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Abstract:    This paper presents an improved model for global sunshine duration estimation. The methodology incorporates 
geostationary satellite images by including snow cover information, sun and satellite angles and a trend correction factor for 
seasons, for the determination of cloud cover index. The effectiveness of the proposed methodology has been tested using Me-
teosat geostationary satellite images in the visible band with a temporal resolution of 1 h and spatial resolution of 2.5 km×2.5 km, 
for the Brue Catchment in the southwest of England. Validation results show a significant improvement in the estimation of global 
sunshine duration by the proposed method as compared to its predecessor (R2 is improved from 0.68 to 0.83, root mean squared 
error (RMSE) from 2.37 h/d to 1.19 h/d and the mean biased error (MBE) from 0.21 h/d to 0.08 h/d).  Further studies are needed to 
test this method in other parts of the world with different climate and geographical conditions. 
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1  Introduction 
 

Due to the limited availability of relevant datasets 
needed to build an accurate model, hydrological 
modelling in data sparse catchments has always been 
a complicated issue. Consequently, researchers all 
over the world have to rely on indirect approaches for 
the estimation of relevant weather variables such as 
solar radiation. Solar radiation is a significant force 
not only for the hydrological cycle, but also for solar 
energy systems, architectural designs and the design 
of irrigation systems (Almorox and Hontoria, 2004). 
In almost all applications of solar radiation informa-
tion, sunshine duration is a crucial factor (Sahin, 
2007). With respect to the hydrological cycle, sun-
shine duration directly affects the rate of evapotran-
spiration, which accelerates under bright sunshine 

compared to no sunshine/cloud cover. Some re-
searchers also argue that the use of sunshine duration 
data as a predictor helps achieving the highest degree 
of precision in solar radiation estimation for agricul-
tural and hydrological studies (Trnka et al., 2005), 
signifying its importance among other climatological 
variables (Kandirmaz, 2006). This fact is also illus-
trated by Akapabio and Etuk (2003) who used bright 
sunshine duration for global solar radiation estimation 
in Nigeria. Li et al. (2011) also estimated the global 
solar radiation for various sites in China using sun-
shine duration data. Sunshine duration can be used for 
the quality control of the global solar radiation esti-
mation as shown by Moradi (2009). The history of the 
relationship developed between daily bright sunshine 
duration and solar radiation dates back to the early 
20th Century when Kimball (1919) presented a 
graphical relationship between the two using data 
from several locations in the USA. Alternatively, 
Angstrom (1924) was also one of the pioneers in the 
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development of a linear statistical formulation that 
was subsequently modified. 

Normally, meteorological stations continuously 
record bright sunshine duration data despite of the 
continuity, and the data lacks spatial coverage as these 
stations are limited in number (Kandirmaz, 2006). 
Therefore, one has to rely upon alternative techniques 
for the estimation at un-gauged sites. Jervase et al. 
(2003) used the artificial neural network model for the 
generation of contour maps representing sunshine 
hours in Sultanate of Oman while El-Metwally (2005) 
used maximum and minimum temperatures and cloud 
cover fractions. Another approach that can be used for 
rugged terrains was also presented using a digital 
elevation model (DEM) to estimate the duration of 
sunshine (Zeng et al., 2003). Kandirmaz (2006) 
proposed a methodology for estimating the duration 
of global sunshine over a number of sites in Turkey 
using geostationary satellite images, received at four 
times a day, which were then used to generate spa-
tially continuous daily bright sunshine duration map. 
In this study, an improved version of the model de-
veloped by Kandirmaz (2006) was presented, incor-
porating a recently improved methodology developed 
by Perez et al. (2002), for the estimation of cloud 
cover index. It used the pixel dynamic range, external 
information about snow cover and effects of sun and 
satellite angles that were individualised for each pixel 
together with a time series of hourly geostationary 
satellites images. The results show a great improve-
ment in sunshine duration estimation with root mean 
squared error (RMSE) decreasing from 2.37 h/d to 
1.19 h/d as compared to the previous model. 

