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Abstract

This paper presents a method for correction and alignment of global radiation
observations based on information obtained from calculated global radiation,
in the present study one-hour forecast of global radiation from a numerical
weather prediction (NWP) model is used. Systematical errors detected in
the observations are corrected. These are errors such as: tilt in the leveling
of the sensor, shadowing from surrounding objects, clipping and saturation
in the signal processing, and errors from dirt and wear. The method is
based on a statistical non-parametric clear-sky model which is applied to
both the observed and the calculated radiation in order to find systematic
deviations between them. The method is applied to correct global radiation
observations from a climate station located at a district heating plant in
Denmark. The results are compared to observations recorded at the Danish
Technical University. The method can be useful for optimized use of solar
radiation observations for forecasting, monitoring, and modeling of energy
production and load which are affected by solar radiation.
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Nomenclature

Gt Observed global radiation
[
W/m2

]
Gnwp

t Numerical weather predictions (NWPs) of global radiation
[
W/m2

]
Gcs Clear-sky global radiation

[
W/m2

]
Bcs Direct clear-sky global radiation

[
W/m2

]
Dcs Diffuse clear-sky global radiation

[
W/m2

]
G Global radiation

[
W/m2

]
Iext Extraterrestrial radiation

[
W/m2

]
Gpr

t Projection of global radiation to the plane normal to the direct solar radiation
[
W/m2

]
Ĝpr,cs

t Estimated clear-sky radiation on a plane normal to the direct solarradiation
[
W/m2

]
Ĝcs

t Estimated clear-sky global radiation (modeled based on observations)
[
W/m2

]
Ĝnwp,cs

t t Clear-sky global radiation for numerical weather predictions (NWPs)
[
W/m2

]
Ĝco

t Corrected global radiation
[
W/m2

]
θzenitht Solar zenith angle [rad]

τa,B Transmittance function of the atmosphere for direct radiation under clear-sky conditions

τc Transmittance function of clouds in the atmosphere

βt Parameter vector for the local quantile regression

ρq(u) The quantile regression objective function

q Sample quantile to be estimated in the local quantile regression

i Counter of days [days]

j Counter in samples

t Time [hours]

tsp Sample period [hours]

hdoy Bandwidth of kernel function in the day of year dimension [days]

htod Bandwidth of kernel function in the time of day dimension [hours]

1. Introduction

The transition to a reliable and secure energy system based on weather
dependent production technologies, especially wind and solar, will require
new methods for automated handling of climate data recorded at, in most
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cases, unsupervised and uncalibrated stations. Reliable observations of solar
radiation are an important source of information for operation of the energy
system, especially for the energy production and load which are dependent
on the solar radiation, for example production from photovoltaics and solar
collectors, and load from heating and cooling of buildings.

Observations of solar radiation are exposed to many sources of errors.
Younes et al. (2005) list the most important types of errors and divide the
errors into two major categories: equipment errors and operation related
errors. The present solar radiation sensor technology makes it easy and
cheap to install and connect sensors to the Internet, both for professional
and amateur applications. Web sites already provide on-line data (DMI,
2012), which can become an important source of information for operation
of energy systems. Such, mostly unsupervised and unvalidated installations,
will be highly exposed to different error sources.

In the present study observations of global radiation from a station at
a district heating plant in Sønderborg, Denmark, are used. Three types of
errors are found in the observations: tilt in the leveling of the sensor, shadow-
ing from surrounding objects, and clipping at a maximum level. A method
is presented for correction of the observations on the basis of information
extracted from global radiation calculated using a model based on physical
principles. The method is based on a non-parametric statistical clear-sky
model and requires no further information about the installation and sensor
than the observed values and the location of the station. With the statis-
tical clear-sky model the sensor output level under clear-sky conditions is
modeled directly from the observations. This is compared to solar radiation
calculated with a clear-sky model based on physical modeling of the optical
effects through the atmosphere, such as the models described by Davies and
McKay (1982), Bird (1984), Rigollier et al. (2000), Mueller et al. (2004), and
Ineichen (2006). In the preset study forecasts from a numerical weather pre-
diction (NWP) model is used. The result after correction of the observations
is compared to high quality measurements recorded at the Danish Technical
University.

Studies on quality control of measured solar radiation data can be found
in the literature. The procedures are semi-automatic and are mostly based
on comparison to physical models for detection of erroneous measurements
(Geiger et al., 2002), (Younes et al., 2005), (Isaac and Moradi, 2009) and
(Journée and Bertrand, 2011).

