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ABSTRACT

This study deals with the calculation of direct solar radiation and diffuse radiation for locations in Israel as hourly
values. The model is based on the calculation of the Linke turbidity factors for the stations Bet-Dagan, Jerusalem,
Beer Sheva, Sedom and Eilat, which have been determined from radiation measurements. The turbidity factors for
clear sky conditions showed a characteristic yearly pattern and the differences between the stations were related to
their geographical locations. The model requires different algorithms for calculations in the Rift Valley system and
the rest of Israel. The calculations proved to be very accurate for clear sky conditions with high radiation values
(average deviation: 7.3% or 61.6 W/m2 for values above 600 W/m2). The presence of clouds and lower sun angles lead
to less accurate results, which are nevertheless still acceptable within the range for further applications. Copyright
© 2001 Royal Meteorological Society.
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1. INTRODUCTION

Climatic data like air temperature, humidity, wind and clouding are usually more readily available than
data on solar radiation. The need for radiation data covering entire areas led to the development of
radiation models, that allow the calculation of radiation parameters within certain margins of error. These
models grew particularly important in connection with the use of solar energy. This study presents a
radiation model, which was developed specifically for Israel. The radiation data of the meteorological
stations in Bet-Dagan, Jerusalem, Beer Sheva, Sedom and Eilat were analysed with the aim of developing
a statistical model, which would enable the calculation of these data. General parameterizations of
radiation components can be found in Liu and Jordan (1960), Dirmhirn (1964), Kondratyev (1969),
Paltridge and Platt (1976), Kasten (1980), Neuwirth (1982), Karalis et al. (1982), Lyons and Edwards
(1982), Davies et al. (1988), Hay and McKay (1985, 1988), Kasten (1989), Sinn (1983), McCartney (1976),
Sahsamonoglou and Makrogiannis (1991). The calculations of this study are based on the approach of
Kasten (1989); however, the turbidity factors have been determined empirically from the measured
radiation data during clear sky periods.

The differences in the models for the five stations are analysed in a further step and linked to the
geographical differences of the locations. This method theoretically enables the calculation of the
radiation parameters for any location in Israel on an hourly basis. There are many possibilities for an
application of this model, such as the calculation of the radiation for locations, with no measuring devices
with regard to planning of solar energy systems, agriculture, use of building materials and others.

* Correspondence to: Department of Geography, Justus-Liebig-University, Senckenbergstr. 1, 35390 Giessen, Germany; e-mail:
stefan.becker@geogr.uni-giessen.de
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Radiation parameters in Israel have been analysed in various studies. Stanhill (1966, 1985) provides
some general information on solar radiation in the Dead Sea region. Joseph and Manes (1971) analysed
seasonal variations of atmospheric turbidity at Jerusalem. Joseph and Wolfson (1975) analysed the
extinction in Bet-Dagan and Jerusalem with special regard to Khamsin conditions. Kudish and Ianetz
(1992) provide information on the solar radiation levels in Beer Sheva and Stanhill and Ianetz (1997)
analysed long-term trends in global irradiance in Israel as well as spatial variations.

2. CALCULATION OF DIRECT SOLAR RADIATION

Direct solar radiation (I) is the proportion of the almost rectilinear solar radiation, which reaches the
earth’s surface from an angle with a distance of 0.25° to the centre of the sun and reaches a normal area,
which is oriented perpendicularly to the direction of the radiation.

The calculations in the present study are based on the approach of Kasten (1989). The direct radiation
is the portion of the so-called extraterrestrial solar radiation (I0), which reaches the earth’s surface directly
after extinction in the atmosphere. I0 depends on the actual distance r between earth and sun. Given an
average distance (r �), the average value of the extraterrestrial radiation (solar constant I0� ) amounts to

I �0=1368 W/m2

A correction for the distance (r �/r) has to be made due to the slightly elliptical nature of the earth’s
orbit. This applies to I0 as follows:

I0=I �0�(r �/r)2

According to astronomical formulas, we get the following formula for the correction of distance:

(r �/r)2=1+0.03344�cos(x)

with x=0.9856�J−2.72, J=Julian date=number of days, starting from 1=1 January 12:00 UTC
(world time).

