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ABSTRACT

Two pyranometric methods for the determination of sunshine duration (SD) from global irradiance
measurements are evaluated by means of summated sunshine seconds derived from pyrheliometric mea-
surements in combination with the WMO threshold of 120 W m�2 for the direct solar irradiance. The
evaluation is performed using direct and global radiation measurements made at the Cabauw Baseline
Surface Radiation Network (BSRN) site in the Netherlands for the period March 2005–February 2006. The
“Slob algorithm” uses 10-min mean and extreme values of the measured global irradiance and parameter-
ized estimates of the direct and diffuse irradiance. The “correlation algorithm” directly relates SD to 10-min
mean measurements of global irradiance. The cumulative pyrheliometric SD for the mentioned period is
1429 h. Relative to this value, the Slob algorithm and correlation algorithm give �72 h (�5%) and �8 h
(�0.6%). On a daily mean basis, the values are �0.22 � 0.05 h day�1 and 0.03 � 0.03 h day�1, respectively.
By means of tuning the irradiance parameterizations of the Slob algorithm, the yearly cumulative and daily
mean differences can be reduced to �7 h (�0.5%) and 0.02 � 0.04 h day�1, respectively. It is concluded
that, by use of either algorithm, it is possible to estimate daily sums of SD from 10-min mean measurements
of global irradiance with a typical uncertainty of 0.5–0.7 h day�1. For yearly sums, the uncertainty typically
amounts to 0.5%.

1. Introduction

Sunshine duration measurements have been made at
many locations around the world for over a century,
using different methods and instruments. In De Bilt,
Netherlands, for example, sunshine duration has been
measured since 1901 by the Royal Netherlands Meteo-
rological Institute (KNMI) (Heijboer and Nellestijn
2002). Since long time series of sunshine duration mea-
surements exist, they have a climatological and histori-
cal value and time-dependent variations can be studied,
as was done, for example, for the United States (Angell
and Korshover 1975, 1978; Winston 1976; Angell 1990;
Stanhill and Cohen 2005), for China (Kaiser and Qian
2002), for Ireland (Pallé and Butler 2002), for Germany

(Power 2003), for Turkey (Aksoy 1999), and for tropi-
cal climates (Tiba and Fraidenraich 2004). Sunshine du-
ration can be used to characterize the climate of a par-
ticular region and is used in, for example, tourism. Fur-
thermore, if solar radiation measurements are not
available, sunshine duration data can be used as a proxy
for the solar irradiance, which is a valuable quantity for
agriculture, architects, and various solar energy appli-
cations (Velds 1992).

An example of a climatological map of sunshine du-
ration is shown in Fig. 1, which shows the distribution of
yearly sunshine duration for the Netherlands, averaged
over the period 1971–2000. The figure shows a distinct
longitudinal gradient with most sunshine hours near the
coast. This is caused by a west–east increase in cloud
cover, which in turn is caused by dominating westerly
winds that advect moist air from sea to the relatively
convective atmosphere over land. The relation between
cloudiness and sunshine duration has been studied by,
for example, Stanghellini (1981), Essa and Etman
(2004), and Rahim et al. (2004).

A commonly used instrument for the measurement
of sunshine duration is the Campbell–Stokes sunshine
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recorder (Coulson 1975, chapter 8). The instrument,
which was already introduced in 1880, detects sunshine
if the beam of solar radiation concentrated by a glass
sphere burns a trace on a graduated paper card (WMO
2006). Nowadays, more sophisticated instruments are
available that all rely on the formal definition of sun-
shine duration given by the World Meteorological Or-
ganization (WMO) in 1989: “sunshine duration during
a given period is defined as the sum of that sub-period
for which the direct solar irradiance exceeds 120 W
m�2” (WMO 2006). For the detection of the threshold
solar irradiance WMO recommends the use of a pyrhe-
liometer mounted on a sun tracker system. For finan-
cial and maintenance reasons, the spatial distribution of
pyrheliometric measurements, in for example national
meteorological networks, is generally not dense. Global
radiation, however, consisting of both direct solar and
diffuse sky radiation, is often measured in dense net-
works of meteorological observations. To construct
spatial distributions of sunshine duration over the
Netherlands (Fig. 1), Slob and Monna (1991) developed
an algorithm based on the WMO definition to estimate

sunshine duration from global irradiance measure-
ments made with pyranometers at about 30 stations
operated by KNMI.

The reverse relation, that is, from sunshine duration
to global radiation, has been studied extensively, for
example for the Netherlands by Frantzen and Raaff
(1982), but also for other parts of the world (see, e.g.,
Ångström 1924; Iqbal 1983; Gopinathan 1988; Al-
Sadah and Ragab 1991; Hussain et al. 1999; El-
Metwally 2005). These studies have been performed
because in many countries sunshine duration is mea-
sured at more locations than global radiation, whereas
knowledge of global radiation is desired for the design
of systems that use solar energy. In most of these stud-
ies, daily cumulative values of sunshine duration are
used. The algorithm designed by Slob and Monna
(1991), however, is based on the use of mean, mini-
mum, and maximum values of the measured global ir-
radiance over a 10-min interval to estimate the sunshine
duration for this interval. The algorithm relies on pa-
rameterized estimates of the direct and diffuse irradi-
ance for cloudless conditions. Oliviéri (1998) also
pointed out the possibility of using global irradiance for
the estimation of sunshine duration. The method pre-
sented by this author is based on the assumption that a
certain fraction (depending on day of year and time) of
an empirical estimation of the global irradiance is
only exceeded if the direct solar irradiance exceeds
120 W m�2.