The paper is organized as follows: the data used in the study is presented
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Figure 1: The weather station in Sønderborg, which is mounted on a pole on the roof of
a single-storey district heating plant building (in the image it is on the left side of the
building).

in the next section. This is followed by a section in which the statistical
clear-sky model is described and a section where the correction is presented.
The paper ends with a discussion of the method and a conclusion.

2. Data: Observations and numerical weather predictions of global
radiation

The data used in this study consists of time series of global radiation
observed at two weather stations: one located in Sønderborg (54.91◦N and
9.80◦E) and one located at DTU Byg in Lyngby (55.79◦N and 12.52◦E), both
in Denmark. In addition NWPs of global radiation for the same locations
are used. All values are hourly averages. All times are in UTC and the time
points are set to the end of the hour.

2.1. Observations

The observations from Sønderborg are recorded with a weather station,
which is located at a district heating plant. The weather station is mounted
on a pole on a single-storey building as seen on the image in Figure 1. No
information about the type of the solar radiation sensor was available. The
time series from Sønderborg is

{Gt; t = 1, . . . , N} (1)
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Figure 2: The upper plot shows the time series of observed global radiation in Sønderborg.
In the lower plot the observations and NWPs of global radiation in Sønderborg are shown
for five days in August 2009.

where N = 17520 and Gt is the observed average global radiation between
time t and t − 1. The upper plot in Figure 2 shows the series which spans
from 2009-01-01 to 2011-01-01. From this plot it is readily seen that the
observations are not without systematic errors, for example it can be seen
that the values are clipped at a maximum level. This and other types of
systematic errors are corrected for the Sønderborg observations using the
method described in this paper.

The second series of observed global radiation is from a weather station at
DTU Byg in Lyngby and is used as a reference to check the corrected data.
The upper plot in Figure 3 shows the series which spans from 2009-01-01
to 2010-01-01. It was measured with a Kipp & Zohnen CM10 pyranometer
and the weather station was regularly supervised in the measuring period.
The measurement error is in the range of maximum ±3% from the world
standard and high class calibrated sensor inter-comparisons indicate an error
within the range of ±1%. The lower plot in Figure 3 shows the observations
together with the NWPs of global radiation (defined in the next section) for
five days in August 2009. It is seen that the level of the observed global
radiation is generally lower than the level of the NWPs, but that this there
is no systematic difference between the deviation in the morning and in the
afternoon. The lower level is most likely due to a bias in the NWPs. Since
the accuracy of the DTU observations is high and no systematic errors, apart
from the generally lower level, is seen, then it is found valid to assume that
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Figure 3: The upper plot shows the time series of observed global radiation at DTU Byg
covering the entire year 2009. In the lower plot the observations and NWPs of global
radiation at DTU Byg are shown for five days in August 2009.

the DTU observations can used be as a reference to verify the NWPs and
the results of the correction.

2.2. Numerical weather predictions

The numerical weather predictions (NWPs) used in the study are pro-
vided by the Danish Meteorological Institute (DMI). The NWP model used
is DMI-HIRLAM-S05, which has a 5 kilometer grid and 40 vertical layers,
see (DMI, 2011) and (Hansen Sass et al., 2002) for more details. The fore-
casts are updated four times per day and have a calculation delay of 4 hours
(e.g. the forecast starting at 00:00 is available at 04:00). Two time series,
consisting of the latest available forecast (lead times are 5 to 11 hours) of
global radiation, are used: one for the location in Sønderborg and one for
the location of DTU in Lyngby. The time series of NWPs for the Sønderborg
location is used for the correction. It is denoted with

{Gnwp
t ; t = 1, . . . , N} (2)

The time series for DTU Byg in Lyngby is shown, together with the obser-
vations, in the lower plot of Figure 3 for five days in August.

2.3. Systematic errors in Sønderborg observations

The lower plot in Figure 2 shows the Sønderborg observations and the
NWPs of global radiation for five days in August 2009. From the first day,
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which is a clear-sky day, at least two types of errors can be seen in the
observations: compared to the NWPs the observed level is too low in the
morning and too high in the afternoon, which is most likely due to the sensor
being tilted. It could also be due to a shift in time of the sensor, however it
was thoroughly checked that the night hours, where the radiation was zero
(or very close to zero), are with only a few exceptions the same hours for both
the observed and the NWPs, indicating that they are well synchronized. The
second type of error is seen just before noon, where the observations have a
drop, which is repeated at the same time of day on following clear-sky day.
The drop is caused by shading from the chimney, which is located close to
the weather station, as seen on the image in Figure 1.

