraterrestrial solar radiation, a hypothetical 
solar constant A and hypothetical extinction coefficient B are used to give direct 
normal solar radiation in the expression: 

 IDN = A exp (− B cosec β) (1.14) 

The values A and B vary with the month but do not vary with time of the day. It must 
be noted, however, that this expression will give smaller values of direct normal 
solar radiation than actual values when cosec β is larger than 3. It is assumed that 
such errors would not contribute much to the air conditioning load because they 
appear at the lower intensity region of solar radiation. 

Comparing the ASHRAE formula with Bouguer’s formula, one can recognise 
such equivalences as: 

 A ≑ I0    and    exp (−B) ≑ P (1.15) 
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In reality there are slight differences between them and it always follows that  

 A < I0    and    exp (−B) > P (1.16) 

Knowing the direct normal solar radiation, direct solar radiation on a 
horizontal surface can be given by the equation: 

 IDH = IDN sin β (1.17) 

Direct solar radiation on a vertical surface differs with the orientation of the 
vertical surface. Defining the wall solar azimuth γ as the angle between the solar 
azimuth α and the wall orientation ε as shown in Fig. 1.4: 

 γ = α − ε (1.18) 

Then the direct solar radiation on a vertical surface IDV is expressed as 

 IDV = IDN cos β cos γ (1.19) 

 

 
Fig. 1.4.  Solar azimuth α, wall orientation ε and wall solar azimuth γ 

 
Furthermore, direct solar radiation on a tilted surface can be given by the 

following expression, when the tilt angle of the surface is ψ to the horizontal, viz., 

 IDψ = IDN (sin β cos ψ + cos β cos γ sin ψ) (1.20) 

and when φ ≤ ψ IDψ = 0. 
Figure 1.5 shows the two conditions where the sun is in front of the slope or 

behind it; φ is called profile angle.  
The profile angle is defined by the formula: 

 
γ
β

cos
tantan =φ  (1.21) 
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Fig. 1.5.  Direct solar radiation on a tilted surface (a) |γ| ≤ 90°, (b) |γ| > 90°, φ ≥ ψ 

 
 

1.4.  DIFFUSE SOLAR RADIATION 
 
 

The diffuse component of solar radiation is insignificant on clear days but 
relatively large under turbid sky conditions. In air conditioning practice, therefore, 
diffuse radiation is important for estimation of annual air conditioning load 
calculations. 

Four kinds of diffuse solar radiation come in contact with the surfaces of a 
building, namely: 

 
1. Diffuse sky radiation that comes from the blue part of the sky because of 

the scattering of the solar radiation. Short wave length radiation is 
predominant. 

2. Solar radiation transmitted through thin layers of cloud plus solar radiation 
reflected from the ground surface, then being reflected at the lower surface 
of cloud. These are diffuse in nature. 
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3. Backward radiation as a long wavelength radiation emitted mainly by the 
water vapour particles in the atmosphere which have absorbed radiation 
from the ground surface. 

4. Solar radiation reflected on to the building exterior (except the roof) from 
the ground surface. 

 
These are all diffuse components of solar radiation and the sum of all of these 

constitutes the diffuse solar radiation on the building surface concerned. 
In reality the diffuse sky radiation on horizontal surfaces on clear days should 

be determined as a key component in order to estimate the other three components. 
Many investigators with different approaches have presented formulas of diffuse 
sky radiation on horizontal surfaces on clear days. 

Among them Berlage’s formula [1.2] has been generally accepted by Japanese 
architectural scientists and air conditioning engineers as described in the following 
expression: 

 
P

PβII
β

ln411
1sin50

eccos

0SH ⋅−
−⋅=  (1.22) 

This is a theoretical equation derived from the assumption that the sky vault 
has uniform brightness under clear sky conditions. 

ASHRAE uses the empirical formula derived by Stephenson [1.3] which gives 
diffuse sky radiation on clear days as proportional to direct normal solar radiation 
as follows: 

 ISH = C IDN (1.23) 

where the value of C is varied with the months. 
Nehring [1.4] introduced a simplified formula to give diffuse sky radiation on a 

horizontal surface as a function of direct normal solar radiation from the 
relationship originally proposed by Reitz. 

The formula is 

 
)1(sin

sin)(
sin1

03
1

DN03
1

SH

β PβI

βIII

−=

−=
 (1.24) 

Nagata [1.5] proposed a formula to obtain diffuse sky radiation derived from 
his own theoretical background which gives nearly equal values to those by 
Berlage and Nehring and is expressed by: 

 )10330)(1(sin sin1
0SH ⋅+⋅−= PPβII β  (1.25) 

Figure l.6 shows a comparison of the various methods of obtaining diffuse sky 
radiation. 
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Fig. 1.6.  Comparison of various equations to obtain the diffuse radiation from clear sky. 
 