One of the objectives of the present paper is to evalu-
ate the pyranometric method of Slob and Monna (1991)
for the determination of sunshine duration. Further-
more, an alternative algorithm for the determination of
sunshine duration, which directly relates sunshine du-
ration to global radiation, will be presented. For these
purposes, high-quality radiation measurements made at
the Baseline Surface Radiation Network (BSRN;
Ohmura et al. 1998) station in Cabauw, Netherlands
(51.97°N, 4.92°E), are used (location indicated in Fig.
1). As far as known to the authors, this is the first
peer-reviewed attempt to systematically compare pyra-
nometric sunshine durations with those directly derived
from the WMO definition. Previous studies involve, for
example, an evaluation of a National Weather Service
Foster sunshine recorder with sunshine durations de-
rived from the WMO definition (Michalsky 1992) and a
comparison between sunshine duration measurements
from an optoelectronic sunshine duration sensor and
the traditional Campbell–Stokes sunshine recorder
(Mohnl and Koch 2006).

The organization of this paper is a follows. First, the
pyrheliometric and pyranometric methods for the de-
termination of sunshine duration are presented in sec-

FIG. 1. Distribution of yearly sunshine duration (h yr�1) for the
Netherlands, averaged over the period 1971–2000 (Heijboer and
Nellestijn 2002). Until 1 Oct 1992 sunshine duration has been
determined by means of the Campbell–Stokes sunshine recorder
at about 25 stations. From that date onward, sunshine duration
has been estimated from global irradiance according to an ad-
justed version of the Slob algorithm (see sections 2 and 5). The
BSRN site of Cabauw is indicated. The analysis presented here is
based on measurements of direct and global irradiance made at
this site.
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tion 2. In section 3, the solar radiation measurements
made at the Cabauw BSRN site that were used for the
analysis presented here are described. In section 4, sun-
shine durations as determined with the different meth-
ods are presented and compared. A discussion of the
results is given in section 5. Conclusions are drawn in
section 6.

2. Methods for the determination of sunshine
duration

In this section the different methods for the determi-
nation of sunshine duration (SD) from direct irradiance
measurements (pyrheliometric method) and global ir-
radiance measurements (pyranometric method) are de-
scribed. Two versions of the pyranometric method will
be presented; the first is based on the algorithm devel-
oped by Slob and Monna (1991), and the second is
based on an alternative algorithm that directly relates
sunshine duration to global irradiance.

a. Pyrheliometric method

The pyrheliometric method is based on the WMO
defintion of SD. WMO (2006) states that “the sunshine
duration during a given period is defined as the sum of
that subperiod for which the direct solar irradiance
exceeds 120 W m�2.” The units used for SD are seconds
or hours, but derived terms such as hours per day or
season will also be used here. According to the WMO
guide, hours of sunshine should be measured with an
uncertainty of �0.1 h and a resolution of 0.1 h. The
analysis presented here is based on measurements of
the direct solar irradiance (I) made at the Cabauw
BSRN site in the Netherlands. According to the guide-
lines of BSRN, the target uncertainty for measurement
of I is 0.5% or 1.5 W m�2 (McArthur 2005). Even if, in
practice, the uncertainty could amount to a few watts
per meter squared, we believe that the uncertainty in
SD due to measurement uncertainty in I is well within
the WMO recommended uncertainty of �0.1 h. Since
at Cabauw I is sampled with a frequency of 1 Hz, the
pyrheliometric method gives sunshine seconds, which
add up to, for example, minutes per 10-min interval or
hours per day. Since the sampling time is less than the
typical response time of a pyrheliometer (the 95% re-
sponse time for the pyrheliometer used for present
analysis is 7 s), no information is lost in the pyrhelio-
metric direct irradiance signal. The use of sunshine sec-
onds was earlier described by Forgan (2005), who as-
sessed the uncertainty in daily sunshine duration from
BSRN minute statistics for measurements made within
the radiation network of the Australian Bureau of Me-
teorology.

b. Pyranometric methods

The first pyranometric algorithm that is discussed in
the present subsection has been developed by Slob and
Monna (1991). These authors aimed at obtaining real-
istic estimates of daily SD (h day�1), using mean, mini-
mum, and maximum values of measured global irradi-
ance over 10-min intervals. In the rest of this paper the
algorithm will be referred to as the Slob algorithm,
named after W. H. Slob, a former KNMI employee who
developed the algorithm using measurements of global,
direct, and diffuse irradiance made in De Bilt, Nether-
lands, for the period 1986–89. The second algorithm
presented here directly correlates the sunshine duration
to 10-min mean measurements of the global irradiance
and is mainly designed to obtain realistic estimates of
the daily totals of SD. This algorithm will be referred to
as the correlation algorithm.

1) SLOB ALGORITHM

The starting points of the Slob algorithm are param-
eterized estimates of the direct normal (I) and diffuse
(D) irradiance for cloudless conditions. The expression
for I reads (following Linke 1922; Kasten 1980)

I � �r0

r �2

I0e�TL��0.9 � 9.4�0�, �1�

where r0 and r are the mean and actual earth–sun dis-
tances, respectively, and I0 is the solar constant (1366 W
m�2; Liou 2002); TL is the Linke turbidity factor (Linke
1922), which is the ratio of the total atmospheric optical
thickness to the Rayleigh optical thickness. It is there-
fore a dimensionless quantity that represents the im-
pact of the true atmosphere on solar radiation with
respect to a clean and dry atmosphere without trace
gases and aerosols. The cosine of the solar zenith angle
(�0) is indicated by �0.

