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Featured Application: The present work examines the distribution of the three types of sky con-
ditions (clear, intermediate, and overcast) over Greece by applying the diffuse-fraction method-
ology developed by the same author and two other co-workers.

Abstract: The aim of this work is the study of the sky conditions climatology over Greece based on
the diffuse-fraction (kd) limits, for clear, kd ∈ [0, 0.26]; intermediate, kd ∈ (0.26, 0.78); and overcast,
kd ∈ (0.78, 1) skies. kd is, therefore, used here to characterise the sky conditions over a site. Its values
are estimated from diffuse and global horizontal solar irradiances the typical meteorological years of
43 selected Greek sites. The kd values in each specific range are equivalent to sunshine durations
(SSDs) under the particular sky conditions. Annual, seasonal, and intra-annual variations in SSDs
are estimated with regression equations to fit their means. Clear skies comprise 33%, intermediate
40%, and overcast 27% of the time in a year. kd, as an atmospheric scattering index (ASI), shows
dependence on the sites’ geographical latitude: best-fit lines mean ASIs are derived showing no trend,
while overcast skies show a slight negative trend. A comparison of the clear-sky SSDs for four Greek
sites from the Global Climate Data and one site from the Academy of Sciences of Moldova with those
derived from kd shows a remarkable difference. A new methodology is developed that results in
much smaller differences. Finally, maps of the annual SSDs and ASIs are derived for Greece.

Keywords: diffuse fraction; sky status; sunshine duration; atmospheric scattering; Greece

1. Introduction

The notion of sunshine duration (SSD) or bright sunshine hours have been introduced
by the World Meteorological Organisation (WMO) in order to indicate the time duration
at a site with visible Sun. The SSD parameter is recorded as long as the direct-normal
solar irradiance exceeds the value of 120 W·m−2. The sunshine duration is a parameter of
secondary significance in the determination of the climatology at a site, while its prime
parameters are temperature, humidity, wind, precipitation, and solar radiation. Neverthe-
less, sunshine duration nowadays plays a significant role in estimating the solar radiation
intensity at a location via modelling [1,2].

In addition to the above, sunlight has many other applications. Wei et al. [3] have devel-
oped a digital tool for predicting the necessary sunshine for plants. Sanchez-Romero et al. [4]
have provided a methodology for reconstructing aerosol-optical-depth (AOD) series from
sunshine records. Kothe et al. [5] have derived a satellite-based SSD climate data record for
Europe. Katsoulis and Kambezidis [6] and Founda et al. [7] have reported the variations in
cloudiness/sunshine and sunshine over Greece, respectively. Van den Bessalar et al. [8]
have studied the relationship between SSD and air-temperature trends across Europe, while
Bartoszek et al. [9] have investigated the relationships between cloudiness, AOD, and SSD
over Poland.
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Solar radiation on a horizontal plane (Hg) is the sum of the diffuse (scattered) radiation
(Hd) coming from all parts of the sky vault at a site and the direct one (Hb) coming from the
Sun exclusively. As Hb can be estimated accurately, it is the other solar component (i.e., Hd)
that needs attention, because its estimation is not straightforward due to multiple scattering
of the incoming solar radiation in the Earth’s atmosphere by atmospheric molecules,
atmospheric aerosols, and clouds. To overcome the difficulty in estimating Hd, many
researchers have used the notion of the clearness index (kt) or of the diffuse fraction (kd).
The first is defined as the ratio of Hg to the extraterrestrial solar radiation (H0), while kd
is defined as the ratio of Hd to Hg. Use of the kd has been made in several works [10–13].
Nevertheless, almost all of them relate kd as a function of kt [14–17].

Engerer [18] has given results from a relevant study about high-temporal resolution
estimates of kd for south-eastern Australia. A similar study for India has been performed
by [19]. Salhi et al. [12] evaluated the diffuse fraction and diffuse coefficient from sta-
tistical analysis over two sites in Algeria. An interesting work [20] has presented a new
methodology to derive typical meteorological years (TMYs) from hourly diffuse-fraction
values. Boland et al. [21] have developed a model to estimate the diffuse fraction of solar
radiation on a horizontal surface. Nevertheless, none of the above studies or others from the
international literature not mentioned here have used kd to characterise the sky conditions
over a site.