Diffuse sky radiation on tilted surfaces is given by: 

 SH
2

S 2
cos IψI ψ=  (1.26) 

where ψ is tilt angle of the surface to the horizontal. Making ψ =90° in the above, 
diffuse sky radiation on a vertical surface Isv can be derived as: 

 SH2
1

SV II =  (1.27) 

When the tilted surface of a building receives reflected radiation from the 
ground, the radiation is considered diffuse. The amount of such diffuse radiation 
can be expressed by: 

 THG
2

R 2
cos1 IρψI ψ 






 −=  (1.28) 

where ρG = reflectivity of the ground surface. Reflectivity of the ground covering a 
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certain extent of area expressed in percentage is often called ‘albedo’, which is a 
term used in meteorology. Some examples of albedo are shown in Fig. 1.7. 
 

 
 

Fig. 1.7.  Albedo collected from different sources. 
 
 
 

1.5.  BREAKING-DOWN OF GLOBAL RADIATION INTO DIRECT AND 
DIFFUSE COMPONENTS 

 
 

There are very few weather stations where direct and diffuse solar radiation 
data are recorded and an even smaller number of stations where global radiation is 
observed. It is necessary, however, for air conditioning engineers to estimate direct 

albedo, ρG (%) 

albedo, ρG (%) 
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and diffuse components of solar radiation knowing the value of global radiation, 
i.e. total solar radiation on horizontal surface, in order to obtain the amount of 
solar radiation on any building surface. This is the breaking-down procedure. 
Several approaches have been proposed so far to determine the two key 
components, namely direct normal solar radiation IDN and diffuse sky radiation on 
horizontal surface ISH, from total horizontal solar radiation ITH. 

The subcommittee on Standard Weather Data at the Society of Heating, 
Air-Conditioning and Sanitary Engineers of Japan has worked extensively on this 
procedure using a ten-year period of weather data taken at the weather station in 
Tokyo. The basic approach to carry out the breaking-down is to establish the basic 
equation that expresses the total horizontal solar radiation as a function of direct 
normal radiation as in the following: 

 
PI

PβIβI

III

n

β

411
1sinsin

eccos

02
1

DN

SHDHTH

⋅−
−+=

+=
 (1.29) 

It must be noted here that Berlage’s formula as in eqn. (1.29) is used for any 
weather conditions in spite of the fact that Berlage’s original theory is only valid 
for clear sky conditions. It was proved, however, by Matsuo that the results 
deduced from the above equation using actual observed data on hourly basis gave 
a quite good agreement with the results of separate observations of direct and 
diffuse solar radiation. This shows that, for engineering purposes, Berlage’s 
formula could be applicable not only to clear sky conditions but also to cloudy sky 
conditions with reasonable accuracy. 

Parmelee [1.6] derived a relationship to show that the proportion of direct 
component to the total solar radiation ITH on horizontal surface increases as ITH 
itself increases. Conversely, the more turbid the sky, the more the diffuse 
component prevails as shown in Fig. 1.8. 

 
 

Fig. 1.8.  Direct and diffuse solar radiation with clearness number. 
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Parmelee’s original equation is: 

 DHSH I  . YXI −=  (1.30) 

where X and Y are functions of the solar altitude as given in Table l.6. If the total 
horizontal solar radiation is P′ times the total horizontal solar radiation for standard 
clear sky conditions, viz., 
 

 THTH I  . PI* ′=  (1.31) 

It follows that: 

 ( ) ( ){ }DHTHTH
11 IYXP'I  Y XI ** −+=−+=  (1.32a) 

 ( )
Y

XPI  . P'I*
−
−+=

1
1'

DHDH
 (1.32b) 

Then the increase of direct component due to P′ larger than unity is: 

 THDHDH 1
1' I
Y

PI I*
−
−+−  (1.33) 

where Y can be approximated as: 

 ββY 2sin3940sin13703090 ⋅+⋅−⋅=  (1.34) 

Table 1.6 
Parmelee’s constants for eqn. (1.30) (By permission of ASHRAE [1.6]) 

 
 

Liu and Jordan [1.7] presented a linear relationship between the diffuse 
horizontal solar radiation and the direct normal solar radiation as expressed by the 
equation: 
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⋅−⋅=

0

DN

0

SH 2913027100sin
I

I β
I

I  (1.35) 

Being derived from a number of actual observation data, this gives a remarkable 
correlation for the high intensity region. It is found, however, that considerable 
inaccuracy results for the low intensity region if the above linear relationship is 
extended to this area. 
 
 

1.6.  SOLAR RADIATION ON CLOUDY DAYS† 
 
 

Hour by hour calculation of heating and cooling load of a space is needed for 
estimating annual energy requirements, and solar radiation data in direct and 
diffuse components on hourly basis must be prepared. 

As described in the preceding section, breaking-down procedures could be 
applied for the locations where global radiation is observed, but there are not so 
many such weather stations. There are many stations, however, where total amount 
of cloud is observed on hourly basis. For such a location, it is necessary to 
develop a procedure to deduce solar radiation from cloud cover data. 

