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Abstract. Solar radiation data plays an important role in pre-feasibility studies of solar electricity and/or
thermal system installations. Measured solar radiation data is scarcely available due to the high cost of installing
and maintaining high quality solar radiation sensors (pyranometers). Indirect measured radiation data received
from geostationary satellites is unreliable at latitudes above 60 degrees due to the resulting flat viewing angle. In
this paper, an empirical method to estimate solar radiation based on minimum climatological data is proposed.
Eight sites in Norway are investigated, all of which lie above 60 N. The estimations by the model are compared to
the ground measured values and a correlation coefficient of 0.88 was found while over all percentage error was
—1.1%. The proposed models is 0.2% efficient on diurnal and 10.8% better in annual estimations than previous

models.

1 Introduction

Solar radiation data is required when designing active or
passive solar installations. Information about solar radia-
tion is also widely used in agriculture, forestry and
biological processes [1]. In this study, the emphasis is on
the active solar installations in northern Norway and the
Arctic. Solar radiation is not an easily obtained quantity,
even though it is of great importance. In the case of
northern KEurope, solar irradiation data is scarcely
available. One of the main reasons is the unavailability
of weather stations having pyranometers, and that data
from geostationary satellites is not very accurate because of
the flat viewing angle. In this study, we present an
empirical method to calculate the solar irradiation based on
only temperature and relative humidity recordings.

The most straightforward method to measure solar
radiation would be the installation of pyranometers, but
there are two main limiting constraints in this approach.
The first being the high cost of the equipment, and
secondly, the regular maintenance. Due to these con-
straints all over the world and especially in northern
Norway, such equipment is often not installed even at the
weather stations, set up and maintained by the Norwegian
Meteorological Institute. Globally, the percentage of
weather stations recording the solar radiation is small,
roughly 10%, as compared to the stations recording other
climatological quantities like temperature, precipitation,
humidity, etc. while the ratio of weather station recording
short wave solar radiation to stations recording tempera-
ture is 1:500[1]. In the context of Norway, Bioforsk and
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Meteorologisk Institut have 70 high quality weather
stations recording the radiation. In addition, Energinettet
has 32 station installed with pyranometers (low quality
recordings, non-ISO9060 compliant) and Norwegian Radi-
ation Protection Authority has 10 stations in Norway [2].
Of the 1044 weather stations in Norway [3], only 112
stations provide radiation data. Online resources are
available but they also do not cover the area of Scandinavia
thoroughly, for example, PVGIS is having only one station
of solar radiation from Norway, while Meteonorm is having
three Norwegian station in their database of 1200
worldwide stations [2]. Satellites can be used to estimate
solar radiation, but above 60 degrees north the estimations
from satellites are not reliable because of the flat viewing
angle. Consequently there is a need for finding the solar
irradiation quantity using methods for plus 60 degree
latitudes. We propose to use an empirical model that can
calculate solar irradiation based on only temperature and
mean relative humidity as input data.

2 Estimation of solar radiation

Analytical, stochastic, empirical and artificial neural
network models have been used in the past for the
estimation of solar irradiation [4,5]. In reference [6], the
author used satellite images to calculate the ground solar
radiation through heliosat, a solar radiation estimation
method based on geostationary satellites. The modelling
of such a system is very difficult and the required
information is most of the times incomplete. Stochastic
models are used in [7] to estimate the solar radiation, but
because of the linear property of such models, they cannot
produce good enough results, as the behavior of solar
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radiation, especially in the presence of clouds, is non-
linear. Artificial neural network are very competitive in
estimating solar radiation. Authors in [8-10] have used
this AI technique to estimate the solar radiation. The
problem with this technique is the higher computational
power required in solving the problem, and secondly, the
results are not precise when the area between the
observation points is large. Such models do not take into
account the regional factors involved in the variation of
the solar radiation.

Empirical models for the estimation of solar radiation
exists since long. In 1924, one of the first models for such
estimations was proposed [11]. With this model, there is
always a need to calculate two coefficients, which vary for
different areas[12]. In reference [13], the authors showed
the dependency of temperature and solar radiation on the
evapotranspiration of an area. The proposed model is based
on the model from [13], but instead of only temperature
difference, the model takes into account the effect of
relative humidity as well.

3 Methodology

The Arctic poses a unique problem when it comes to
estimating solar radiation as the length of sunlight hour's
changes very rapidly, from the sun being below the horizon
during two winter months to 24-h sunlight during the
summer months. For the estimation of solar radiation,
equations from [13| can be used. A general form of the
equation is given below:

R, =KT x Re(Tmax - Tmin)0'5a (1)
where R, is the estimated radiation, R, is the extraterres-
trial radiation, KT is constant, T,,.« and Ty, are the
maximum and minimum temperatures. In such a model,
the global horizontal solar radiation is estimated by the
recorded levels of maximum and minimum temperatures
on a particular day. The value of constant KT varies from
0.162 for interior regions and 0.19 for coastal regions. The
main shortcoming of such a model is that it does not take
into account the effect of clouds. When observing
radiation, clouds may be the biggest affecting factor,
and the variation in the radiation caused by clouds is very
rapid and could be at a large scale.