The scatter plot in Figure 4 shows the observed values versus the NWPs,
together with two lines indicating the relation between the variables in the
morning and in the afternoon. The lines are calculated using locally weighted
least squares regression between the observations and the NWPs, using the
function loess() in R (R Development Core Team, 2011) with a bandwidth:
span=0.9. A similar plot for the DTU observations is found in Figure 5. The
following three distinct systematic errors can be seen from the scatter plot
for the Sønderborg observations:

1. Firstly, the observations are clipped at a maximum level around 860
W/m2.

2. Secondly, the level of the morning observations is generally lower than
the level of the afternoon observations. This is confirmed by the fitted
regression lines, which mostly have a difference of at least 50 to 75
W/m2. This is clearly a larger difference than seen for the two fitted
lines for the DTU observations in Figure 5.

3. Finally, the morning values are significantly lower in the NWP range
of 700 to 900 W/m2. These values are the observations in the drop
before noon, which, as described earlier, is caused by shadowing from
the chimney right next to the weather station.

Considering the scatter plot for the DTU observations in Figure 5 it is seen
that these systematic errors are not found in the DTU observations. As
noted before the level of the DTU observations is generally a bit lower than
the level of NWPs, which is most likely due to a bias of the NWPs, since the
accuracy of the DTU observations is verified to be in the range of ±3%. For
correction of the systematical errors, as the listed above, a statistical clear-
sky model fitted to the observations can be used, as outlined in the following
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Figure 4: The values of the Sønderborg observations versus the NWPs covering the entire
year 2009. The morning values and the afternoon values are indicated by different symbols
and colors. The two lines show a locally weighted least squares regression estimate of the
relation between the variables in the morning and the afternoon.

sections.

3. Statistical clear-sky model

In this section it is described how the clear-sky global radiation is mod-
eled using a statistical model. With the statistical clear-sky model the level
under clear-sky conditions at time t is estimated for the particular series of
observations. It is the output of the sensor under clear-sky conditions which
is estimated. This implies that if an observation is affected by a systemat-
ical error, for example shadowing from an object in the surroundings, the
estimated clear-sky output will be lowered. It is this feature which enables
the model to be used for correction. The statistical clear-sky model is a non-
parametric model based on local polynomial quantile regression (Koenker,
2005) similar to the clear-sky model presented in (Bacher et al., 2009).

Usually, clear-sky models are models with which the global radiation in
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Figure 5: The values of observed versus NWP global radiation at DTU Byg in Lyngby,
Denmark. The morning values and the afternoon values are plotted with different symbols
and colors. The two lines are indicating the relation between the variables: one for the
morning and one for the afternoon.

clear (non-overcast) sky at any given time can be calculated based on physical
modeling of the atmosphere. Usually the clear-sky global radiation Gcs is
separated into a direct (or beam) Bcs and diffuse Dcs component

Gcs = Bcs +Dcs (3)

which are then modeled separately. The direct component by

Bcs = Iext cos(θzenith) τa,B (4)

where Iext is the extraterrestrial radiation, θzenith is the solar zenith angle and
τa,B is a transmittance function of the atmosphere for direct radiation un-
der clear-sky conditions, which for example can be modeled taking Rayleigh
scattering, aerosol extinction, and ozone, water and uniformly mixed gas
absorption into account Bird and Riordan (1984).

The diffuse component can be modeled by adding several contributions
from reflections and scattering through the atmosphere.
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The global radiation (at the surface of the earth) can be modeled by

G = Gcs τc (5)

where τc is a transmittance function of clouds in the atmosphere, which can
be modeled with ”layer models” (Davies and McKay, 1982) where cloud layer
transmittance and reflections are taken into account.

A clear-sky model, similar to the one proposed by Bacher et al. (2009)
for observations of solar power, is here proposed for observations of global
radiation. The proposed clear-sky model does not include any prior physical
knowledge, it is based solely on the information obtained from the observa-
tions. It is denoted as a statistical clear-sky model, since it is based on a
non-parametric statistical model of clear-sky radiation. Information embed-
ded in the observations, which is particular for the sensor and its location,
can be modeled with the statistical clear-sky model, for example shadowing
and non-horizontal leveling of the sensor. This is a fundamental difference to
the clear-sky models based on prior physical knowledge, which implies that
the statistical clear-sky model can be used for different applications.