Kambezidis et al. [22] have developed a methodology with which the sky is categorised
as clear, intermediate, or overcast by only determining the upper and lower limits of the
diffuse fraction (kdu and kdl, respectively). Their methodology has been applied to 14 sites
around the world and verified. The authors concluded that the kdu and the kdl boundaries
may take the universal values of 0.78 and 0.26, respectively. Moreover, Kambezidis [23] has
used the notion of the diffuse fraction in defining the solar radiation climatology of Greece
and has shown that kd can also be used as an atmospheric scattering parameter.

The present study aims at using kd to determine the sky conditions in their distri-
bution over Greece according to the methodology developed by [22]. This is the first
time worldwide that the mentioned methodology is applied to define the sky status (clear,
intermediate, overcast) over a country (Greece in this case) and how these three types of
cloudiness are distributed over the area.

The structure of the paper is as follows. Section 2 provides details for the sites used in
this work and their corresponding meteorological data within Greece for analysis. Section 3
presents the results of the analysis (annual, seasonal, and monthly variation in kd over
Greece with subsequent maps). Section 4 discusses the weaknesses of the methodology
utilised in the present study, as well as the development and use of a new formulation
for calculating the sunshine hours, while Section 5 provides the main achievements of the
study and gives its conclusions.

2. Materials and Methods
2.1. Data Collection

The data bases of this work are exactly those utilised in the study by Kambezidis [23].
These bases correspond to 43 sites in Greece as selected by Kambezidis [23]; the sites are
located in the map of Figure 1. The data bases constitute TMYs for the chosen sites. A
TMY is a set of meteorological and solar radiation parameters with hourly values usually;
these values cover a whole year for a given location [24]. Moreover, a TMY consists of a
set of (typical meteorological) months, which are selected from individual years within
a given period by applying the statistical methodology of Filkenstein–Schafer [25]; then,
these months are integrated into a complete year [24]. This way, a TMY reflects all the
specific climatic information of the location for the period it has been generated from. The
advantage of using a TMY rather than other methods (e.g., averages of the parameters’
values involved) is that it contains original values and not manipulated ones (e.g., averages).



Appl. Sci. 2022, 12, 7969 3 of 28

Appl. Sci. 2022, 12, 7969 3 of 29 
 

climatic information of the location for the period it has been generated from. The ad-
vantage of using a TMY rather than other methods (e.g., averages of the parameters’ val-
ues involved) is that it contains original values and not manipulated ones (e.g., averages). 

 
Figure 1. Distribution of the 43 sites across Greece. The numbers refer to those in column 1, Table 1 
in [23]. This map is reproduction of Figure 1 in [23] with some additions. 

The data bases with the TMYs of the 43 sites were downloaded via the PV -Geograph-
ical Information System (PV-GIS) tool [26] from the PV-GIS website (europa.eu, accessed 
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diance (Hd in W·m−2), infra-red horizontal radiation (IR in W·m−2), wind speed and wind 
direction (WS and WD in m·s−1 and degrees, respectively), and atmospheric pressure (P in 
Pa), all at the site’s altitude. The T, RH, Hbn, IR, WS, WD, and P parameters were not used 
in the analysis. 

As far as the accuracy of the PV-GIS data are concerned, the PV-GIS platform pro-
vides a Table at PVGIS data sources and calculation methods (europa.eu, accessed on 1 
July 2021) with validated solar radiation satellite data against ground-based measure-
ments for 14 sites in the world from various studies [26,29–31]. In that Table, the MBE and 
RMSE values between the satellite-derived solar radiation data and the in situ solar radi-
ation measurements vary between −1.7 W·m−2 and 10.2 W·m−2 and 56.5 W·m−2 and 112.2 
W·m−2, respectively. These variations refer to 13 out of the 14 sites because the 14th site 
(namely Izaña) is frequently above the clouds, and the satellite-derived irradiance is 
highly underestimated [28]. 
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Figure 1. Distribution of the 43 sites across Greece. The numbers refer to those in column 1,
Table 1 in [23]. This map is reproduction of Figure 1 in [23] with some additions.