By means of (linear) regression techniques, Slob and
Monna (1991) found the following expressions for the
estimation of the diffuse irradiance:

D�G0 � �0.2 � �0�3 for 0.1 � �0 � 0.3
0.3 for �0 � 0.3. �2�

All radiation components are normalized by G0 � �0(r/
r0)2I0, the downward solar irradiance on a horizontal
surface at the top of the atmosphere. A period is now
said to be sunny if the measured normalized global ir-
radiance (G/G0) exceeds the lower limit for cloudless
conditions, (G/G0)lim, which equals

�G�G0�lim � �0I�G0 � D�G0. �3�

By means of adjusting TL, the parameterization of I, as
given by Eq. (1), has been chosen in such a way that
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(G/G0)lim is only exceeded in the presence of direct
radiation, which indicates a sunny period.

The measured difference between the minimum
(Gmin) and the maximum (Gmax) value of the global
irradiance during a 10-min interval is used to determine
whether or not there has been a temporary eclipse of
the sun by clouds. Large differences between Gmin and
Gmax within a 10-min interval indicate the presence of
broken clouds, because the global irradiance will be low
when the direct solar beam is blocked, and high when
the sun is visible. Even in cases where the sky is over-
cast, the difference between Gmin and Gmax is usually
larger than under a cloudless sky, because of variations
in cloud optical thickness.

A full description of the algorithm is given in the
appendix. The algorithm is applied to 10-min mean
measurements of global irradiance, giving values of the
fraction ( f ) of sunshine for each interval (0 � f � 1).
The sunshine duration (in minutes per 10-min interval)
is then obtained by multiplying f by 10. According to
Slob and Monna (1991), the uncertainty in SD using the
Slob algorithm is about 0.6 h for daily sums.

2) CORRELATION ALGORITHM

The correlation algorithm is based on a direct corre-
lation between pyrheliometric values of f (derived from
summation of sunshine seconds) and 10-min mean val-
ues of the normalized global irradiance G/G0 (Fig. 2).
The algorithm consists of a lower limit (l) for G/G0

below which there is no sunshine ( f � 0) and an upper
limit (u) above which 10-min intervals are labeled as
completely sunny ( f � 1). Between the limits, the sun-
shine duration is linearly related to the normalized

global irradiance. The algorithm distinguishes between
two different �0 intervals (�0 	 0.3 and �0 � 0.3),
because measurements showed that l and u are lower
for smaller solar elevation angles. For the measure-
ments considered, the best results are obtained for a
separation at �0 � 0.3. The functional form of the cor-
relation algorithm is shown in Fig. 2 and is given by the
following equation:

�0 � 0.3: G�G0 � l1 → f � 0

l1 � G�G0 � u1 → f � �G�G0 � l1��u1 � l1��1

G�G0 � u1 → f � 1

�0 � 0.3: G�G0 � l2 → f � 0

l2 � G�G0 � u2 → f � �G�G0 � l2��u2 � l2��1

G�G0 � u2 → f � 1.

�4�

The algorithm is again applied to every 10-min inter-
val, but now only the mean measured global irradiance
is needed. The sunshine duration (in minutes per 10-
min interval) is again obtained by multiplying the frac-
tional sunshine duration ( f ) by 10.

3. Solar radiation measurements

In this section, the solar radiation measurements
used for this study are described. The direct normal

solar irradiance is measured with a pyrheliometer
(type: Kipp & Zonen CH1) and the global (and diffuse)
irradiances are measured with pyranometers (type:
Kipp & Zonen CM22, ventilated and heated). The in-
struments are part of the BSRN station of Cabauw in
the Netherlands. Radiation measurements at this sta-
tion are made by using BSRN methodology (Ohmura
et al. 1998). BSRN protocols require sampling at a
minimum of 1 Hz and storing derived statistics for

FIG. 2. Schematic representation of the correlation algorithm
for the estimation of sunshine duration from global irradiance
measurements [see Eq. (4)]. On the vertical axis the fractional
sunshine duration ( f ) is given; on the horizontal axis the normal-
ized global irradiance is given (G/G0). The lower limit for G/G0

below which f � 0 is indicated by li; the upper limit for G/G0

above which f � 1 is indicated by ui. The index i indicates a
separation for �0 in two intervals: �0 	 0.3 and �0 � 0.3.
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minute periods. In Cabauw all 1-Hz measurements are
stored allowing for the determination of sunshine sec-
onds.

Solar radiation measurements for the period March
2005–February 2006 are used for the analysis of sun-
shine duration presented here. Before using the data of
the different radiation instruments, the quality of the
data was checked. If there were problems with the data
acquisition system, power loss, or sun-tracking prob-
lems on a certain day, the entire day was omitted from
the analysis. The remaining data were further checked
by means of the quality control procedures described
by Long and Dutton (2002), in order to flag and discard
radiation data suspected of being erroneous. The pro-
cedures involve three quality checks concerning physi-
cally possible limits of the radiation measurements, ex-
tremely rare limits, and ratios of different radiation
components. The quality checks are based on experi-
ence, empirical relations, and model calculations. It ap-
peared that for the period March 2005–February 2006,
1.1% of the 10-min intervals did not meet the quality
requirements. To make sure that differences in sun-
shine duration between the different methods are not
caused by measurement errors, only data of good qual-
ity were used for the analysis.