The Linke turbidity factor (TLinke) is suitable for expressing the entire extinction, which solar radiation
is subjected to in the atmosphere, as it indicates the optical density of a hazy and humid atmosphere in
relation to a pure and dry atmosphere. In other words: TLinke is the number of pure dry air masses that
would result in the same extinction as the examined real hazy and damp air.

The direct solar radiation (I) reaching the earth’s surface can be parameterized as follows:

I=I0�exp(−TLinke�DRo�m �p/p0)

with DRo=vertical optical density of the pure and dry standard atmosphere (so-called
Rayleigh–Atmosphere including ozone absorption, DRo�m=1/(0.9+9.4/m); m=relative optical air
mass (quotient of the air mass through which solar radiation passes in a certain sun angle (h) and the
standard atmosphere’s air mass through which radiation passes perpendicularly (h=90°) (also known as
atmospheric mass number or air-mass (AM) number); p/p0=pressure correction for the reduction of the
standard atmosphere’s relative air mass with a surface air pressure p0=1023.25 hPa to the current surface
air pressure p. According to Blüthgen and Weischet (1980), the following approximation applies:

p/p0=10 (height above sea level/18400�(1+0.004�TA))

TA is the air temperature in °C.
For a solar angle (h)�10° the following approximation applies:

m=1/sin(h)

The solar angle (h) can be calculated as follows:

sin(h)=sin(�)�sin(�)+cos(�)�cos(�)�cos(�)

Copyright © 2001 Royal Meteorological Society Int. J. Climatol. 21: 1561–1576 (2001)



RADIATION CALCULATION 1563

with �=geographical latitude of the place of observation; �=declination of the sun=angle of the
sun above the equator at the time of observation (−23.44° for winter solstice, 23.44° for summer
solstice); sin(�)=0.3978+sin[x−77.51+1.92�sin(x)]; �=hour angle of the sun= (TLT−12h)�15°/h,
with TLT= true local time. The difference between TLT and average local time (ALT) is defined by
the time equation:

T= −7.66�sin(x)−9.87�sin[2x+24.99°+3.83°�sin(x)]

T varies between −14 and 16 min.
The application of this results in the following equation:

I=I0�exp
−TLinke�

p
p0

0.9+9.4�sin(h)

For further applications in the energy balance model, the intensity of direct radiation is converted
to a horizontal recipient surface

I(h)=I �sin(h)

The values calculated up to this point only apply when there are no clouds at all, which in Israel is
quite frequently the case in summer. Even in the case of a sky that is completely overcast by cirrus,
there is usually only a weakening and no total shading of the direct solar radiation. In order to
parameterize this weakening, Schulze (1970) calculated a correction factor ‘CH’, which, in case of a
complete covering with cirrus, supposes a weakening of the direct radiation of around 70%.

CH=1−0.5�NH−0.2NH
4

with NH=degree of coverage with cirrus (in tenths).
The calculation of a correction factor is more complicated in the case of low or moderately high

cloudiness, since basically the binary problem sun/shadow yes/no would have to be solved (Jendritzky,
1990). This, however, is not possible, given the available data. Furthermore, a verification of a model
on the basis of measuring data is hardly possible, since the data are mostly available as average values
per hour, whereas the observation of clouds takes place at a fixed point in time. And yet, the thermal
conditions of a human being depend strongly on whether he or she is exposed to direct radiation at
that fixed point in time, or whether there is some shading by the clouds. In the case of an incomplete
low or moderately high cloudiness, this can practically change from minute to minute, so that one
cannot avoid operating with average values and, as it were, calculating a central condition status
between the period under direct radiation and the shaded period. As an approximation, Jendritzky et
al. (1979) introduced a correction factor ‘CLM’, which results from geometrical considerations about
shading

CLM=1− [NLM+0.6366�NLM
0.5 �f0/tan(h)]

with NLM=degree of covering with low or moderately high cloudiness (in tenths), f0=cloud-shape
factor (1.0 for low and 0.3 for moderately high clouds), h=solar angle.