The data bases with the TMYs of the 43 sites were downloaded via the PV -Geographical
Information System (PV-GIS) tool [26] from the PV-GIS website (europa.eu, accessed on
1 July 2021); the TMYs have been derived from the 2007–2016 Surface Solar Radiation Data
Set-Heliostat (SARAH) data base [27,28]. The PV-GIS data base for each of the 43 sites
consists of the following parameters: year, month, day, hour (in UTC), air temperature (T in
degrees C), relative humidity (RH in %), global horizontal solar irradiance (Hg in W·m−2),
normal-incidence solar irradiance (Hbn in W·m−2), diffuse horizontal solar irradiance (Hd
in W·m−2), infra-red horizontal radiation (IR in W·m−2), wind speed and wind direction
(WS and WD in m·s−1 and degrees, respectively), and atmospheric pressure (P in Pa), all
at the site’s altitude. The T, RH, Hbn, IR, WS, WD, and P parameters were not used in
the analysis.

As far as the accuracy of the PV-GIS data are concerned, the PV-GIS platform pro-
vides a Table at PVGIS data sources and calculation methods (europa.eu, accessed on
1 July 2021) with validated solar radiation satellite data against ground-based measure-
ments for 14 sites in the world from various studies [26,29–31]. In that Table, the MBE
and RMSE values between the satellite-derived solar radiation data and the in situ solar
radiation measurements vary between −1.7 W·m−2 and 10.2 W·m−2 and 56.5 W·m−2 and
112.2 W·m−2, respectively. These variations refer to 13 out of the 14 sites because the
14th site (namely Izaña) is frequently above the clouds, and the satellite-derived irradiance
is highly underestimated [28].

2.2. Data Processing and Analysis

This section describes the processing of the data and the methodology applied. The
following 4 steps were applied for the processing and quality control of the data.

Step 1. The downloaded hourly data in UTC from the PV-GIS website were converted
into Greece’s LST (i.e., UTC + 2 h). It must be mentioned here that the PV-GIS solar radiation
values were provided at different UTC times for the various sites considered, e.g., at hh:
48 or hh: 09, where hh stands for any hour in the range 00:00–23:00.
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Step 2. All meteorological and solar radiation values were assigned to the nearest LST
hour (i.e., values at hh: 48 LST or hh: 09 LST were assigned to just hh: 00 LST). That was
performed in order to have all values in the data base at integer hours.

Step 3. Only those Hg hourly values were retained for analysis that were greater than
0 W·m−2. In addition, the criterion of Hd ≤ Hg should be met at an hourly level [24,32–34].

Step 4. Hourly values of kd were also calculated in the same data base of the location
from the hourly values of the ratio Hd/Hg.

The methodology applied is described in the fifth step.
Step 5. As mentioned in the Introduction, Kambezidis et al. [23] have derived a

mathematical methodology for determining the upper and lower kd limits that classify
the sky into clear, intermediate, or overcast. The main conclusion of that study was that
global values of kd could be used in the following ranges: 0.78 < kd ≤ 1 for overcast skies,
0.26 < kd ≤ 0.78 for intermediate, and 0 ≤ kd ≤ 0.26 for clear skies. By adopting these kd
limits in the data bases of the present study, the hours belonging to the 3 posed kd intervals
were counted (summed up). In this way, at each site the number of hours corresponding
to clear, intermediate, and overcast skies was recorded. Annual, seasonal, and monthly
values of these hours were further estimated. One should note that the clear-sky hours are
equivalent to SSD (in h), according to the WMO directive [35]. This statement has been
used in the present article with emphasis on the sunshine, as mentioned in the title.

In a further analysis of the above-derived sky conditions hours, the major conclusion
from [23] was taken into account; this refers to the interpretation of kd as an atmospheric
scattering index (ASI) in the Earth’s atmosphere due to the scattering effect of clouds and
aerosols on solar radiation. Therefore, kd was considered and used in the present work as
ASI, too, thus justifying the second emphasis in the title of the article.