4. Results

In this section, the different methods for the deter-
mination of sunshine duration are applied to the solar

radiation measurements made in Cabauw between
March 2005 and February 2006. Daily totals of sunshine
duration are determined with the pyrheliometric and
pyranometric methods. Furthermore, seasonal totals of
sunshine duration are derived.

a. Pyrheliometric sunshine duration

A time series of daily totals of sunshine duration (h
day�1) as determined by means of the pyrheliometric
method, is given in Fig. 3. Also shown in Fig. 3 is the
day length, which is defined as the time that the sun is
above the horizon (�0 
 0) and represents the maxi-
mum possible daily SD. The cumulative sunshine dura-
tion according to the pyrheliometric method is 1429 h
for the period March 2005–February 2006. For several
reasons, this value is less than the climatological yearly
sunshine duration in the Netherlands as reported in
literature (1534 h; Heijboer and Nellestijn 2002). First,
several days have been omitted from our analysis (see
previous section), so the analysis presented here is not
based on a full year of measurements. Second, the cli-
matological value has been determined using an ad-
justed version of the Slob algorithm, which for reasons
that will be discussed in section 5, significantly overes-
timates SD.

b. Pyranometric sunshine duration

In this subsection sunshine durations using the Slob
algorithm and the correlation algorithm as described in

FIG. 3. Pyrheliometric daily sunshine duration (SDpyrh; h day�1) for Cabauw (Fig. 1) for the period March 2005–February 2006. The
values are obtained from summation of sunshine seconds determined by means of application of the WMO threshold of 120 W m�2

for the direct solar irradiance. Also shown is the day length (solid line), which is defined as the time of the day for which �0 
 0 (�0

was not corrected for atmospheric refraction).
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section 2 will subsequently be compared with pyrhelio-
metric sunshine durations.

1) EVALUATION OF THE SLOB ALGORITHM

According to the Slob algorithm, the cumulative sun-
shine duration is 1357 h, so this algorithm underesti-
mates the pyrheliometric SD by 72 h on a yearly basis
(Table 1). The daily mean underestimation amounts to
0.22 � 0.05 h day�1 (the error represents the standard
error of the mean of 324 samples). Figure 4a shows a
scatterplot of the daily SD (h day�1) as calculated by
means of the Slob algorithm (SDSlob) versus the daily
pyrheliometric sunshine duration (SDpyrh). Also shown
in the figure are the 1:1 line and a linear fit through the
data. The slope of the fit is 0.88, the offset is 0.31 h
day�1, and the corresponding standard deviation is 0.65
h day�1. The cumulative underestimation by the Slob
algorithm is mainly caused by the fact that SDSlob un-

derestimates SDpyrh for SDpyrh 
 5 h day�1, a result
that is consistent with the findings of Slob and Monna
(1991).

A frequency distribution of SDSlob � SDpyrh is shown
in Fig. 4b. The standard deviation of the distribution is
0.82 h day�1 (Table 1). Since negative differences occur
more often than positive ones, Fig. 4b confirms that the
Slob algorithm underestimates the pyrheliometric sun-
shine duration.

The underestimation is partly caused by the fact that,
in the Slob algorithm, SD is by definition 0 for solar
elevation angles below 5.7° (see appendix), whereas the
WMO threshold of 120 W m�2 can already be exceeded
for smaller solar elevation angles. Other causes of the
underestimation are related to the parameterizations
used in the Slob algorithm. For example, the lower limit
for the global irradiance for cloudless conditions [Eq.
(3)] may be estimated too high, resulting in an under-
estimation of sunny intervals. Further discussion on the

FIG. 4. (a) Daily sunshine durations (h day�1) as calculated by means of the Slob algorithm (SDSlob) vs corresponding pyrheliometric
sunshine durations (SDpyrh). Also shown are the 1:1 line (solid) and a linear fit through the data (dotted line). (b) Absolute frequency
distribution of SDSlob � SDpyrh (h day�1).

TABLE 1. Yearly totals of SD obtained by means of pyrheliometric measurements (WMO definition of SD; summation of sunshine
seconds), the (adjusted) Slob algorithm (using 10-min mean measurements of global irradiance and corresponding maximum and
minimum values), and the correlation algorithm (based on a direct correlation between the pyrheliometric SD and 10-min mean
measurements of global irradiance). Cumulative and daily mean differences with respect to the pyrheliometric SD are given in the
second and third columns. The standard error of the mean (�m) and the standard deviation of a single observation (�) are given in the
last two columns. The relation between �m and � is as follows: �m � n�1/2 �, where n � 324 (the number of samples or days).

SD (h yr�1) Difference (h yr�1) Mean difference (h day�1) �m (h day�1) � (h day�1)

Pyrheliometric method 1429 — — — —
Slob algorithm 1357 �72 �0.22 0.05 0.82
Correlation algorithm 1437 8 0.03 0.03 0.53
Adjusted Slob algorithm 1436 7 0.02 0.04 0.69
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performance and possible improvements of the Slob
algorithm is given in section 5.