The author has made this study [1.8] in collaboration with Stephenson to find 
correlation between the cloud cover and the ratio of the total horizontal solar 
radiation to the case that could appear if the sky was cloudless, using computer 
techniques to analyse the actual observation data in combination with theoretical 
formulas. Figure 1.9 shows the plots of the correlation with two ranges of solar 
altitude angles using recorded observation data of Ottawa, Canada (45˚27′N, 
75˚37′W), where the ASHRAE formula was used for estimating the theoretical 
values of direct and diffuse solar radiation on clear days. The value of CC† in the 
graph is defined as the total amount of cloud recorded minus half of the amounts of 
cirrus, cirrostratus and cirrocumulus. This reduction of the CC values for each of 
these three types of cloud helped to condense the scatter of points in the graph which 
would have resulted if this deduction was not made. This seems quite reasonable 
because these types of cloud are relatively thin and transmit a certain part of solar 
radiation. 

 
 

 
 
 
 
 
† Parts of the passages in this section are taken from the paper by Kimura and Stephenson in ASHRAE 
Transactions [1.8] by permission of the American Society of Heating, Refrigeration and 
Air-Conditioning Engineers, Inc. 
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Fig. 1.9.  Ratio of radiation incident on a horizontal surface to the amount calculated  

for cloudless day for sin β (a) 0⋅3-0⋅5, (b) 0⋅7-0⋅9, in June 1967, Ottawa.  
(Reprinted by permission of the American Society of Heating, Refrigeration  

and Air Conditioning Engineers Inc., from ASHRAE Transactions.) 
 
 
Udagawa and the author [1.9] repeated the calculations using solar radiation 

and cloud cover data of Tokyo (35˚41′N,139˚46′E) and theoretical formulas by 
Bouguer and Berlage. Figure 1.10 shows the plots of the correlation similar to the 
ones in Fig. 1.9. 

 

 
Fig. 1.10.  Ratio of radiation incident on a horizontal surface to amount calculated for 
cloudless day versus cloud cover in (a) January 1966, Tokyo (for 0·3 < sin β < 1·0). 
(b) August 1966, Tokyo (for 0･5 < sin β < 10). 
Sin β: ▽, 0·0-0·1; □, 0·1-0·3; ◊, 0·3-0·5; ○, 0·5-0·7; ∆, 0·7-0·9; ▲, 0·9-1·0. 
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The correlation was not so clear for low altitude angles, probably because of 
the quite variable component of radiation reflected by clouds compared to the 
relatively small amount of global radiation. 

Using the plots for higher altitude angles, standard curves to determine the 
cloud cover factor CCF as a function of CC† in the second order polynomial are 
determined as follows: 

 CCF = P + Q . CC + R(CC)2 (1.36) 

Table l.7 (a) shows the constants P, Q and R obtained from Ottawa data for the 
above equation and Table l.7 (b) from Tokyo data for 12 different months. 
 

Table 1.7 (a) 
Constants in eqn. (1.36) for Ottawa 

 
 

 Table 1.7 (b) 
Constants in eqn. (1.36) for Tokyo 

 
 
 

† CC is expressed in tenths, i.e. for complete cloud cover CC = 10 
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The value of CCF given by eqn. (1.36) and the data in Table l.7 (a) were used 
to calculate ITHC, the solar intensity that could be expected with the observed cloud 
conditions for all the daylight hours during each month. These computed values of 
ITHC versus the actual measured values of Irec are plotted. Figure 1.11 shows the 
plots for Tokyo. 

 
These graphs show that all the points fall in a band centred on the 45˚ line. 

This indicates that the absolute error in the solar intensity estimated using the CCF 
based on the high solar altitude measurements is fairly constant regardless of the 
actual solar attitude. 

Then the total horizontal solar radiation on cloudy days ITHC is given by: 

 ITHC = ITH . CCF (1.37) 

Direct and diffuse components on cloudy days IDHC and IdHC can be obtained by the 
following expression; using the theory of probability, viz., 

 





 −=

10
CC1DHDHC II  (1.38) 

 DHCTHCdHC III −=  (1.39) 

 

 
 
Fig. 1.11.  Correlation between calculated radiation based on CCF and recordcd radiation 
on a horizontal surface for an daylight hours in (a) January 1966, Tokyo, (b) August 1966, 
Tokyo. Key as for Fig. 1.11. ordinate ITHC (Wm-2), abscissa Irec (Wm-2). Symbols of sinβ are 
the same as in Fig. 1.10.  
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Figure 1.12 shows the relationship generalized for cloudy conditions. 
 

 
Fig. 1.12, Direct and diffuse components of cloud cover factor (CCF). (Reprinted by 
permission of the American Society of Heating Refrigeration and Air Conditioning  

Engineers) Inc., from ASHRAE Transactions.) 
 
 