The statistical clear-sky model is based on time series of global radiation
observations (or simulated values) and is defined by

Gt = Ĝcs
t τt (6)

where the t is used to indicate that the variables the time series of actual
observations, Gt is observed global radiation, Ĝcs

t is estimated clear-sky global
radiation and τt is a factor, which is much to alike τc, but different due to
the fact that it is estimated based on information from observations and not
calculated based on prior physical knowledge. It is noted here that the clear-
sky model could be defined for the direct component solely, which would be
obvious since nearly all local systematic effects have a much higher impact
on the direct component compared to the diffuse component. However, since
the application of the clear-sky model in the present study is for observations
of global radiation and since the systematic errors would propagate into both
the direct and diffuse component calculated with a splitting scheme, such as
suggested by Ruiz-Arias et al. (2010), the clear-sky model is applied to the
global radiation directly.

Considering the observed global radiation as samples of a random variable
with a probability distribution function, which is a function of the day of

10



year xt and the time of day yt, the observed clear-sky global radiation can
be estimated as a quantile

Ĝcs
t = Qq(xt, yt) (7)

of this distribution function, where the quantile q ∈ [0, . . . , 1] must be close
to one

q . 1 (8)

Assuming that the quantile function is a smooth function it can be approxi-
mated with local quantile regression Koenker (2005). The result in the three-
dimensional space formed by global radiation, day of year and time of day,
can be seen as a surface which follows the observed global radiation under
clear-sky conditions and is located ”on top” of the point cloud of observed
global radiation.

In order to decrease the gradient and curvature of the estimated clear-
sky radiation surface a projection is carried out. The projection is from the
horizontal plane to the plane which is normal to the direct solar radiation
(i.e. the plane tracking the sun position)

Gpr
t =

Gt

cos(θzenitht )
(9)

where θzenitht is the average solar zenith angle in the sample period between
t−1 and t. Values where cos(θzenitht ) < 0.01 are removed: this corresponds to
sun elevation below 0.5◦. The quantile close to one is then estimated for the
projected values. A general form of the proposed statistical clear-sky model
is formulated in AppendixA, which is based on a local quantile regression
model with second order polynomials and a two-dimensional kernel in both
the day of year and time of day dimensions.

For correction of hourly values a local quantile regression model based
only on a one-dimensional kernel, where on the day of year dimension is
used, was found most suitable. The reason for using only a one-dimensional
kernel, and not including the time of day dimension in the local weighting,
is that the model becomes too biased and the estimated clear-sky global
radiation does not follow the drop before noon caused by shadowing (the
systematic error described on page 7) very well. Hence only values lagged in
steps of 24 hours from t are used as input, which is a similar approach as in
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classical decomposition of seasonal time series (Cleveland and Tiao, 1976).
Furthermore, it is noted that this is equivalent to using a bandwidth in the
time of day dimension below one hour (i.e. below the sample period) for the
two-dimensional model presented in AppendixA, hence for time series with
a shorter sample period a two-dimensional model should be considered. The
applied local quantile regression model based on a third order polynomial is

β̂t = argmin
β∈R4

∞∑
i=−∞

ρq
(
Gtr
t+24i − (β0,t + β1,ti+ β2,ti

2 + β3,ti
3)
)
K(i) (10)

where ρq(u) = u
(
q − I(u < 0)

)
is the quantile regression objective func-

tion (see (Koenker, 2005) and (Koenker, 2011)), q ∈ [0, . . . , 1] is the sample
quantile to be estimated, i ∈ N is a counter of days, and K(i) is a kernel
function. The estimated projected clear-sky radiation is then found as the
local intercept

Ĝpr,cs
t = β̂0,t (11)

The weights are calculated with the Epanechnikov kernel function

K(i) =


3
4

(
1−

[
|i|
hdoy

]2)
for |i|

hdoy
≥ 1

0 for |i|
hdoy

< 1

(12)

where hdoy is the bandwidth.
The R package quantreg implementation of quantile regression was used

for the estimation (Koenker, 2011). Finally, the estimated projected clear-
sky radiation on the projected plane is projected back to the horizontal plane
by

Ĝcs
t = Ĝpr,cs

t cos(θzenitht ) (13)

Finally, in order to take the clipping at a maximum level into account, the
estimated clear-sky radiation is limited to the maximum value of the obser-
vations

Ĝcs
t =

{
Ĝcs
t for Ĝcs

t ≤ Gmax
t

Gmax
t for Ĝcs

t > Gmax
t

(14)
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where Gmax
t is the maximum value of global radiation observations.

