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Abstract--Monthly plots of the ratio Kd of daily diffuse to daily total extraterrestrial irradiation versus the 
daily clearness index Kt, have shown that points of large Kt tend to be placed nearly on a straight line Kt 
+ Kd = C (constant C < 1). This straight line exhibits a parallel displacement for different periods of the 
year. The same line is found in monthly plots of hourly Kd versus Kt values. A possible physical interpretation 
for this linear relationship is that on days of low cloudiness level, nearly half of the direct solar irradiance 
stopped by cloudiness is scattered downward and nearly half upward. However, cloudiness in this paper 
includes both turbidity (haze) and actual clouds. It is shown that the entire shape of the Kd versus Kt 
relationship can be explained by scattering alone. Variations in absorption caused by air mass, or by changes 
in absorbing constituents, account for seasonal variability, and for variations as a function of solar altitude. 
An apparent anomaly at very high Kt accompanied by high Ka is shown to be a natural consequence of 
unshaded sun periods during partly cloudy conditions. This region of the correlation is also found to tend 
to a straight line but with a positive slope: Kt - Kd = C. It is shown that for space or time averaged data this 
"anomalous" stretch tends to disappear. A useful distinction is made between local correlations and regional 
correlations, the former display the "anomalous" extension but the latter do not. The authors recommend 
the use of the Ka = HdHo versus Kt graphs instead of the K = Hd/Ht versus K, for future investigations. 

1. INTRODUCTION 

From the time Liu and Jordan[ 1 ] showed that the ratio 
Kd of  daily diffuse irradiation on a horizontal surface 
Hd to daily extraterrestrial irradiation on a horizontal 
surface Ho is related to the ratio Kt of daily total irra- 
diation on a horizontal surface Ht to Ho, also called 
daily clearness index, several other correlations have 
been proposed for daily, hourly and instantaneous 
data[2- l 1 ]. The main reason for studying the Kd versus 
Kt relationship has been application-oriented by the 
need to obtain the direct and diffuse components when 
only global is measured. HoweVer, little time was spent 
in studying the physical nature of the relationship. As 
a result, many explanations found in the literature are 
often inaccurate or in contradiction with one another 
(see some examples in Section 3.4 below). So, the reader 
may be confused and may not understand the basic 
characteristics of the Kd versus Kt pattern, such as the 
apparent anomaly at very high clearness indices, or the 
seasonal variations. Our goal is to provide a clear, 
qualitative, but  physically correct, description of the 
relationship that may benefit a reader's understanding 
and, possibly, future investigations. 

The paper begins with a brief description of the 
data providing the experimental support for this study. 
A thorough description and analysis of the Ka versus 
Kt relationship is then provided. 

2. EXPERIMENTAL DATA 

The data used as background for the present study 
are the daily and hourly values of horizontal global, 

*Ises member. 

diffuse and direct irradiation, measured at Madrid- 
Ciudad Universitaila (40°27~N, 3°43NV, 678 m a.s.l.) 
from Jan. 1979 to Dec. 1982 and published by the 
Instituto Nacional de Meteorologia of Spain[12]. 
Global and diffuse measurements were made using 
Kipp and Zonen CM5 pyranometers, excluding the 
period Jan. 1-July 19, 1979 when diffuse radiation was 
measured with an Eppley PSP pyranometer. Direct ra- 
diation was measured with an Eppley NIP pyrheliom- 
eter. The data are integration of one minute  values. 
The values of diffuse radiation include an isotropic 
shade ring correction. Corrected diffuse was compared, 
for quality control purposes, with diffuse obtained by 
difference between global and direct. 

Daily clearness indices K~ and diffuse coefficients 
Ka were calculated from the data. The extraterrestrial 
irradiation, as provided for each day, is given by[13] 

24 [ [ 2~-n '~] 
Ho = 7 360010, L1 + 0.033 c o s l ~ ) ]  

× [cos $ cos 6 sin w, + w~sin $ sin 6] (1) 

where Io,, = 1367 W / m  2 is the solar constant, n is the 
day of the year (starting 1 January), $ is the latitude, 
ws = arc cos -~ ( - t a n  ¢ tan 6) is the sunset hour angle 
(rad), and 6 is the solar declination given by 

[2~r(284 + 
6° = 23"45° [ 365.24 n)] 