3. Results
3.1. Annual Sky Status

Figure 2 depicts the annual hours across all 43 sites in Greece for the duration of clear
skies (DCS), for intermediate skies (DIS), and for overcast ones (DOS). It is seen that the hour
ranges for the three types of skies are [802 h, 1809 h], [1353 h, 1972 h], and [792 h, 1538 h]
for DCS, DIS, and DOS, with average values of 1363.33 ± 219.54 h, 1647.27 ± 136.49 h, and
1083.76 ± 185.59 h, respectively. These results show that the intermediate-sky conditions
over Greece prevail all over the year, followed by the clear-sky ones and then by the overcast
situations. As the intermediate skies correspond to days with broken or fast-moving or
low-level or cirrus clouds, it is implied that most of the time the weather conditions over the
country favour this dynamic situation on an annual basis. Another interesting observation
is the spread of the sky-condition hours as expressed by their standard deviations; the
highest spread is for clear skies (219.54 h), followed by that for overcast (185.59 h), and
then for intermediate (136.49 h). This observation dictates the conclusion of a wide-spread
uniformity of dynamic weather conditions (e.g., fast-moving fronts) over Greece resulting
in a sky status between clear and overcast. As far as the high standard deviation for the
clear conditions is concerned, this may be due to the inhomogeneity of weather over Greece
at the same time (e.g., overcast conditions in northern Greece, clear skies in the south).

Figure 3 is rather repetitive of Figure 2; in this case, the abscissa has been replaced with
the geographical latitude of the sites in order to investigate its influence on sky conditions,
as implied by the discrepancy in the standard deviations discussed above. Both linear and
non-linear fits to the data points have been drawn in order to show their accuracy. Table 1
gives the expression of the fits and some statistics; all fits are at a 95% confidence level. The
following observations can be induced from the Figures.
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Figure 3. Variation in the total annual hours for (a) clear (DCS), (b) intermediate (DIS), and (c) overcast
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green dashed lines represent the best non-linear fits to the sky status hours, and the blue dashed ones
are linear fits. The expressions of the fits are given in Table 1.
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Table 1. Expression of the annual cases (in h) for clear, intermediate, and overcast skies
over Greece as function of the geographical latitude (ϕ in degrees N) of the sites. The fits
are linear and non-linear. R2 = coefficient of determination; SEE = standard error of the es-
timate; ρ = Pearson correlation coefficient; MBE = mean bias error; RMSE = root mean square
error. DCS (or SSD) = duration of clear skies (or sunshine duration, according to the WMO definition);
DIS = duration of intermediate skies; DOS = duration of overcast skies (all durations in h). All regres-
sion fits are at the 95% confidence level (α = 0.05) and have been derived from the TMYs of the sites. The
mathematical formulas for the statistical indicators and their interpretation are given in Appendix A.

Sky Conditions Regression Type Regression Equation and Statistics

Clear skies Linear fit
SSD = DCS = −93.2462 × ϕ + 4957.8727
R2 = 0.6088, SEE = 139.1117 h
ρ = 0.7802, MBE = 0.0007 h, RMSE = 135.8380 h

Clear skies Non-linear fit

SSD = DCS = 0.0314 × ϕ6 − 7.7403 × ϕ5 + 788.9171 × ϕ4 – 42, 568.8275 × ϕ3 +
1,283,513.7786 × ϕ2 – 20, 516, 430.9885 × ϕ + 135,895,710.1637
R2 = 0.6758, SEE = 135.1449 h
ρ = −0.8017, MBE = −617.5914 h, RMSE = 734.5978 h

Intermediate skies Linear fit
DIS = −11.6328 × ϕ + 2097.1513
R2 = 0.0242, SEE = 137.3808 h
ρ = 0.1557, MBE = −0.0006 h, RMSE = 134.1479 h

Intermediate skies Non-linear fit

DIS = 0.7466 × ϕ6 − 171.7414 × ϕ5 + 16, 447.7466 × ϕ4 – 839, 383.0735 × ϕ3 +
24, 074, 471.9759 × ϕ2 – 367, 933, 208.7171 × ϕ + 2,340,906,375.2554
R2 = 0.1613, SEE = 135.9257 h
ρ = −0.1815, MBE = 12.4862 h, RMSE = 496.1667 h

Overcast skies Linear fit
DOS = 77.5583 × ϕ − 1898.8673
R2 = 0.5840, SEE = 121.8230 h
ρ = 0.7642, MBE ≈ 0.0000 h, RMSE = 118.9562 h

Overcast skies Non-linear fit

DOS = 0.9297 × ϕ6 − 212.0317 × ϕ5 + 20, 137.1181 × ϕ4 – 1, 019, 440.4094 × ϕ3 +
29, 014, 851.7739 × ϕ2 – 440, 201, 405.0524 × ϕ + 2,781,298,726.7945
R2 = 0.6972, SEE = 110.9131 h
ρ = 0.7905, MBE = 172.4234 h, RMSE = 289.5424 h

(i) The accuracy of the estimates in the DIS case is much lower than that for the DCS or
DOS ones; this visual observation is confirmed by the R2 values in Table 1.