 
 

2  Materials and methods 
 

Geostationary satellite images are of high im-
portance in the field of solar radiation and other il-
lumination processes (Ineichen and Perez, 2002), 
since they are continuous in time and provide a spatial 
coverage that the ground networks cannot easily 
achieve. This in turn signifies their importance for 
predictions in un-gauged and data sparse catchments. 
An improved technique is hereby presented, for daily 
sunshine duration estimation in un-gauged catch-
ments using geostationary satellite images, originally 
developed by Kandirmaz (2006).  

2.1  Study area and dataset 

The study is primarily focused on the Brue 
Catchment (51.16° N and −2.47° W), a small catch-
ment (135 km2) located in the southwest of England 
(Fig. 1). It was part of the Hydrology Radar Experi-
ment (HYREX) project from 1993 to 2000 funded by 
the Natural Environment Research Council (NERC), 
UK. The area has a dense rain gauge network of 49, 
0.2 mm Tipping Bucket type rain gauges, an auto-
matic weather station, a Campbell-Stokes type sun-
shine recorder and an automatic soil water station for 
recording meteorological data including bright sun-
shine duration. In this study, the sunshine duration 
data for 1994 was used for training and 1995 data was 
used for validation. Also, hourly Meteosat geosta-
tionary images in visible band (0.6 µm), jpeg (gray-
scale) format and a spatial resolution of 2.5 km× 
2.5 km were obtained for the same two years for the 
whole of UK from European Organization for the 
Exploitation of Meteorological Satellites (EUMET-
SAT) data facility. 
 

 

 

 

 

 

 

 

 
Key statistics for Brue Catchment are given in 

Table 1. The overall and seasonal variation of mete-
orological variables can be observed. Specifically, 
sunshine duration at the catchment varies from a 
minimum of 0.20 h to a maximum of 14.30 h, and 
temperature ranges from −7.88 °C to 32.47 °C. The 
wind speed varies from no wind to a maximum of 
11.52 m/s, while the net radiation at the catchment 
varies from −68.96 W/m2 to 570.52 W/m2.  

2.2  Cloud index determination 

Perez et al. (2002) presented an evolved form of 
the Cano et al. (1986) model, whereby pixels of the 
image are treated as ‘raw’ pixels that are relative to 
the radiance of the earth that the satellite senses. 

Fig. 1  The Brue Catchment, southwest of England
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Firstly, solar zenith angle cosine was used for the 
normalisation of raw pixels to cater for the solar 
geometry effect of the first order (Perez et al., 2002): 
 

norpix = pix(am)(soldist),                  (1) 

 
where ‘raw’ image pixel is represented by pix, air 
mass (optical) is represented by am, and soldist 
represents square of the normalised distance between 
earth and sun. 

A secondary normalisation is then carried out to 
account for the high air mass effects leading to a fully 
normalised pixel ‘npix’ (Perez et al., 2002) 

 
0.26 0.004npix norpix / (2.283 e ),hh  (2) 

 
where h is the solar elevation in degree and is set at a 
minimum value of 1.5° and maximum of 65° for solar 
elevations outside this interval. 

This fully normalised pixel was then gauged 
against the satellite pixel’s dynamic range (Fig. 2). 
The dynamic range actually represents the range of 
values that a normalised pixel can assume at a given 
location from its lowest (darkest pixel, i.e., clearest 
conditions) to highest value (brightest pixel, i.e., 
cloudiest conditions) (Perez et al., 2002). Cloud index 
was calculated as 

 
CI (npix low) / (up low),               (3) 

 
where up and low are the upper and lower bounds of 
the dynamic range after reversing the secondary 
normalisation (Perez et al., 2002). Seasonal trend 
correction and sun-satellite angle effect were also 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
applied to the lower bound before the determination 
of cloud index. Further details can be found in (Perez 
et al., 2002).  

Subsequently, the mean daily cloud cover index 
was calculated by taking average of all cloud indices 
for a day using the relation (Kandirmaz et al., 2004) 
 

m
1

CI (1 / ) CI ,
k z

k
k

z




                        (4) 

 
where z is the number of images per day, and CIk is the 
cloud cover index for the kth image.  

Kandirmaz (2006) elaborated that the cloud cover 
index was the amount of cloud cover per pixel and 
normally ranged between 0 and 1. The same applies 
for the mean daily cloud cover index gives informa-
tion about daily cloudiness. The closer the value is to 
1, the higher the cloud cover, and the more the pixel 
intensity with the opposite being true for values closer 
to zero. 