The deviations to be considered with these calculations are much larger than for those applicable to
a cloudless sky, since a temporal stability of the degree of cloudiness during the observed hour is
considerably less probable in these cases.

Finally, the direct radiation in relation to the horizontal level is calculated as follows, considering
the correction factors:

I(h)=I �sin(h)�CH�CLM

Copyright © 2001 Royal Meteorological Society Int. J. Climatol. 21: 1561–1576 (2001)
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3. CALCULATION OF LINKE’S TURBIDITY FACTORS

The calculation of the turbidity factor according to Linke (detailed description in Linke, 1942) is based
on the Bouguer–Lambert extinction law. The following formula applies to the spectral direct solar
radiation I on the earth’s surface on the assumption, that the atmosphere is flat and of a horizontally
homogeneous stratification:

I=I0�exp(−��s)

with I0=extraterrestrial intensity of solar radiation, I= intensity of solar radiation after extinction,
−�=extinction coefficient, s=distance.

The coefficient of extinction depends on the factors of transmission of the Rayleigh- and Mie-dispersion
and also on the absorption. The introduction of only one reference number for the attenuation of the
entire solar radiation, as caused by dispersion and absorption, allows us to simplify the calculations.
Numerous approaches exist for the determination of this reference number, also known as
transmission-factor, turbidity factor or attenuation-factor (Linke, 1942). Linke presupposed for his
calculations that the absorption of water vapour and the dispersion of vapour are temporally and locally
variable, whereas in the case of unchanging air pressure, the pure molecule dispersion remains a constant
figure whose weakening effect can be calculated for each air mass.

There are standard figures for calculations in Germany, which follow a yearly course and were
differentiated according to whether they refer to a city, the countryside, or the mountains (Steinhauser,
1934; Schulze, 1970; Jendritzky et al., 1979). After observations in Trier, Kaempfert (1947; from
Jendritzky et al., 1979) provided figures differentiated according to air masses (see Table I).

Further standard values can be found in Linke (1942) and Kasten (1989), who indicate values of 4–6
for stale or humid air and values above 6 for polluted air. Steinhauser (1934, quoted from Jendritzky,
1990) indicates turbidity values from 1.8 to 2.7 for mountainous areas, depending on the season.

Linke’s turbidity factors were calculated for the subsequent calculation of radiation parameters in
Israel. For this purpose, the equation for the calculation of global radiation is being resolved for TLinke,
and the available measured values of global radiation ‘G ’ are implemented. The calculations are based on
the data of five measuring stations (Bet-Dagan, Jerusalem, Beer Sheva, Sedom and Eilat, see Figure 1)
from 1974 to 1983. Only those values measured at a clear sky condition were considered, so that no
extinction of the radiation due to cloudiness could take place

G=I0�sin(h)�0.84�exp[−0.027�TLinke/sin(h)]

TLinke= ln[G/(I0�sin(h)�0.84)]�sin(h)/−0.027

The results of the calculations are presented in Table II and in Figures 2 and 3.
The fact that the applied values represent hourly averages is a possible source of errors to be considered

for this calculation model. On the one hand, these average numbers do not accurately show the radiation
energy at the desired point in time; on the other hand, a completely cloudless sky cannot be presupposed

Table I. Air masses and turbidity factors (according to Kaempfert, 1947)

Air mass Turbidity factor

2.0–3.0Arctic cold air (continental)
Arctic cold air (maritime) 2.5–3.5
Moderate arctic cold air (continental) 3.0–3.5
Moderate arctic cold air (maritime) 3.0–4.0
Moderate tropical warm air (maritime) 3.5–4.5
Moderate tropical warm air (continental) 4.0–4.5

4.0–5.0Tropical warm air (maritime)
Tropical warm air (continental) 4.5–5.0

Copyright © 2001 Royal Meteorological Society Int. J. Climatol. 21: 1561–1576 (2001)
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Figure 1. Location of the reference stations in Israel

Table II. Turbidity factors according to Linke, calculated for the middle of a month