The selection of suitable values for the parameters (here the quantile and
the kernel bandwidth) for the fitting of the local quantile regression model,
would preferably be based on a measure of performance for estimation clear-
sky global radiation. Then the parameters could be optimized in order to
achieve the best performance. However thorough studies are required in order
to define such a measure. Therefore the parameter values are selected based
on visual inspection of the estimated clear-sky global radiation for days with
only clear-sky. These days are chosen such that they are distributed evenly
over the entire period. The selected values are

q = 0.97, hdoy = 125 (15)

which gives the estimate of the clear-sky global radiation for the observations
Ĝcs
t shown in Figure 6 and for the NWPs Ĝnwp,cs

t shown in Figure 7. Note,
that the estimated surface for the observations is clipped at the maximum
value of the observations, which gives the ”flat” top. Furthermore, notice
that the drop due to shadowing is clearly seen in the estimated clear-sky
radiation for the observations.

4. Correction of observations

The correction of the observations is carried out by multiplying the ob-
servations with the ratio between the estimated clear-sky radiation for the
NWPs and the observations

Ĝco
t =

Ĝnwp,cs
t

Ĝcs
t

Gt (16)

The level of the correction applied, i.e. Ĝnwp,cs
t /Ĝcs

t , is shown as function of
days since 2009-01-01 and the time of day in Figure 8. The systematical error
caused by a tilt of the sensor, resulting in a too low level of the observations
in the morning and too high level in the afternoon, can be directly seen in
the correction, since in the morning the correction is generally above one and
the afternoon level below one. Also apparent is the drop in the observed level
due to shadowing objects, especially seen between 9 to 10 am.

The corrected observations are plotted versus the NWPs in Figure 9,
including the local least squares estimate of the relation in the morning and
in the afternoon. This plot is similar to the plot in Figure 4. By comparison

13



Figure 6: The clear-sky global radiation estimated for the Sønderborg observations. Shown
as a surface parametrized in the two dimensions: day (days since 2009-01-01) and tod (time
of day).

of the two plots it is seen that the difference between the estimated relation in
the morning and the estimated relation in the afternoon has been decreased
significantly. A visual comparison to the similar plot of the high quality
DTU observations in Figure 5 verifies that the pattern of the scatter after
the correction is much closer to the pattern found there. It can also be
seen that the clipping at a maximum level has been corrected. Finally, it
is found that the overall scattering has been reduced. This is confirmed by
a comparison of the errors for an estimated relation similar to the ones in
Figure 4 and 9, but using all data points (except nighttime values), i.e. no
distinction between morning and afternoon. Note here that the this measure
is only used to give a rough indication of the performance of the correction.
The root mean square error (RMSE) and mean absolute error (MAE) before
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Figure 7: The clear-sky global radiation estimated for the NWPs for Sønderborg. Shown
as a surface parametrized in the two dimensions: day (days since 2009-01-01) and tod
(time of day).

the correction are

RMSEbefore = 114 W/m2, MAEbefore = 79 W/m2 (17)

and after the correction

RMSEafter = 101 W/m2, MAEafter = 67 W/m2 (18)

Hence a notably reduction in RMSE and MAE is achieved by applying the
correction.

4.1. On-line operation

For on-line operation the model has to be applied causally, such that
only past values can be used for the correction. A causal correction was
calculated with slightly different parameter values for the clear-sky model,

15



Figure 8: The applied correction, which is the ratio between the estimated clear-sky
radiation of the observations and the NWPs, as a function of days and time of day.

again selecting the parameters from visual inspection. The estimated quantile
q was decreased and the kernel bandwidth hdoy increased slightly to

q = 0.95, hdoy = 150 (19)

Using a one-sided kernel will increase the bias of the estimates, which is also
reflected by a slightly increased RMSE and MAE of the loess fit for the
corrected observations to

RMSEafter = 103 W/m2, MAEafter = 67 W/m2 (20)

Considering the similar plots as presented for the causal correction showed
only a small visual difference. Hence it is found that the method works well
for on-line operation.

5. Discussion

In this section the correction method and results are discussed together
with considerations on how to improve the method.
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Figure 9: The values of the corrected observations versus NWPs of global radiation. The
morning values and the afternoon values are indicated by different symbols and colors.
The two lines show a locally weighted least squares regression estimate of the relation
between the variables in the morning and the afternoon.