] 
(2) 

Variations of daily Ka versus K, were observed on a 
month-by-month basis. Figure 1 shows, as an example, 
the Kd versus K~ relation for a month  with much vail- 
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Fig. 1. Plot of daily Kd vs. K, for Madrid in January 1979. 
Also plotted are the daily correlations proposed by Liu and 

Jordan[l], and by Collares-Pereira and Rabl[6]. 

ation in daily atmospheric conditions. For information, 
well-known daily Ka versus Kt correlations are reported 
on the plot. Figure 2 is an example of a month with 
many days of high clearness index. Note that the data 
points on the high Kt side tend to be placed nearly on 
a straight line. This straight line is found to have the 
following equation: 

K, + K~ = C (3) 

In order to facilitate a reader's understanding, we 
are going to artificially divide the correlation into four 
zones (see Fig. 4). 

3.1 Zone 1 
This corresponds to the straight lines ofeqn (3) re- 

gion. Daily correlations based on quality experimental 
data such as those of Erhs, Klein, and Duffle[8], co- 
incide to show nearly straight lines for this zone. A 
physical interpretation for this observation is provided 
below as the three effects of scattering, absorption and 
solar geometry are investigated respectively. 

3.1. l Scattering effect. It is well known that in ad- 
dition to air mass, the main factors responsible for the 
variation of the coefficients K, and Kd are cloudiness 
and atmospheric water vapor, dust, and ozone. (It is 
important to note that the word cloudiness should be 
understood in this paper as a general cloudiness in- 
cluding both turbidity (haze) and actual clouds.) Of all 
these factors, cloudiness is the most influential and 
also exhibits the largest variation from day to day, as 
was rightly pointed out by Liu and Jordan[l]. This 
suggests the spread of daily data points in each monthly 
plot of Kd versus Kt, including the spread along each 
straight line ofeqn (3), can be attributed to variations 
of daily cloudiness during the month. Since increasing 
daily cloudiness decreases the clearness index K,, the 
points on the left-hand side on each straight line rep- 
resent days of higher cloudiness than the ones on the 
fight-hand side. The negative slope of the straight lines 
indicates that, in this zone, increasing cloudiness in- 
creases the diffuse coetficient Kd. 

Thus, the same day of the year but with two differ- 
ent, low cloudiness levels, should appear represented 
on a straight line (3) in points such as A and B in Fig. 

C being a constant smaller than one. The slope of this 
line is equal to -1 .  A similar trend has been already 
reported by Hollands[14] in the high clearness index 
region of the Orgill and Hollands correlation[3]. It is 
important to remark that the straight line exhibits a 
parallel displacement for different periods of the year 
(see Fig. 3). Seasonal dependence is evident. 

3. DISCUSSION 

All the Kd versus Kt correlations reported in the 
literature[ 1-11 ], either instantaneous, hourly, or daily, 
have a common shape such as shown in Fig. 4 (solid 
line). Some of them, generally for short time intervals, 
exhibit, in addition, an extension on the right-hand 
side (dashed line). Seasonal variations of daily corre- 
lations[6,8,15-18] and variations of instantaneous[ 11 ] 
and hourly[7,10,19] correlations with solar altitude 
have been reported. 

We will show that the entire shape of the curve can 
be simply explained by scattering alone, in contrast to 
Hollands[ 14], absorption being shown to explain vari- 
ations of daily correlations with season and variations 
of  instantaneous and hourly correlations with solar al- 
titude. 
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Fig. 2. Plot of daily Kd vs. K, for Madrid in September 1980. 
Also plotted is eqn (3) fitted for the data. 
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Fig. 3. Equation (3) lines fitted for each month of 1981. 
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Fig. 5. Plot of daily Ka vs. Kt for the same day of the year but 
for two different, low cloudiness levels (B exhibiting the highest 

cloudiness). 