Table 1  Key statistics for Brue Catchment, UK* 

Season 
Sunshine  

duration (h) 
Temperature  

(°C) 
Wind speed  

(m/s) 
Net solar  

radiation (W/m2) 

Spring 
6.03±4.13 

(0.26–14.00) 
8.52±5.25  

(−4.76–27.95) 
1.89±1.51  

(0.00075–11.52) 
85.65±146.26  

(−63.16–570.25) 

Summer 
7.14±4.61  

(0.35–14.30) 
16.91±8.28  

(2.50–32.47) 
1.22±0.94  
(0–5.54) 

119.86±175.74  
(−57.15–561.45) 

Autumn 
3.80±3.12  

(0.28–11.00) 
11.03±4.36 

 (−5.48–22.89) 
1.13±1.01  
(0–4.76) 

37.86±94.35  
(−59.40–471.80) 

Winter 
2.17±3.42  

(0.20–7.60) 
5.22±6.68 

 (−7.88–14.00) 
2.04±1.54  

(0.00065–9.94) 
6.69±72.61  

(−68.96–332.00) 

Average 
4.78±3.85  

(0.20–14.30) 
10.43±6.34  

(−7.88–32.47) 
1.55±1.27 
 (0–11.52) 

59.46±126.16  
(−68.96–570.52) 

* Data are expressed as mean±standard deviation (range) 

Fig. 2  Satellite pixel dynamic range 
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2.3  Sunshine duration estimation 

After the calculation of the mean daily cloud in-
dex and mean daily atmospheric transmission factor, a 
ratio of global solar radiation at ground to extrater-
restrial radiation was calculated. To achieve that, one 
needs to develop a relationship between atmospheric 
transmission factor and cloud index. In this study, we 
adopted the same approach as described by Kandir-
maz (2006): 
 

t c t o cCI ( ),T T T T                       (5) 

 

where Tc and To are the clear and overcast sky 
transmission factors, respectively. Eq. (5) can also be 
written as (Kandirmaz, 2006) 
 

t tCI ,T b a                             (6) 

 
where a and b give measures of cloudiness and clear 
sky atmospheric transmissivity, respectively, and can 
be derived from the regression equations. Kandirmaz 
et al. (2004) obtained a similar linear equation that 
relates the daily transmission factor Td with the mean 
daily cloud index (CIm) which is given by 
 

d mCI .T b a                               (7) 
 

Also, in a manner similar to cloud index, Ang-
ström (1924) related the daily transmission factor 
with fractional bright sunshine hours s/S by 
 

d ( / ) ,T d s S c                           (8) 
 

where s and S are actual daily sunshine hours and 
maximum possible sunshine hours (day length) re-
spectively as estimated by the FAO (1998) procedure 
for the estimation of day length. c and d are the func-
tions of seasons of the year and climate type and es-
timated through regression equations. Daily bright 
sunshine duration can therefore be estimated by re-
lating Eqs. (7) and (8) (Kandirmaz, 2006).  

The present study differs from the Kandirmaz 
(2006) approach in which satellite images of a finer 
resolution have been used for cloud index determina-
tion. Apart from this, it also utilizes external snow 
cover information and accounts for the sun-satellite 
angle effects individually for each pixel. A compari-

son of the two models has also been made to observe 
the improvement in the result.  

 
 

3  Results and discussion 
 
As mentioned above, two year hourly datasets of 

1994 and 1995 were used for training and validating 
of the model, respectively. Using Eq. (7), a linear 
relationship was established between the mean daily 
atmospheric transmissivity and mean daily cloud 
index for each month using the ground measurements. 
Correlation coefficients for all months were greater 
than 0.75 and the regression coefficients (a and b) 
were pretty stable. A similar kind of procedure was 
adopted for sunshine fraction and mean daily at-
mospheric transmission factor. As mentioned by 
Kandirmaz (2006), the relationship was found to be 
linear. The results of the correlation and regression 
coefficients for both cases are given in Table 2. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

3.1  Model validation 

Model validation was carried out on 1995 dataset 
using the regression coefficients estimated for 1994 
dataset. Sunshine duration values for all 12 months of 
1995 were estimated along with statistical parameters 
including mean biased error (MBE), root mean 
squared error (RMSE) and R2 as shown in Table 3. 