Considering the fitting of the clear-sky model it is noted that the model
which should be applied, is dependent on the time resolution of the data. For
resolutions higher than hourly a two-dimensional kernel, which also includes
the time of day dimension, should be used, as in (Bacher et al., 2009) where
a similar clear-sky model was applied to fifteen minutes values. Regarding
the parameters needed to be tuned in the clear-sky model - the quantile,
kernel bandwidth, and order of the polynomial - some manual interaction
is required. However the method could be based on a parameter optimiza-
tion criteria, hence an objective measure to evaluate the performance of the
correction, possibly based on cross validation (Friedman et al., 2001), and
applied automatically for the general case. Hence it can also be used for
monitoring and data quality classification for sub-daily solar data. Clearly,
an objective measure of performance of the correction is needed in order to
further develop and improve the correction method.

Improvements of the method could be formed by combining it with a
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prior step in which a parametric model is fitted to correct for drift in time
and tilt in the leveling of the sensor. Another possibility for improvement
is to treat the direct and diffuse radiation separately, since most of the sys-
tematic errors, for example tilt and shadowing, will have a different impact
on direct and diffuse radiation. This will require, if the direct and diffuse
are not measured separately, a splitting into a diffuse and direct component,
which could be carried out with a scheme such as suggested by Ruiz-Arias
et al. (2010) and Duffie and Beckman (2006, p. 75-77). However applying
such a scheme will cause the effect of the systematic errors to propagate
into both the direct and the diffuse components. Another approach would
be to enhance the correction method by using more than one quantile, in
the presented approach only a single quantile close to one is used. Several
quantiles can be estimated for both the observed and calculated radiation,
which, together with an interpolation scheme, will form a more extensive
correction. Clearly this also requires that the calculated global radiation, i.e.
here the NWPs, describes the distribution well over the entire range of global
radiation. Finally, it is mentioned that for on-line operation the method can
be implemented computationally very efficient using time-adaptive quantile
regression (Møller et al., 2008).

6. Conclusion

A correction method based on statistical non-parametric modeling tech-
niques is presented and applied on hourly observations of global radiation.
Several typical errors in the observations can be corrected with the method,
including: tilt in the leveling of the sensor, shadowing from objects in the sur-
roundings and clipping of the observations at a maximum level. The method
works semi-automatically and no prior information about the sensor and its
surroundings, besides the observations and location, is required. Further-
more only a few parameters needs to be tuned. Information embedded in
NWPs of global radiation is used for the correction, but this could be re-
placed with any calculated clear-sky global radiation model. The method is
well suited as part of monitoring and operation applications for which local
solar radiation observations provide valuable information, e.g. for forecast-
ing of climate dependent renewables such as solar thermal, PV and heating
systems. Finally, it is briefly discussed how the method can be improved or
extended in several ways.
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AppendixA. Two-dimensional local statistical clear-sky model

The proposed statistical clear-sky model in a general form is described
in this section. It is based on a two-dimensional second-order polynomial
local quantile regression model. In this form the local weighting is carried
out with a two-dimensional multiplicative kernel function in the day of year
and time of day dimensions.

The model

β̂t = argmin
β∈R5

∞∑
i=−∞

∞∑
j=−∞

ρq
(
Gtr
t+ 24

tsp
i+j
− (β0,t + β1,ti+ β2,ti

2 + β3,tj + β4,tj
2)
)
K(i, j)

(A.1)

where tsp is the sample period of the time series in hours, ρq(u) = u
(
q−I(u <

0)
)

is the quantile regression objective function (see (Koenker, 2005) and
(Koenker, 2011)), q ∈ [0, . . . , 1] is the sample quantile to be estimated, i ∈ N
is a counter of days, j ∈ N is a counter in steps of the sample period, and
K(i, j) is a kernel function. The model could easily be reduced or expanded to
polynomials of different orders. The estimated projected clear-sky radiation
is then found as the local intercept

Ĝpr,cs
t = β̂0,t (A.2)

The weights are calculated with the Epanechnikov kernel function

K(i, j) =


9
16

(
1−

[
|i|
hdoy

]2)(
1−

[
|j|tsp
htod

]2)
for |i|

hdoy
< 1 ∧ |j|

htod
< 1

0 for |i|
hdoy
≥ 1 ∨ |j|

htod
≥ 1

(A.3)

where hdoy is the bandwidth in the day of year dimension (in days) and htod
is the bandwidth in the time of day dimension (in hours).
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