Turbidity factor according to Linke

Month Bet-Dagan Eilat Jerusalem Beer Sheva Sedom

June 5.94 4.83 3.80 4.61 13.73
July 6.24 5.09 4.57 5.28 14.47
August 5.70 4.59 3.79 4.87 13.49
September 5.21 4.38 2.98 4.18 12.97
October 4.73 3.86 2.48 3.41 11.95
November 4.29 3.60 2.25 2.90 10.96
December 4.02 3.11 2.04 2.74 10.21

for the whole hour, and consequently no shading either. But basically, the calculation of the turbidity
factors and their subsequent averaging leads to such a degree of generalization that the error resulting
from the question of determining the point in time can be regarded as insignificant. Since a cloudless sky
usually implies stable high-pressure weather conditions, the error which can occur due to changing degrees
of cloudiness is considered to be relatively negligible. Theoretically, it could however lead to the turbidity
factors being calculated slightly higher than they actually are.

Copyright © 2001 Royal Meteorological Society Int. J. Climatol. 21: 1561–1576 (2001)
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Figure 2. Yearly variation of the Linke turbidity factor of the stations Bet-Dagan, Beer Sheva and Jerusalem

Figure 3. Yearly variation of the Linke turbidity factor of the stations Sedom and Eilat

Since a computational determination of the turbidity factors for all other stations is not possible due
to the lack of appropriate data, these turbidity factors must be estimated. The striking regularity in the
alteration of the values with respect to spatial or temporal criteria as shown in Figures 2 and 3 may serve
as an orientation. In accordance with the results of other authors (Steinhauser, 1934; Linke, 1942; Flach,
1966), the turbidity factors reach their lowest values at all stations in winter and their highest values in
July. Furthermore, it is a remarkable fact that the values always differ from place to place by a similar
degree, according to their order of magnitude, and that these differences can be correlated with the
differences in altitude, according to Steinhauser (1934).

The quantification of this phenomenon is shown in Table III, for which the deviations of the turbidity
factors were averaged during the entire year.

On the basis of these data, a relationship between height above sea level and the deviation of the
turbidity factors from the reference stations can be determined. It may not be ignored that the difference
in altitude is only one of the determining factors for the turbidity coefficients. The water-vapour pressure
of the air is another crucial factor, although the fact that it, roughly estimated, depends on the distance
to the sea—a distance which in large sections of Israel, up to the steep face of the rift valley system,
correlates with the altitude— justifies the reduction of the influential factors for the consideration of the
altitude above sea level of the location. All further components of atmospheric turbidity, which in

Copyright © 2001 Royal Meteorological Society Int. J. Climatol. 21: 1561–1576 (2001)
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Table III. The average deviation of turbidity factors in a comparison between the stations

Stations Difference in Standard deviation ofAverage deviation
the average deviationof TLinkeheight in m

Bet-Dagan—Beer Sheva 0.3371.267250
0.3501.981727Bet-Dagan—Jerusalem

Beer Sheva—Jerusalem 477 0.751 0.250
8.256402Eilat—Sedom 0.667

individual cases can certainly influence a given level of radiation (as for example the strong influence of
inversion levels in the coastal area during morning hours) have not been taken into consideration for the
purpose of this study. The results, which show a clear tendency towards a decrease of the turbidity factor,
and therefore towards an increase of global radiation in relation to the altitude due to a general increase
of the transparency of air, correspond with the results of Flach (1966) about global radiation depending
on the altitude in moderate zones.

These calculations on the basis of the Bet-Dagan values are not applied to the rift valley system, since
here we find a completely different humidity situation. In this area, where we frequently find the
conditions of a local desert, or in Eilat, where the humidity environment is not mainly determined by the
proximity to the Red Sea, but rather by prevailing dry desert winds, it would be completely inappropriate
to presuppose the same situation of turbidity as on comparable altitudes in western Israel. This hypothesis
is supported by the turbidity factors calculated for Eilat from measured values of global radiation, which
are clearly lower than those of the station Bet-Dagan, despite the fact that the station Eilat is situated at
a significantly lower altitude than Bet-Dagan. For all further calculations of the turbidity values in the rift
valley system, the values of Eilat and Sedom should be taken as a basis.