4 Proposed model

In this paper, we propose a novel method to estimate the
solar radiation. The proposed method is based on the model
given in[13], but instead of using only temperature
difference, this method uses the relative humidity as well.
By using relative humidity as an extra variable, this system
becomes more robust and efficient. In addition, the
radiation effect on humidity is twice that of tempera-
ture [14]. A critical value of relative humidity results in the
cloud formation, which increases from zero at some
specified relative humidity, to overcast when relative
humidity is 100%. It becomes evident that for an overcast
day the estimation model from equation (1) could be

improved by taking in to account the relative humidity
(a commonly recorded meteorological variable). This
model performs relatively better on days having clouds.
The equation used in this study is shown below:

R,=0.04 X Re X (Tmax — Tmin) + CT x R, x (RH)**.

(2)

In equation (2), R, is the estimated horizontal global
solar radiation, R, is the extraterrestrial solar radiation,
RH is daily averaged ground-measured relative humidity,
Trin and T}, are the minimum and maximum temper-
atures, respectively. CT is a constant, which varies
geographically. The parameter R, limits the estimated
values of the global radiation to certain levels. In the
Arctic, between the months of November and January
when there is no light, the value of extraterrestrial
radiation is zero, driving the estimated curve also to zero.
The following equation was used to calculate the
extraterrestrial radiation [15].
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where R, is the extraterrestrial radiation, R, is the solar
constant with a value of 1.366 kW/mZ, Pis the day number
from 1 to 365 (366 leap), ¢ is the latitude of the area, § is
the declination angle and hs is the hour angles of sunrise
and sunset.

5 Results and discussion

In the literature, many types of evaluation techniques are
used for finding the accuracy and precision of empirical
models. When estimating solar radiation, root mean square
error was found to be the most widely used parameter.
Other parameters such as standard deviation, mean bias
error, mean absolute error and mean square error are also
used to find the accuracy of models. However, in
reference [16], it is suggested that for such empirical
models, root mean square error may results in a higher
value if there are a few high values in the sample, while
mean bias errors can cancel out if negative and positive
biases are present.

In this study, the evaluation of the proposed model was
checked with four statistical indices: normalized root
mean square error (RMSE), tstatistic (t-stat), yearly
percentage error (YPE) and correlation coefficient (Corr).
The model is further evaluated by correlating all the
observed and calculated values and plotting the data on a
scatter plot.

The proposed model was tested on eight sites in Norway
for a period of 10years. The sites were Tromso, Bodo,
Sortland, Tingvoll, Pasvik, Overhalla, Gausdal and Etne.
The data for these sites was taken from Bioforsk and all
the sites are located at latitude higher than 60 degrees
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Extraterrestrial, Observed and Calculated Irradiation for Tromso (2014)
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Fig. 1. Observed, calculated and extraterrestrial radiation.
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Fig. 2. (a) Scatter plot of the data for calculated and observed values, the correlation coefficient for the model is 0.88. (b) Mean
percentage error for Tromso, average over 2005-2014.
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Table 1. Statistical performance parameters for the sites.