5 (B exhibiting the highest cloudiness). Expressing (3) 
in terms of Kd and Kb (Kb is the ratio of  daily direct 
(beam) irradiation on a horizontal surface Hb to daily 
extraterrestrial irradiation on a horizontal surface Ho) 

we get, since Ha + He = Ht and hence Kd -I- Kb = K,, 

Naming the coefficients corresponding to the two days 
with subindices A and B, and eliminating C, we obtain 

Kan - KaA = (KbA -- KbB)/2 (5) 

2Ka + Kb = C. (4) 
And eliminating Ho from (5), we get 

HdB -- HdA = (HbA -- HbB)/2 (6) 
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Fig. 4.  T h e  c o m m o n  s h a p e  o f  the  c o r r e l a t i o n s .  F o r  l o n g - t i m e  
i n t e r v a l s  g e n e r a l l y  th e  c o r r e l a t i o n s  s h o w  the  so l id  l ine .  F o r  
s h o r t - t i m e  i n t e r v a l s  g e n e r a l l y  t h e  c o r r e l a t i o n s  s h o w ,  in  add i -  

t i o n ,  t h e  d a s h e d  l ine .  
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Fig. 6. Plot of hourly Ka vs. Kt for the 11 a.m. to 1 p.m. period 
of all the days of September 1980 for Madrid. Also plotted is 

eqn (3) fitted for the data. 
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The left-hand side of(6) represents the increase in dally 
diffuse irradiation caused by cloudiness, and the nu- 
merator of the right-hand side the decrease in daily 
direct irradiation caused by this same cloudiness. 
Equation (6) thus, and in consequence eqn (3), can be 
interpreted as saying that: On days of high clearness 
index, nearly half of the daily direct solar irradiation 
which is stopped by cloudiness reaches the earth as 
diffuse irradiation. 

Given the fact that (i) half of the radiation lost from 
the direct component does not reach the earth's surface 
as diffuse, (ii) that cloudiness only is responsible for 
the difference between A and B, and (iii) that cloudi- 
ness-induced absorption changes are negligible com- 
pared to scattering changes[20-23], one has to conclude 
that nearly half of the direct beam radiation lost be- 
tween A and B is scattered back to space. Based on 
these observations, downward and upward scatters due 
to cloudiness are nearly equal for an entire day of 
high K,. 

In order to see if these conclusions can also be ap- 
plicable to hourly irradiations on clays of high daily 
clearness index, monthly plots of the hourly Kd (hourly 
diffuse/hourly extraterrestrial) versus hourly Kt (hourly 
total/hourly extraterrestrial) were made up for the I 1 
a.m. to 1 p.m. period of all the days for each month 
with many high Kt days (to simplify reading, the same 
nomenclature is used for daily, hourly and instanta- 
neous values). The hourly extraterrestrial irradiation 
on a horizontal surface is given by 

/ 2rn  '~] 
Ho= l~2r 3600Io,[l + O.O33cos~3-~-~.24)J 

× [cos 4~ cos 6 (sin w2 - sin w~) 

+ (w2 - w~) sin q~ sin 6] (7) 
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Fig. 7. Graph showing how variations in absorption displace 
the plot of Ka vs. Kt (A' with higher absorption than A). Also 
shown are parallels originated by different absorption level 

periods in Zone I. 
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Fig. 8. Graph showing how variations in air mass displace 
the plot of Kd vs. Kt (A" with lower solar altitude than A). AA' 
transition is caused by absorption and A'A" by scattering. Also 
shown are parallels originated by different air mass periods in 

Zone 1. 

the nomenclature of which is coincidental with that 
for (1); w~ and w2 being, in addition, the hour angles 
(rad) at the beginning and the end of the hour, respec- 
tively. 

The plots show that the data points of high hourly 
clearness index although, in general, are slightly more 
spread-out, they also tend to be placed nearly on a 
straight line of slope -1 .  This is shown in Fig. 6 for 
the month of September 1980. Note that straight lines 
ofeqn (3) may also be found in correlations by Orgill 
and Hollands[3] and Erbs, Klein, and Duffle[8] for 
hourly values. Thus, we think the conclusions apply 
to hourly or even instantaneous values. These simple 
conclusions can be used to develop a model on raditive 
transfer in cloudiness[24]. However, concerning shorter 
time periods, the reader is referred to the Zone 4 section 
to put matters in perspective. 

3.1.2 Absorption effect. Absorption affects the dif- 
fuse, direct and thus global components in a similar 
qualitative fashion (i.e., aside from spectral differences, 
if the absorption of direct radiation is increased so must 
be the absorption of diffuse radiation). Therefore a re- 
duction in Kt due to absorption corresponds to a re- 
duction in Ka, all other parameters being unchanged. 
This is shown in Fig. 7 where point A' corresponds to 
a higher absorption level than point A. As a conse- 
quence, periods with differing absorption levels should 
be represented by sets of parallel lines. 