The deviation of the turbidity factors from Bet-Dagan or Eilat with respect to their height is clearly
shown in Figures 4 and 5 and can be quantified by the following relationship:

Deviations of the turbidity factor outside of the rift valley from the Bet-Dagan values:

�TLinke= −2.487�exp(−0.00285�altitude)+2.284

Deviations of the turbidity factor in the rift valley from the Eilat values:

�TLinke= −0.650�exp(−0.00669�altitude)−0.637

Figure 4. Difference of the Linke turbidity factor to the Bet-Dagan values with respect to the height of locations outside the rift
valley system

Copyright © 2001 Royal Meteorological Society Int. J. Climatol. 21: 1561–1576 (2001)
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Figure 5. Difference of the Linke turbidity factor of the Eilat values with respect to the height of the locations within the rift valley
system

At first glance, it may seem reasonable to limit the calculation of the alteration of the turbidity factor
with respect to differences in altitude on the exponential functions, given the basis of only 2 or 3 data.
However, this approach seems to be justified, considering that exponential functions are those functions
that occur in nature. Numerous examples can be found confirming this phenomenon. In our context, one
of the relevant examples is the density of the air, which decreases exponentially with altitude.

The variations of the turbidity factors in the course of a year of the two stations of reference,
Bet-Dagan and Eilat, can be continuously represented by the following relations (see Figures 6 and 7):

Bet-Dagan
before 15 July: TLinke=2.11�exp(0.00379�J)+1.85
after 15 July: TLinke=10.81�exp(−0.00368�J)+1.00

Eilat:
before 15 July: TLinke=3.08+0.01016�J
after 15 July: TLinke=7.51−0.01249�J

with J=Julian date=number of days, starting from 1=1 January 12:00 UTC (world time).
The turbidity factors of every other location in Israel can be calculated by means of an addition of

those constants depending on the altitude (�TLinke).

Figure 6. Continual representation of the Linke turbidity factor for locations outside the rift valley during the course of a year

Copyright © 2001 Royal Meteorological Society Int. J. Climatol. 21: 1561–1576 (2001)
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Figure 7. Continual representation of the Linke turbidity factor for locations inside the rift valley during the course of a year

The yearly course of the turbidity factors basically shows the same characteristics as the turbidity
factors (Angström turbidity coefficient and turbidity coefficient by Schüepp) which Joseph and Manes
(1971) found for Jerusalem with a maximum in the summer (approximately 0.07 units) and a
minimum in winter (approximately 0.025 units). The summer maximum of 0.07 units equals a TLinke

value of 3.0 according to the equation

103�B=52�TLinke−86 for TLinke�1.7

The calculations of this study show a maximum summer TLinke value of approximately 4.5 for
Jerusalem. The winter minimum of approximately 0.025 units in Joseph and Manes (1971) study,
which equals 2.1 TLinke units, corresponds very well to the findings of this study (approximately 2.1
TLinke units).

Joseph and Manes (1971) located the maximum in May (approximately 0.070 units) with a slight
decrease towards June (approximately 0.065 units) and related this to the occurrence of Khamsins,
whereas the results of the present study show a maximum in June. The smaller secondary maximum,
which Joseph and Manes suggested would occur in August (+0.005 units in comparison with July)
has not been found in this study. The different findings in the studies can partly be explained by the
fact that the data used in both studies are not identical with regard to location and time.
Furthermore, Joseph and Manes found relatively high standard deviation values regarding the
turbidity in summer (approximately 0.035 units for the Schüepp coefficient in May) and relatively
small values in winter (approximately 0.01 units for the Schüepp coefficient in January). This also
helps to explain the considerable differences in the findings for summer and the corresponding findings
for winter. The calculation of the monthly average global radiation based on the TLinke values for Beer
Sheva provides values which correspond well to the monthly average hourly values provided by
Kudish and Ianetz (1992).