2) EVALUATION OF THE CORRELATION ALGORITHM

To apply the correlation algorithm, which directly
relates SD to global radiation according to Eq. (4), val-
ues for the constants l1, u1, l2, and u2 need to be estab-
lished. Figure 5a (�0 	 0.3) and Fig. 5b (�0 � 0.3) show
scatterplots of the fractional pyrheliometric SD ( fpyrh)
versus 10-min mean measurements of the normalized
global irradiance. Optimal values for l1, u1, l2, and u2,
giving best agreement between pyranometric and
pyrheliometric daily SD, were found by systematic
variation of the upper and lower limits for each �0 in-
terval separately. This procedure resulted in the follow-
ing values: l1 � 0.4, u1 � 0.5, l2 � 0.45, and u2 � 0.6. The
parameterized forms of f as a function of G/G0 for these
constants are given by the solid lines in Figs. 5a and 5b.
The lines might appear at first sight to give a nonopti-
mal representation of the data. However, this is caused
by the fact that for most data fpyrh equals either 0 or 1.
For �0 	 0.3 this is the case for 87% of the 10-min
intervals and for �0 � 0.3 for about 70% of the inter-
vals.

The correlation algorithm gives a cumulative SD of
1437 h, which is only 8 h higher than the pyrheliometric
SD (Table 1). Figure 6a shows a scatterplot of the daily
SD (h day�1) as calculated by the correlation algorithm
(SDcorr) versus the daily pyrheliometric sunshine dura-
tion (SDpyrh). The corresponding frequency distribu-
tion of SDcorr � SDpyrh is shown in Fig. 6b (the standard
deviation of the distribution is 0.53 h day�1). The fig-

ures indicate that, also on a daily basis, the correlation
algorithm performs significantly better than the Slob
algorithm. On a daily average basis there is no signifi-
cant difference between SDcorr and SDpyrh (mean dif-
ference � standard error of the mean of 324 observa-
tions: 0.03 � 0.03 h day�1).

3) SEASONAL EVALUATION

From daily totals of sunshine duration seasonal totals
can be derived. Figure 7 shows the seasonal SD accord-
ing to the different methods (see also Table 2). Figure
7 shows that the Slob algorithm underestimates SD dur-
ing most of the year, except for the winter season. In
general we may state again that the correlation algo-
rithm performs better than the Slob algorithm; Fig. 7
shows that is in particular true in the summer season
when most sunshine hours are detected.

5. Discussion

The possibility of improving the Slob algorithm was
investigated by means of a sensitivity analysis, in which
the parameterizations as used in the algorithm were
varied. Measurements of direct, diffuse, and global ir-
radiance made at the BSRN station of Cabauw were
used to adjust and optimize the parameterizations
present in the Slob algorithm in order to obtain best
agreement between the pyranometric and pyrheliomet-
ric daily SD. It appeared that with adjustments of the
atmospheric turbidity TL and parameterized diffuse ir-
radiance [see Eqs. (1) and (2)] closer agreement with
the pyrheliometric SD can easily be obtained. A full
description of the sensitivity analysis and tuning proce-

FIG. 5. Measurements (gray points) of the pyrheliometric fractional SD ( fpyrh) vs 10-min mean measurements of the normalized
global irradiance (G/G0) for (a) �0 	 0.3 and (b) �0 � 0.3. The solid lines indicate the fits used for the correlation algorithm [Eqs. (4)
and Fig. 2] to directly estimate SD from global irradiance measurements. The fitted parameters for G/G0 are l1 � 0.4, u1 � 0.5, l2 �
0.45, and u2 � 0.6.
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dures can be found in Hinssen (2006). To obtain opti-
mized SD values (indicated by SDSlob_adj), the following
adjustments were made to the Slob algorithm (cf. the
appendix and Fig. A1).

• The minimum solar elevation angle for which SD can
be positive was lowered from 5.7° to 2.9° (�0 � 0.05
instead of �0 � 0.1).

• The part of the algorithm for which �0 � 0.3 was also
applied to 0.05 � �0 	 0.3. This makes it possible to
obtain fractional SD between 0 and 1 also for small
solar elevation angles.

• The former adjustment implies two values (instead of
one) of the Linke turbidity factor TL for the interval

0.05 � �0 	 0.3. For these values we chose TL � 4
and TL � 2.5, respectively. For �0 � 0.3 we chose
TL � 5 (instead of TL � 10) and TL � 4 (not
changed).

The following adjusted parameterizations of D/G0

were used:

D/G0 � 0.02 � 1/(20�0 � 4) for �0 	 0.3 and TL � 4.
D/G0 � 0.01 � 1/(20�0 � 4) for �0 � 0.3 and TL � 5.
D/G0 � 0.3 for �0 	 0.3 and TL � 2.5 and for �0 �

0.3 and TL � 4.

The statistics for SDSlob_adj are listed in Tables 1 and
2. On a yearly basis SDSlob_adj amounts to 1436 h. The
difference SDSlob_adj � SDpyrh reduces to only 7 h for
the whole period, or 0.02 � 0.04 h on daily average
basis (the error represents the standard error of the
mean of 324 samples). These results, as well as the sea-

FIG. 7. Seasonal totals of sunshine duration (hours per season)
as calculated by means of summation of sunshine seconds (pyrhe-
liometric method), the Slob algorithm, and the correlation algo-
rithm (pyranometric methods).

TABLE 2. Seasonal pyrheliometric sunshine durations (first line)
and differences between the pyranometric and pyrheliometric
sunshine durations.

Spring
(MAM)

Summer
(JJA)

Fall
(SON)

Winter
(DJF)

SDpyrh (h) 419 507 343 161
SDSlob � SDpyrh (h) �19 �54 �8 9
SDcorr � SDpyrh (h) 8 7 �12 5
SDSlob_adj � SDpyrh (h) 7 �14 1 13

MAM � March–May. JJA � June–August. SON � September–
November. DJF � December–February.