3.1.3. Air mass effect. Both absorption and scat- 
tering vary with the air mass. Therefore the effect of a 
change in solar altitude on the Ka versus Kt relationship 
will be a combination of the two previous effects. This 
is shown in Fig. 8 where point A corresponds to a higher 
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solar altitude than point A". The AA' transition is 
caused by absorption and the A'A" transition is caused 
by scattering. As in the case of the effect of absorption, 
periods with different air masses will be represented by 
sets of parallel lines. 

The effect of combined absorption and air mass 
allows for a sound explanation of Fig. 3. Winter months 
straight lines are on the left hand side showing the in- 
fluence of the larger daily air mass in this season. How- 
ever, the spring equinox lines are more to the right 
than the summer solstice lines despite a larger average 
air mass. This is likely due to higher absorption by 
water vapor in the summer months. This is consistent 
with observations by Threlkeld and Jordan[25]. 

Diffuse-to-global correlations 

3.2 Zone 2 
This stretch of the correlation is characterized by 

overcast skies, hence by the absence of direct radiation 
at the earth surface. Global radiation is then obviously 
equal to diffuse radiation and Kd = K,. 

3.3 Zone 3 
This is a curve stretch that extends from the straight 

region of Zone 1 to the straight region of Zone 2. This 
zone can also be explained only by scattering due to 
cloudiness, and as an extension of the straight lines for 
Zone 1. 

Our explanation is based on instantaneous radiation 
interaction with the atmosphere. But the same argu- 
ment is also valid for other time periods. To simplify, 
we will assume that all conditions but cloudiness re- 
main constant. 

Let us suppose that point A in Fig. 9 corresponds 
to cloudless skies. According to the explanation of Zone 
1, if there were a little cloudiness, nearly half of the 
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direct radiation stopped by cloudiness should reach 
the earth as diffuse radiation and the new point B 
should be placed on the straight line K~ + Kd = C that 
contains point A (here Kt = irradiance total/irradiance 
extraterrestrial and Kd = irradiance diffuse/irradiance 
extraterrestrial). Note that, at low cloudiness levels, the 
direct radiation scattered by each cloud heads directly 
toward the earth or toward the outer space without 
hardly multiple scattering. 

A further increase in cloudiness tends to increase 
the diffuse radiation on the earth by one half of the 
direct radiation stopped by the increased cloudiness; 
but, also tends to decrease diffuse radiation because 
multiple scattering becomes more important (i.e., cloud 
scattered radiation is in turn scattered by other cloud 
elements). That is increasing cloudiness augments the 
scattering of direct solar radiation but at the same time 
makes it more difficult for the scattered radiation to 
reach the earth's surface. Therefore, less than one half 
of the stopped direct radiation will reach the earth as 
diffuse radiation. As a consequence, as K, decreases 
because of cloudiness, the increases in Kd become less 
pronounced and the curve changes from the - 1 slope 
line as shown by points such as C, D, E, etc. 

Continuing the increase of cloudiness, a situation 
is reached where diffuse irradiance gained from addi- 
tional direct scattering is balanced to that lost due to 
multiple scattering (maximum point M). As cloudiness 
further increases, the obstructive effect of clouds be- 
comes more prevalent and results in a decrease of Ka, 
which becomes more pronounced as Kt decreases 
(points P, Q, R, etc). This continues, until direct ir- 
radiance is totally obscured (overcast sky) and point S 
in Zone 2 is reached. Further increases of cloudiness 
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Fig. 10. The displacement of the correlations because the ef- 
fects of absorption and air mass. Curve (a) should correspond 
to a larger air mass (and/or to a higher absorption level) than 

curve (b). 
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Fig. 11. The effect of the bimodal clear-cloudy behaviour on 
the Kd vs. Kt relationship (eqn (8) line). 

and thus more multiple scattering result in points along 
the Zone 2 line toward the origin. 