4. CALCULATION OF DIFFUSE RADIATION

Diffuse radiation is the portion of solar radiation which arrives on the surface of the earth after single
or repeated dispersion in the atmosphere. According to Valko (1966), the radiation intensity of the
diffuse radiation depends on the variable ‘position of the sun’, ‘Rayleigh dispersion on pure air
molecules’, ‘extinction by vapour particles’, ‘albedo of the ground’ as well as ‘extinction in clouds’.
These are quite complicated physical processes that are not easy to represent computationally or by
means of an approximation; consequently, measurement results often indicate substantial deviations
from calculated values. The present study is based upon Valko’s approach, which executes a multiple
correlation based on the independent parameters of solar angle, turbidity coefficient according to

Copyright © 2001 Royal Meteorological Society Int. J. Climatol. 21: 1561–1576 (2001)
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Schüepp, quantity of cirrus, quantity of clouds at the lower and middle level as well as a seasonal
coefficient, depending on the month. The complete formula reads as follows:

D=Cj�(DR+DB)�(KNLM+KNH−1)

with D=diffuse radiation in W/m2; Cj=seasonal correction (continual representation according
to Jendritzky, 1990)=1+0.11�cos((J−15)�2�/365), with J=number of days in the year (Julian
date); DR=diffuse radiation by Raleigh dispersion in W/m2=39.78�sin(h)0.35 (according to
Jendritzky, 1990), with h=solar angle; DB=diffuse radiation by vapour dispersion in
W/m2=2.6�sin(h)0.66�(103�B−12)0.81, with B= turbidity coefficient according to Schüepp;
KNLM= factor of cloud influence at low and medium level=0.89+0.11�10(0.17�NLM), with NLM=number
of clouds at low and medium level in tenths; KNH= factor of cirrus influence=1+0.035�NH, with
NH=number of cirrus in tenths.

Valko (1966) points out that strictly speaking, the calculations only apply to the place of investigation
(Locarno Monti, alpine south foot), and that a correction of the numeric constants would have to be
made in the case of a transfer to other observation places. For this purpose, the data from Bet-Dagan for
the years 1976–1978 were differentiated according to type and range of the prevailing cloudiness during
the observation. Presupposing a perfectly cloudless sky, the factors of influence caused by clouds do not
have to be considered, so that the seasonal corrections can again be determined. The arithmetic monthly
means of the seasonal corrections that were calculated in this way are represented in Table IV. In this
approximation, the same sources of error that we found during the calculation of direct radiation can lead
to inaccuracies (use of hourly means and changing degrees of cloudiness), which, however, are regarded
to be relatively insignificant for the same reason.

In the next step, and after having introduced the seasonal correction factors, those cases were examined
in which the cloudiness consisted only of cirrus and the calculated values were correlated with the
measured values. For each individual case, one correction factor was calculated (measured
value/calculated value). The correction factors were finally arithmetically averaged for each degree of
coverage. The same procedure was executed for a low and medium degree of cloudiness. The results of
this study are specified in Table V.

As for the calculation of direct radiation, the factors of uncertainty are considerably larger for a cloudy
sky than for a cloudless sky. Since the correction factors are based on a data sample of 3 years and
indicate a unique tendency, they can be consulted for a minimization of errors for the transfer of Valko’s
approach to the radiation conditions in Israel (Valko, 1966).

Table IV. Seasonal correction factors for the Valko-equation, calculated for Bet-Dagan

Month Ci (calculated for Ci (according to
Valko, 1966)Bet-Dagan)

1.111.293January
0.808 (Winter)February

March 0.917
April 1.026 1.04

(Spring)May 0.845
0.824June
0.885 0.89July

(Summer)August 0.806
September 0.813

0.96October 0.865
(Autumn)0.951November

December 1.350

Copyright © 2001 Royal Meteorological Society Int. J. Climatol. 21: 1561–1576 (2001)
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Table V. Correction factors of cloudiness for the Valko-equation, calculated for Bet-Dagana

Amount of cirrus Amount of cloudsCorrection factor Correction factor
at low and mediumfor KNH for KNLMin eighths
levels in eighths

7 1.417 7 0.698
6 1.119 6 0.746
5 1.020 5 0.824
4 0.978 4 0.858
3 0.897 3 0.859
2 0.884 2 0.892
1 0.893 1 0.866
0 1.000 0 1.000

a Due to a lack of data, no correction factors for complete coverage (8 octas).