FIG. 6. (a) Daily sunshine durations (h day�1) as calculated by means of the correlation algorithm (SDcorr) vs corresponding
pyrheliometric sunshine durations (SDpyrh). Also shown are the 1:1 line (solid) and a linear fit through the data (dotted line). (b)
Absolute frequency distribution of SDcorr � SDpyrh (h day�1).
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sonal differences, are comparable to those obtained by
means of the correlation algorithm. However, it ap-
pears that, on a daily basis, the correlation algorithm
performs slightly better, because the adjusted algorithm
overestimates (underestimates) SD for small (large) so-
lar elevation angles. Moreover, compared to the Slob
algorithm, the correlation algorithm is simpler (fewer
degrees of freedom; the correlation algorithm consists
of only five variables), which makes it easier to tune the
pyranometric SD to the pyrheliometric SD.

For the construction of SD products, such as the one
shown in Fig. 1, KNMI has used since 1992 another
adjusted form of the Slob algorithm (Bergman 1993;
Schipper 2004) to estimate SD from global radiation
measurements made at 32 stations in the Netherlands.
Bergman (1993) adjusted the original Slob algorithm to
find more agreement with SD values derived from the
traditional Campbell–Stokes sunshine recorder. This
was done to guarantee homogeneity of the Campbell–
Stokes historical record of SD, which dates back to
1901. Comparison of SD values obtained by application
of the KNMI operational algorithm and pyrheliometric
SD values showed that the operational algorithm sig-
nificantly overestimates the sunshine duration, by as
many as 191 h for the period March 2005–February
2006 [a full description of this analysis is given by Hin-
ssen (2006)]. This result gives indirect evidence for the
well-known fact that the Campbell–Stokes recorder
tends to overestimate the sunshine duration.

6. Summary and conclusions

The analysis presented here consists of an evaluation
of different pyranometric methods for the determina-
tion of sunshine duration (SD) from global irradiance
measurements. All pyranometric SD values are com-
pared to SD values derived from pyrheliometric mea-
surements of the direct solar irradiance (sampling fre-
quency: 1 Hz) made at the Cabauw BSRN site in the
Netherlands for the period March 2005–February 2006.
Sunshine seconds, which add up to SD values in, for
example, hours per day or hours per year, were derived
by application of the WMO threshold of 120 W m�2 for
the direct solar irradiance.

The so-called Slob algorithm (named after W. H.
Slob, a former KNMI employee) allows one to estimate
SD from 10-min mean measurements of global irradi-
ance, and corresponding minimum and maximum val-
ues for this interval. Furthermore, the algorithm relies
on parameterized estimates of the direct and diffuse
irradiance, which are a function of Linke’s turbidity fac-
tor TL and the cosine of the solar zenith angle �0. The
second algorithm considered here (correlation algo-

rithm) directly relates SD to 10-min mean measure-
ments of global irradiance (two correlations; one for
�0 	 0.3 and one for �0 � 0.3). For the mentioned
period, and with the omission of unreliable and bad
data, the cumulative pyrheliometric SD amounts to
1429 h. The Slob algorithm gives 1357 h (underestima-
tion of 72 h, or 5%) and the correlation algorithm gives
1437 h (overestimation of 8 h, or 0.6%). On a daily
mean basis, the differences with respect to the pyrhe-
liometric SD amount to �0.22 � 0.05 h day�1 and 0.03
� 0.03 h day�1 for the Slob algorithm and the correla-
tion algorithm, respectively. With some tuning of the
Slob algorithm (mainly by adjusting TL), the yearly cu-
mulative and daily mean differences can be reduced to
1436 h (�7 h or 0.5%) and 0.02 � 0.04 h day�1, respec-
tively. The standard deviations of a single observation
are 0.69 h day�1 for the adjusted Slob algorithm and
0.53 h day�1 for the correlation algorithm.

We conclude that it is possible to estimate daily sums
of SD from 10-min mean measurements of global irra-
diance with a typical uncertainty of about 0.5–0.7 h
day�1. The uncertainty amounts to typically 0.5% for
yearly cumulative sums. This result is in agreement with
the findings of Oliviéri (1998) who found annual differ-
ences between pyranometric and pyrheliometric SD of
less than 1%. It is important to note that the good
agreement between the pyranometric and pyrheliomet-
ric SD was obtained after tuning both the Slob algo-
rithm and correlation algorithm to the pyrheliometric
SD. Potential users of the algorithms should be aware
of the possibility that under different circumstances, for
example, in a different climate or at different latitudes,
the algorithms may not perform as well as presented
here. We nevertheless believe that, with some tuning,
preferably performed by means of reliable measure-
ments from BSRN sites, it is possible to obtain similar
results to the ones presented in this study. As for tun-
ing, we emphasize that tuning of the correlation algo-
rithm is much more straightforward than tuning of the
Slob algorithm, because the former consists of only five
variables, whereas the Slob algorithm is much more
complicated (see the appendix).

As said before, all results presented here are based
on the use of a 1-yr dataset of measurements of direct
and global irradiance made at the Cabauw BSRN site in
the Netherlands for the period March 2005–February
2006. Although the period represents a fairly normal
year in terms of global radiation and sunshine duration
for the midlatitude maritime climate of the Nether-
lands, it is desirable to extend the evaluation of the
different algorithms to a multiyear dataset. Also the
application of the algorithms to measurements ob-
tained in different climates is considered to be worth-
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while. It seems particularly interesting to apply the cor-
relation algorithm to polar or (sub)tropical regions, to
investigate the performance of this algorithm under dif-
ferent solar elevation conditions.