It can be seen that RMSE values range from  
0.66 h/d (December) to 2.31 h/d (March) while MBE 
values vary between −0.90 h/d (August) and 1.65 h/d 
(March), respectively. Also, MBE values for January 
to July were found to be positive, depicting overes-
timation for these months. Conversely, MBE values 

Table 2  Regression coefficients for model training  

Month a b R2 c d R2 

Jan. −1.34 1.20 0.86 0.81 0.22 0.89

Feb. −1.86 1.42 0.87 0.88 0.20 0.95

Mar. −1.92 1.46 0.93 0.70 0.29 0.85

Apr. −1.62 1.21 0.86 0.70 0.28 0.92

May −1.62 1.27 0.91 0.70 0.32 0.92

June −1.64 1.27 0.89 0.73 0.31 0.96

July −1.48 1.19 0.82 0.72 0.28 0.90

Aug. −1.44 1.13 0.79 0.88 0.24 0.92

Sept. −1.44 1.07 0.79 0.79 0.27 0.91

Oct. −1.84 1.21 0.82 0.80 0.24 0.90

Nov. −1.91 1.18 0.79 0.99 0.22 0.76

Dec. −1.82 1.18 0.90 0.79 0.24 0.78
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are negative from August to December showing un-
derestimation in sunshine duration values. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Finally, the model was compared with the 
Kandirmaz (2006) model that used only four images 
per day and did not consider snow cover information, 
individualised sun-satellite angle effects or seasonal 
trend correction for the calculation of cloud index. 
Note that contrary to the 7 km×7 km spatial resolution 
of satellite images used in (Kandirmaz, 2006), this 
study uses a higher spatial resolution of 2.5 km× 
2.5 km for cloud index calculation. Results for this 
comparison for the whole year are shown in Table 4 
and Fig. 3.  

Both Fig. 3 and Table 4 clearly show a im-
provement in the estimate of sunshine duration using 
the proposed approach with R2 going up from 0.68 
(Kandirmaz, 2006) to 0.83, and RMSE and MBE 
coming down to 1.19 h/d and −0.081 h/d from 
2.37 h/d and −0.21 h/d. Negative MBE values show 
that the model is underestimating. 

Note that the aim of this study is to propose and 
demonstrate an improved technique for daily sun-
shine duration estimation. Although the results from 
the Brue Catchment are very positive, more sites 
should be explored to check how well the present 
technique would work in different geographic and 
climatic conditions.  

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4  Conclusions 
 
An improved technique for sunshine duration 

estimation in un-gauged catchments is presented that 
takes into account snow cover information, sun- 
satellite angle effects and seasonal trend for cloud 
index calculation using geostationary satellite images, 
none of which were included in the previous studies. 
It also reiterates the fact that a linear statistical rela-
tionship between daily atmospheric transmission 
factor and the mean daily cloud index can be effec-
tively used in sunshine duration estimation, which is 
an important factor in the regionalisation of regres-
sion parameters. In addition, the use of geostationary 
satellite images of a higher spatial and temporal 
resolution results in a further significant improvement 
in the estimation. This study demonstrates the effec-
tiveness of this methodology for sunshine duration 
estimation in the Brue Catchment of southwest Eng-
land. Further studies in other parts of UK and the 
world should be explored.  

Table 3  Summary of validation results of all 12 months in 
1995 

Month MBE (h/d) RMSE (h/d) R2 
Jan.   0.40 0.87 0.85 
Feb.   0.98 1.33 0.86 
Mar.   1.65 2.31 0.86 
Apr.   0.34 1.52 0.87 
May   0.16 1.60 0.86 
June   0.28 1.57 0.89 
July   0.23 1.29 0.90 
Aug. −0.90 1.44 0.87 
Sept. −0.78 1.41 0.87 
Oct. −0.65 1.32 0.89 
Nov. −0.36 1.06 0.90 
Dec. −0.22 0.66 0.92 

Table 4  Result comparisons 

 R2 RMSE (h/d) MBE (h/d)

Kandirmaz (2006)’s 
model 

0.68 2.37 −0.21 

Proposed model 0.83 1.19 −0.08 

R2 =0.83
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Fig. 3  Comparisons of results between Kandirmaz (2006)
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