Thus, if other factors do not come to disturb the 
Ka versus Kt relationship (as we will see below), the 
shape of the curve should be limited to the three first 
zones and should follow the A-M-S-O structure. This 
shape has three singular points: point A, where 6Kd/ 
6Kt = - l, corresponding to cloudless skies; maximum 
point M (6Kd/6Kt = 0 ) ;  and point S of connection with 
the straight line Kd = Kt and where come true 6Kd/~)Kt 
= + I. Another important characteristic of these curves, 
viewed for example in[3,8], is that Zone 1, although 
slightly curved, becomes very nearly a straight line K, 
+ Kd = C (for instance, the curve in Fig. 9 actually 
corresponds to the hourly correlation by Erbs, Klein, 
and Duffle[8]). 

Because the effects of absorption and air mass, daily 
correlations made for several seasons, or both instan- 
taneous and hourly correlations made for several al- 
titudes of the sun, should display a displacement such 
as shown in Fig. l0 (the curves in the figure actually 
are the daily correlations by Erbs, Klein, and Duffle[8]. 
Curve (a), for winter, corresponds to a higher air mass 
than curve (b), for the remainder of the year). 

3.4 Zone 4 
The increase in the diffuse coefficient Kd as the 

clearness index Kt increases, for very high clear- 
ness indices, has been observed by several au- 
thors[3,5,7,10,11 ]. Some consider that this occurs on 
clear days "due to the scattering effects of thicker air 
mass"[7], or on cloudy days due to "forward scattering 
effects of clouds"[5], but the greater part associate it 
with periods of unshaded sun in partly cloudy skies, 
although often attributing it to "high surface albedo 

or light clouds"[ 10] or to "local concentration of sun- 
light reflected by clouds"[3,11]. Among all these de- 
scriptive remarks, only one is of major importance to 
account for the anomalous effect: unshaded sun periods 
during partly cloudy conditions. This is explained 
below. 

Let us consider the preceding example and let us 
assume scattered (discrete) cloud conditions, each 
cloud being thick enough to completely block the sun. 
Point A in Fig. 11 represents again cloudless sky con- 
ditions. Based on what was said previously (Zone 1), 
slightly increasing cloudiness should displace the point 
on the -1  slope (toward point B). But it should be 
noted that this interpretation holds only for homoge- 
neous cloudiness such as haze, or if one considers the 
average irradiance over a large ground area. For scat- 
tered cloud conditions characterized by both shady and 
sunny intervals, the Kd and K, coefficients calculated 
at that instant, at a given place, would never be rep- 
resented by point B. When the sun is shaded, total 
radiation is equal to diffuse radiation, so the points are 
on the Kd = Kt line. Considering that diffuse (Kd) r e -  

mains nearly constant whether the sun is visible or not 
(thus is constant over a ground collecting area), the 
representative point should for instance he B' (same 
Kd as B). During sunny intervals, the direct radiation 
recorded should be the same as if there were no clouds 
and thus Kb should be the same as for point A. The 
geometrical place of all the points with the same value 
of the coefficient of direct radiation as A is the straight 
line AM" of equation 

K, - K,~ = C (8) 
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Fig. 13. The same correlations that those from Fig. 12, but 
in the K = Ha/Ht vs. Kt representation. 

C being a constant just equal to Kb in point A. Con- 
sidering, as before, that Kd is unchanged, the represen- 
tative point should be B". 

For conditions between perfectly homogeneous 
hazes, where points line up on the A-M-S-O curve, 
and scattered conditions with sun-opaque clouds, 
where they line up on the OM' and AM" lines, one is 
likely to make intermediate observations shown by 
points anywhere between these two lines. 

Thus, the so-called "bimodal clear-cloudy behav- 
iour" causes the appearance of a stretch such as the 
AM" in the statistical correlations. But, at the same 
time, this also distorts the entire shape of the correla- 
tion, in effect making the Zone 1 slope different from 
- 1, and giving rise to erroneous understandings of the 
Kd versus K, relationship. 

However, if one were to look at the average radiation 
over a large ground area, the anomaly would disappear 
as B-B'-type events would balance B-B"-type events. 
The mean instantaneous radiation over a large geo- 
graphical area should be represented by points on the 
- 1 slope line for low cloudiness levels, and, in general, 
by the A-M-S-O curve. This last remark allows us to 
make a distinction between local correlations repre- 
sented by a shape such as M"-A-M-S-O, and regional 
correlations with the A-M-S-O shape only. 