Acknowledgments. We thank Cor van Oort, Ed Wor-
rell, and the colleagues of the instrumental department
of KNMI for maintenance and data acquisition activi-
ties related to the BSRN site in Cabauw. We acknowl-

FIG. A1. Flow diagram of the Slob algorithm. The algorithm has been designed by Slob and Monna (1991) and is based on the use
of mean, minimum, and maximum values of the measured global irradiance over a 10-min interval to estimate the fractional sunshine
duration ( f ) for this interval. Furthermore, the algorithm relies on parameterized estimates of the direct and diffuse irradiance under
cloudless conditions.
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APPENDIX

The Slob Algorithm

Slob and Monna (1991) developed an algorithm to
estimate the sunshine duration from global irradiance
measurements [the algorithm is briefly described in
WMO (2006); an extensive description is given by Hin-
ssen (2006)]. The algorithm, summarized in the flow
diagram in Fig. A1, is applied to 10-min mean and ex-
treme values of the measured global irradiance, to ob-
tain the fractional sunshine duration during each inter-
val. The algorithm is based on parameterized estimates
of the direct and diffuse irradiance for cloudless condi-
tions [Eqs. (1) and (2)]. Furthermore, the variability of
the measured global irradiance within a 10-min interval
is used to obtain estimates of the fractional sunshine
duration during (partly) cloudy conditions. For appli-
cation of the algorithm, the following measurements
are required.

G: 10-min mean of the global irradiance (W m�2).
Gmin: The minimum value of the global irradiance for

the 10-min interval (W m�2).
Gmax: The maximum value of the global irradiance

for the 10-min interval (W m�2).

Other variables and equations that are used in the
algorithm [see also Eqs. (1)–(3)].

f : Fractional sunshine duration as estimated by the
algorithm. The sunshine duration in minutes per
10-min interval equals 10f.

�0: Cosine of the solar zenith angle, calculated using
the algorithm described by Michalsky (1988) (�0

was not corrected for atmospheric refraction).
I: Parameterized direct normal solar irradiance (W

m�2).
D: Parameterized diffuse irradiance on a horizontal

surface (W m�2).
TL: Linke turbidity factor (dimensionless).
G0: Top-of-atmosphere downward solar irradiance

on a horizontal surface (W m�2), calculated from
the solar constant (1366 W m�2) and the earth–sun
distance.

(G/G0)lim: Estimated lower limit for the normalized
global irradiance for cloudless conditions. This
limit is only exceeded in the presence of direct
radiation.

Gmax/G0: Variable used to detect overcast cases. If
Gmax/G0 	 0.4 then f � 0.

Gmin/G0: Variable used to detect sunny cases. If Gmin/
G0 
 (G/G0)lim then f � 1.

Gmax/G0 – Gmin/G0: Variable used to detect broken-
cloud cases. For these cases the diffuse irradiance
is estimated by means of D/G0 � 1.2 Gmin/G0, and
(together with G and I) determines the fractional
sunshine duration.

REFERENCES

Aksoy, B., 1999: Analysis of changes in sunshine duration data for
Ankara, Turkey. Theor. Appl. Climatol., 64, 229–237.

Al-Sadah, F. H., and F. M. Ragab, 1991: Study of global daily
solar radiation and its relation to sunshine duration in Bah-
rain. Solar Energy, 47, 115–119.

Angell, J. K., 1990: Variation in United States cloudiness and sun-
shine duration between 1950 and the drought year of 1988. J.
Climate, 3, 296–308.

——, and J. Korshover, 1975: Variation in sunshine duration over
the contiguous United States between 1950 and 1972. J. Appl.
Meteor., 14, 1174–1181.

——, and ——, 1978: A recent increase in sunshine duration
within the contiguous United States. J. Appl. Meteor., 17,
819–824.

Ångström, A., 1924: Solar and terrestrial radiation. Quart. J. Roy.
Meteor. Soc., 50, 121–125.

Bergman, U., 1993: Het programma voor berekening van zonn-
eschijnduur uit globale straling (The code for calculating sun-
shine duration from global irradiance). KNMI Tech. Rep.
TR–158, 16 pp.

Coulson, K. L., 1975: Duration of sunshine. Solar and Terrestrial
Radiation, Academic Press, 322 pp.

El-Metwally, M., 2005: Sunshine and global solar radiation esti-
mation at different sites in Egypt. J. Atmos. Solar-Terr. Phys.,
67, 1331–1342.

Essa, K. S., and S. M. Etman, 2004: On the relation between cloud
cover amount and sunshine duration. Meteor. Atmos. Phys.,
87, 235–240.

Forgan, B. W., 2005: Sunshine duration uncertainty from BSRN
minute statistics. Report of the 8th Baseline Surface Radia-
tion Network (BSRN) Workshop and Scientific Review (Ex-
eter, United Kingdom), WCRP Informal Rep. 4/2005, 68 pp.

Frantzen, A. J., and W. R. Raaff, 1982: De relatie tussen de glo-
bale straling en de relatieve zonneschijnduur in Nederland.
(The relation between the global irradiance and the relative
sunshine duration in the Netherlands). KNMI Scientific Rep.
WR-82-5, 22 pp.