5. QUALITY CONTROL OF THE RADIATION CALCULATIONS

The only possibility of examining the quality of the calculations is a comparison of the calculated values
with the measured values. The occurring differences can be interpreted in four different manners:

(a) They are errors which result from a lack of exactness of the calculation model, i.e. the calculation
model is only able to enter the actual conditions of radiation within certain margins of error, since
not all of the independently effective variables are implemented into the calculations, or since the
model cannot be sufficiently differentiated. This concerns in particular those errors that emerge due
to a considerable simplification and generalization of the conditions of atmospheric turbidity.

(b) The errors result from different databases. For the control of calculated values on the basis of
measured values, the basic difficulty occurs that the measured values are in fact hourly means,
whereas the calculated values are based on ‘snapshots’ of certain conditions of cloudiness, which do
not necessarily reflect the prevailing conditions of cloudiness of the last hour. Thereby, a control of
errors is only partly possible, since the available figures of hourly means obtained through the
measurements also differ from the actual value during the time of the observation. Therefore, the
term ‘quality control’ must be considered with care, as it can only mean an estimation of the order
of magnitude of possible errors.

(c) The errors result from inaccurate observations of given conditions of cloudiness by the
meteorological service. Since the observation of conditions of cloudiness is not affected by means of
technical equipment with its well-known sources and limits of error, but is reserved to the observation
and estimation by persons instead, large factors of uncertainty arise in this context.

(d) The errors are caused by the measuring equipment. This does not refer to the permanently occurring,
systematic errors of data acquisition, since the models try to adapt the parameterized data to the
current measured values, but to the periodically occurring sources of errors such as the accumulation
of humidity in the devices, or an inaccurate adjustment of the shadow ring for example, during a
measurement of diffuse radiation.

The adaptation of the diffuse radiation model to current measuring data took place only on the basis
of the data from Bet-Dagan, since no further measuring data of direct and diffuse radiation were
available. For the creation of the models, the period between 1976 and 1978 was considered, whereas the
data of 1979 served for the following quality control. Table VI shows the results of the statistical
comparison between measured values and calculated values of direct radiation. The basis of this
comparison is the problem of knowing the percentage of a defined amount of data situated above a
certain threshold of proportional uncertainty. The data were differentiated according to cases above
certain threshold values. Only those values over 0 W/m2 were considered, so that 100% of the cases refer
to the cases where direct radiation was present, and that 100% of the days refer to the days with direct
radiation.

Copyright © 2001 Royal Meteorological Society Int. J. Climatol. 21: 1561–1576 (2001)
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Table VI. Lower uncertainty thresholds for the calculation of direct radiation,
differentiation according to radiation energya between CS=cloudless sky, Ci=only

cirrus

Data Threshold of uncertainty (%)

100 80 60 40 30 20 10

�0 10.5 13.7 20.6 36.1 46.4 59.1 78.0
�300 0.1 0.9 3.2 10.4 18.9 34.0 61.3
�400 0.0 0.0 0.4 5.9 13.5 28.0 58.2
�500 0.0 0.0 0.0 2.2 9.0 23.4 56.2
�600 0.0 0.0 0.0 2.2 7.3 19.2 53.2
�700 0.0 0.0 0.0 1.7 5.1 15.5 54.3
�600+CS 0.0 0.0 0.0 0.0 0.0 2.0 24.7
�0+CS 6.5 9.0 12.4 23.6 34.7 44.4 61.4
�0+Ci 7.5 9.6 12.8 24.3 34.7 45.9 65.5

a Values in W/m2, based on the data record Bet-Dagan 1979.