Likewise, if one looks at time-averaged data, the 
anomalous behaviour should disappear. Long time 
averages should be located on the A-M-S-O curve only. 
To further bring evidence to this remark, note that 
daily correlations hardly exhibit this anomalous be- 
haviour. 

Local correlations made for several sun altitudes 
should display a displacement such as shown in Fig. 
12 (for instance, the curves in the figure actually cor- 

respond to hourly correlations by Skartveit and OI- 
seth[10], (a) for 10 and (b) for 20 degrees of solar al- 
titude; note also that Zones 1 and 4 in the curves tend 
to straight lines ofeqn (3) and (8), respectively). Note 
both in Fig. 10 and Fig. 12 that the cloudless sky plot 
(the point with lower Kd on the right-hand side of the 
correlations) pulls in its displacement all the entire 
correlation. At this respect, it is important to point out 
that on examining the figures, one can be tempted to 
say that the seasonal trend is reversed between high 
and intermediate values of Kt[6], for Fig. 10. Even 
worse, one could conclude that the trend with the solar 
altitude is doubly reversed from very high, to high and 
intermediate values of Kt, for Fig. 12. This is because 
one is accustomed to see Kt as the abcissa and Kd as 
the ordinate. But if one looks at the curves with reversed 
coordinates, one only sees one trend: the entire curve 
is displaced in one direction or the other, depending 
on air mass changes. 

Finally, note that the present reasoning was possible 
because we investigated Ka = Hd/Ho versus Kt = Ht/ 
14o. With this representation it was possible to see the 
straight lines of eqn (3), and also it is possible to see 
in the statistical correlations the straight lines of eqn 
(8) and the maximums. But our task would have been 
nearly impossible had we elected to took at K = Ha/ 
Ht versus Kt = Ht/Ho instead. For instance, it is very 
difficult to observe the simple trend described above 
using a K versus Kt, representation (compare Fig. 12 
and Fig. 13). Therefore, we would recommend the use 
Of Kd versus K, graphs for future investigations. 

4. CONCLUSIONS 

Monthly plots of the ratio Kd of daily diffuse to 
daily total extraterrestrial irradiation versus the daily 
clearness index Kt, have shown that points of high K, 
tend to be placed nearly on a straight line Kt + Kd = C, 
C being a constant smaller than one. This straight line 
exhibits a parallel displacement for different periods 
of the year. The same line is found in monthly plots 
of hourly Kd versus K~ values. Many statistically derived 
correlations also show nearly the same straight line in 
their sections of high K, values. A physical interpre- 
tation of this line led us to the conclusion that on days 
of low cloudiness level nearly half of the direct solar 
irradiance stopped by cloudiness is scattered downward 
and nearly half upward. This interpretation assumes 
that absorption does not vary substantially with cloud- 
iness for very low cloudiness conditions. However, 
cloudiness was defined here as general cloudiness in- 
cluding both turbidity (haze) and actual clouds. 

We showed that the entire shape of the Kd versus 
Kt relationship can be explained by scattering alone. 
Variations in absorption caused by air mass, or by 
changes in absorbing constituents, do not impact on 
the basic shape of the relationship but, rather, account 
for seasonal variability, and for variations as a function 
of solar altitude. Several descriptions of the process, 
reported in the literature, were pointed out, as these 
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could lead to a misunders tand ing  of  this simple rela- 
t ionship.  

The  region of  very high Kt with high Kd was shown 
not  to be an  anomaly.  Instead, it was shown to be only 
a na tura l  consequence  of  unshaded  sun periods dur ing  
partly cloudy condit ions,  and  because radiat ion mea-  
surements  are no t  performed over  extended areas but  
at specific points.  This  region of  the correlat ions was 
also found to tend to a straight line but  with a positive 
slope: K, - Kd = C. It was shown that  for space or t ime  
averaged data  this " a n o m a l o u s "  stretch tends to dis- 
appear.  A useful dis t inct ion can therefore be made  be- 
tween local correlat ions and  regional correlations, the 
former  display the " a n o m a l o u s "  extension but  the lat- 
ter do not. 

Finally, we r e c o m m e n d  the use of  the Kd = Hd/Ho 
versus Kt graphs instead of  the K = Hd/Ht ve r sus / i t  
for future investigations. 
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