2005 2006 2007 2008 2009 2010 2011 2012 2013 2014
Tromso RMSE 0.10 0.11 0.11 - 0.10 - 0.09 0.11 0.11 0.09
t-Stat 0.52 2.5 2.1 - 1.8 - 0.95 0.57 2.2 1.2
YPE 1.35 8.41 4.8 - 4.87 - 1.84 1.87 6.7 3.6
Corr 0.9 0.83 0.93 - 0.88 - 0.90 0.88 0.85 0.91
Bodo RMSE 0.10 0.20 - 0.09 0.11 0.11 0.10 0.09 0.10 -
t-Stat 0.36 5.5 - 2.1 1.4 0.87 1.22 1.02 3.5 -
YPE 0.9 22.9 - 4.27 3.31 2.22 3.14 2.3 9.03 -
Corr 0.89 0.74 - 0.93 0.9 0.88 0.89 0.91 0.90 -
Sortland RMSE 0.09 0.11 0.15 0.10 0.10 0.14 0.09 0.12 - 0.09
t-Stat 3.2 3.7 1.6 2.8 0.53 0.52 0.98 1.2 - 2.8
YPE 7.3 10.9 5.14 6.05 1.07 1.82 2.53 3.16 - 6.9
Corr 0.91 0.86 0.85 0.92 0.93 0.80 0.90 0.89 - 0.91
Tingvoll RMSE - 0.09 0.06 0.09 0.09 - - 0.10 0.12 0.11
t-Stat - 2.9 2.3 1.3 2.7 - - 1.5 2.3 5.05
YPE - 7.28 5.83 2.55 5.5 - - 3.5 5.51 12.6
Corr - 0.90 0.91 0.93 0.92 - - 0.90 0.90 0.91
Pasvik RMSE 0.11 - 0.33 0.11 0.10 0.09 0.09 0.10 0.10 0.08
t-Stat 0.82 - 0.48 0.61 1.8 1.8 0.17 1.25 14 1.7
YPE 2.64 - 3.43 1.6 5.25 6.15 0.3 3.19 3.77 4.4
Corr 0.86 - 0.16 0.87 0.87 0.85 0.92 0.89 0.89 0.92
Overhala RMSE - 0.08 0.05 0.09 0.08 0.11 0.08 0.07 0.09 0.10
t-Stat - 7.7 2.1 1.04 2.1 2.5 0.3 0.87 5.2 0.42
YPE - 15.1 8.76 2.67 6.2 7.9 0.7 2.13 15.4 1.1
Corr - 0.92 0.80 0.90 0.87 0.85 0.92 0.91 0.91 0.90
Gausdal RMSE 0.09 0.08 0.27 0.10 0.08 0.06 0.11 0.10 - 0.09
t-Stat 5.59 5.06 2.98 4.7 5.4 3.7 3.5 1.14 - 0.36
YPE 13.2 12.6 26.1 10.9 13.8 17.5 10.8 2.5 - 0.7
Corr 0.92 0.93 0.07 0.93 0.91 0.77 0.85 0.90 - 0.93
Etne RMSE - 0.09 0.10 0.09 0.10 0.12 0.10 0.09 0.12 0.10
t-Stat - 3.5 1.6 2.09 2.7 5.4 2.05 1.8 3.05 1.4
YPE - 7.67 4.49 4.38 5.9 11.9 5.06 3.9 7.1 3.3
Corr - 0.91 0.89 0.93 0.91 0.90 0.88 0.92 0.88 0.90

north. Sites were selected on the basis that they provide
solar radiation recorded by a pyranometer, so that after
using the empirical model a correlation could be made for
evaluation. Constant CT in equation (2) was found by
regressing one year data from the data sets. For areas
under consideration, Etne, Overhalla and Pasvik were
having CT value of 0.001 while all other areas were having
a CT value of 0.04. For the credibility of the model it is

very important that the model performs well with the
same constants when data from other data bases is
used. With 0.04 constant for Tromso, model was checked
with data from the weather station of the University of
Tromso and similar results were obtained. In addition to
the application on higher latitudes, it is expected that the
model could be used at almost any place after tuning
the constants.
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As a comparison, proposed model performs better than
the model in equation (1). The average ¢ statistic value for
our model is 1.4 as compared to 5.5 from equation (1). The
daily average percentage error is improved by 0.2%, while
yearly average percentage error is improved by 10.8%. In
Figure 1, a yearly plot of radiation is shown. The observed,
extraterrestrial and calculated values are daily figures. It
can be seen that the estimated values are very close to the
observed values of radiation.

In Figure 2(a), a scatter plot is shown for all the eight
sites over the 10years period. A very good positive
correlation of 0.88 was found in this case. Furthermore,
in Figure 2(b), a graph of daily average errors for Tromso is
shown. The percentage errors are calculated for each year
and an average was taken for the 10 years period. Negative
error values in Figure 2(b) can be observed in the start and
end of the year. It is because of the polar night observed at
higher latitudes. After and before these negative means
there is a high positive mean which is because of the low
solar latitude, daily values of irradiation are very low in
these days of the year. Both the scatter plot and the daily
average error shows a promising result for the model.

In Table 1, we have shown the error statistics for all the
sites. These statistics were evaluated for each year
separately. The table gives a complete overview of the
performance of the model. YPE is in percentage while ¢
stat, Corr and RMSE (normalized) is unit less. For all the
parameters accept correlation coefficient, lower the value
better the models performance, while for Corr, the closer to
1 the better is the models performance. The years for which
the data was not available were omitted.

6 Conclusion

In this paper, we presented a novel method to calculate the
global solar radiation on horizontal surface by using
minimum climatological data. For calculating solar radia-
tion, only temperature difference and relative humidity
values were used. The models performance was checked on
eight sites in Norway. The performance of the model was
evaluated through four statistical measures and the results
obtained are acceptable, having a correlation coefficient of
0.88 and an overall percentage error of —1.1%. The daily
error values of the model are also quite stable where most of
the values are lying below 4%.
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