Gopinathan, K. K., 1988: A general formula for computing the
coefficients of the correlation connecting global solar radia-
tion to sunshine duration. Solar Energy, 41, 499–502.

Heijboer, D., and J. Nellestijn, Eds., 2002: Klimaatatlas van Ned-
erland (Climate Atlas of the Netherlands). KNMI, 182 pp.

Hinssen, Y. B. L., 2006: Comparison of different methods for the
determination of sunshine duration. KNMI Scientific Rep.
WR–2006-06, 72 pp.

Hussain, M., L. Rahman, and M. Rahman, 1999: Techniques to
obtain improved predictions of global radiation from sun-
shine duration. Renewable Energy, 18, 263–275.

Iqbal, M., 1983: An Introduction to Solar Radiation. Academic
Press, 390 pp.

Kaiser, D. P., and Y. Qian, 2002: Decreasing trends in sunshine
duration over China for 1954-1998: Indication of increased

MAY 2007 H I N S S E N A N D K N A P 845



haze pollution? Geophys. Res. Lett., 29, 2041, doi:10.1029/
2002GL016057.

Kasten, F., 1980: A simple parameterization of the pyrheliometric
formula for determining the Linke turbidity factor. Meteor.
Rundsch., 33, 124–127.

Linke, F., 1922: Transmissions-koeffizient und trübungsfaktor
(Transmission coeffictient and turbidity factor). Beitr. Phys.
Atmos., 10, 91–103.

Liou, K. N., 2002: An Introduction to Atmospheric Radiation.
Academic Press, 583 pp.

Long, C. N., and E. G. Dutton, 2002: BSRN global network rec-
ommended QC tests, V2.0. BSRN Tech. Rep., 3 pp. [Avail-
able online at http://ezksun3.ethz.ch/bsrn/admin/dokus/
qualitycheck.pdf.]

McArthur, L. J. B., 2005: WCRP/BSRN operations manual ver-
sion 2.1. WCRP-121, WMO Tech. Doc. 1274, 176 pp.

Michalsky, J. J., 1988: The astronomical almanac’s algorithm for
approximate solar position (1950–2050). Solar Energy, 40,
227–235.

——, 1992: Comparison of a National Weather Service Foster
sunshine recorder and the World Meteorological Organiza-
tion standard for sunshine duration. Solar Energy, 48, 133–
141.

Mohnl, H., and E. Koch, 2006: Comparison between AWS regis-
tered sunshine duration and the traditional Campbell-Stokes.
Proc. Fourth ICEAWS, Lisbon, Portugal, WMO, 6 pp.
[Available online at http://web.meteo.pt/resources/im/pdfs/
publicacoes/iceaws/ORAL/38_Oral.pdf.]

Ohmura, A., and Coauthors, 1998: Baseline Surface Radiation
Network (BSRN/WCRP): New precision radiometry for cli-
mate research. Bull. Amer. Meteor. Soc., 79, 2115–2136.

Oliviéri, J. C., 1998: Sunshine duration measurement using a pyra-
nometer. World Meteorological Organization, Instruments
and Observing Methods Rep. 70, WMO Tech. Doc. 877, 385
pp.

Pallé, E., and C. J. Butler, 2002: Comparison of sunshine records
and synoptic cloud observations: A case study for Ireland.
Phys. Chem. Earth, 27, 405–414.

Power, H. C., 2003: Trends in solar radiation over Germany and
an assessment of the role of aerosols and sunshine duration.
Theor. Appl. Climatol., 76, 47–63.

Rahim, R., R. Baharuddin, and R. Mulyadi, 2004: Classification of
daylight and radiation data into three sky conditions by cloud
ratio and sunshine duration. Energy Buildings, 36, 660–666.

Schipper, J., 2004: Vergelijking van diverse methodes voor de
berekening van zonneschijnduur uit globale straling. (Com-
parison of various methods for the computation of sunshine
duration from global irradiance). KNMI Tech. Rep. TR–258,
40 pp.

Slob, W. H., and W. A. A. Monna, 1991: Bepaling van directe en
diffuse straling en van zonneschijnduur uit 10-minuut-
waarden van de globale straling (Determination of direct and
diffuse irradiance and sunshine duration from 10-minute val-
ues of the global irradiance). KNMI Tech. Rep. TR–136, 31
pp.

Stanghellini, C., 1981: A simple method for evaluating sunshine
duration by cloudiness observations. J. Appl. Meteor., 20,
320–323.

Stanhill, G., and S. Cohen, 2005: Solar radiation changes in the
United States during the twentieth century: Evidence from
sunshine duration measurements. J. Climate, 18, 1503–1512.

Tiba, C., and N. Fraidenraich, 2004: Analysis of monthly time
series of solar radiation and sunshine hours in tropical cli-
mates. Renewable Energy, 29, 1147–1160.

Velds, C. A., 1992: Zonnestraling in Nederland (Solar Radiation in
the Netherlands). Thieme/KNMI, 166 pp.

Winston, J. S., 1976: Comments on “Variation in sunshine dura-
tion over the contiguous United States between 1950 and
1972.” J. Appl. Meteor., 15, 414.

WMO, 2006: Measurement of sunshine duration. Part I: Measure-
ment of Meteorological Variables, World Meteorological Or-
ganization (WMO) Guide to Meteorological Instruments and
Methods of Observation, 7th ed., Secretariat of the World
Meteorological Organization, in press.

846 J O U R N A L O F A T M O S P H E R I C A N D O C E A N I C T E C H N O L O G Y VOLUME 24