Figure 8 and Table VII clarify the decrease of proportional errors with increasing radiation intensity.
These results confirm the strengths and weaknesses of our approximate calculation very clearly. Firstly,

it is striking that the proportion of errors decreases parallel to higher radiation energy values, while the
standard deviations remain almost equal, i.e. the average absolute errors of the data record above 600
W/m2 are not larger than those of the entire data record, so that consequently the proportional errors are
substantially smaller. One can see, for example, that on 18% of the days for which direct radiation was
registered, maximum values for a cloudless sky were over 600 W/m2, and of these, only 2% of the
calculated values differed by more than 20% from the measured values, and that the standard deviation
amounts to 61.6 W/m2 on these days. A total of 5.9% of the maximum values over 400 W/m2, which
nevertheless occur on 72% of the days with registered direct radiation, indicate deviations of over 40%,
and almost half (41.8%) of all calculations show a deviation of less than 10%. The proportional errors are
substantially larger for lower values; however, it should be noted that the absolute errors are clearly
smaller within this range.

Figure 8. Proportional deviation of calculated values of direct radiation from measured values
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Table VII. Average error, standard deviations and proportional occurring of cases and
days for the calculation of direct radiation, differentiated according to radiation energya

S.D.Average errorDaysCasesData
(%)(%)(%)

110.4�0 100 100 127.6
18.48347�300 119.0
15.437�400 72 114.1
13.6 111.9�500 28 56

40 12.719 114.7�600
23 12.5 116.6�700 10

61.67.3�600+CS 188
�0+CS 29 41 48.3 89.9
�0+Ci 39 92.554 47.3

a Values in W/m2, based on the data record Bet-Dagan 1979. CS=cloudless sky, Ci=only cirrus,
days (%)=number of days, on which the event occurred at least once.

Due to the smaller absolute intensity of diffuse radiation, the deviations that occur for its
calculation are less important in their effect on the results, than in the case of direct radiation. Table
VIII provides an overview of the average absolute and proportional errors to be expected.

The high absolute and proportional difference of the calculation values with measured values above
300 W/m2 partly results from the incorrect adjustment of the shadow ring at the measurements in
Bet-Dagan. In Figure 10 such a phenomenon becomes evident, in which the measurement was strongly
hindered by the impact of direct radiation on the sensor. To what extent these inaccuracies during
measurement did not also affect other data is not controllable, which makes an accurate discussion of
errors impossible. However, assuming that the measured data essentially show the actual conditions of
radiation, the absolute errors of the calculations range within an order of magnitude, which is clearly
beneath the errors occurring during the calculation of direct radiation.

Figures 9 and 10 present a documentation of the quality of the calculations for the months in
summer, during which the conditions of radiation are hardly complicated by changing conditions of
cloudiness. The extreme peak of the measured diffuse radiation on the 2 July is most probably due to
an incorrect adaptation of the shadow ring at the measuring unit. The other minor differences between
observed and calculated data can be explained by the above mentioned aspects. Figure 11 shows the
cloud cover during the relevant period.

Table VIII. Average absolute and proportional deviation of measured and calculated values of the diffuse radiation

Average absolute differenceData Average proportional
deviation of calculatedbetween measured value and
values from measuredcalculated value in W/m2

values

All values 40.9 33.4
�100 W/m2 33.7 63.6
100–200 W/m2 23.934.0

52.5 21.2200–300 W/m2

�300 W/m2 97.6 28.7
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Figure 9. Comparison between the daily course of measured and calculated direct radiation from 1 to 10 July 1976 at Bet-Dagan

Figure 10. Comparison between the daily course of measured and calculated diffuse radiation from 1 to 10 July 1976 at Bet–Dagan

6. CONCLUSION

The study provides algorithms for the calculation of radiation data on an hourly base for any location in
Israel. The uncertainties are quite acceptable for most applications. It is a new approach to extend a
model, which was designed to model the radiation parameters for certain locations, to a model which
claims to be valid for the whole region by correlating the differences in the algorithms for the single
stations to geographical parameters. It would be desirable to validate this model against the data of
further stations and possibly optimize the presented algorithms.
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Figure 11. Cloud cover from 1 to 10 July 1976 at Bet-Dagan
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