(ii) The non-linear regression equations provide better fits to the data points; this result
is confirmed by the higher R2 values of the non-linear expressions in comparison to
those for the linear equations.

(iii) For the DCS and DOS cases, the linear fits are close to the non-linear ones (comparable
R2 values).

(iv) The dispersion of the data points around the linear/non-linear regression lines
is almost the same in any of the three sky types (consult the SEE values); this
outcome shows that the choice of the selected regression equations gives the best
possible results.

(v) There is a strong/weaker decreasing trend in the duration of the DCS/DIS sky condi-
tions with increasing ϕ.

(vi) There is a positive trend in the DOS sky conditions with increasing ϕ; this is due to the
prevalence of more cloudy weather as one moves from southern to northern Greece.

(vii) There is a good correlation and a good anti-correlation between the observed and
estimated values in the DCS case for the linear and non-linear fit, respectively, as
shown by the ρ values in Table 1. Good positive correlation exists in both linear and
non-linear models in the DOS case. On the contrary, the correlations in the DIS case
are poor.

(viii) The almost zero values of the MBEs in the linear fits to all sunshine duration cases
imply an almost perfect match between estimated and observed values.
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(ix) The lower RMSE values for the linear regression lines in all sunshine duration cases
show that the estimates are more concentrated around their linear regression lines
than the non-linear ones.

Some general outcomes from the above comments are that the SEE values in all
3 types of sky conditions and both regression fits are comparable; this means that the
accuracy of the estimates around the regression lines is the same in all cases, no matter
whether there is a poor R2 (as in DIS). Moreover, the linear regression lines seem to do the
job of approaching the observed values more adequately than the non-linear ones, since
their MBEs are almost equal to zero (no over- or under-estimation exists). This is further
confirmed by the comparable RMSE values for the linear fits, a fact that implies comparable
dispersion (spread) of the estimated values around the linear curves.

3.2. Seasonal Sky Status

This section provides an analysis of the sky conditions over Greece on a seasonal basis.
For clarity, spring includes March, April, and May; summer consists of June, July, and
August; autumn has the months of September, October, and November; and winter contains
December, January, and February. Figure 4 give the frequency of occurrence (FOO, in %)
for the duration of all three types of sky conditions (clear, intermediate, overcast, as defined
in Section 2.2). Figure 4a represents the time occupied by DCS, DIS, or DOS conditions in a
TMY. The sum of all percentages shown by the bars in the figure gives 100% (corresponding
to 4108 h annually). The DCS and DIS conditions show a maximum in the summer season,
while the opposite occurs for the DOS cases. The DIS conditions are favoured in spring
(a transition season from winter to summer), while the DCSs prevail in summertime, as
expected. Figure 4b depicts the FOOs for the DCS, DIS, and DOS conditions within the
TMY. The sum of all FOOs in the same season is 100% (4108 h annually). The occurrence of
DCSs is highest in the summer, while the DISs and DOSs have equal percentage occurrence
in spring (transition season). The pattern of Figure 4a is repeated in Figure 4b, i.e., higher
frequencies for the DCS and DIS skies in the summer and lower for the DOS ones; the
DOSs are highest in winter, as expected. Figure 4c gives the frequencies for the DCS, DIS,
and DOS events within the same season. It is seen that spring is dominated by DIS skies
(transition period), summer by DCS cases (expected), autumn by DIS events (transition
period), and winter by DOS skies (expected). The sum of the percentages within any season
gives 100% (i.e., 4108 h annually = 1125 h for spring + 1221 h for summer + 939 h for
autumn + 823 h for winter).

Figure 5 show the seasonal mean DCS, DIS, and DOS values together with the
±1σ band. Best-fitted curves are also shown by the green dashed curves. Though the
regression lines come out of the ±1σ band (σ = standard deviation) between the spring
and summer mean values, they go exactly through the seasonal values; this gives them
an R2 = 1. The expressions of the regression lines are given in Table 2. As also shown
by Figure 5, the higher seasonal durations of the sky conditions over Greece during the
summer are the DCS and DIS cases; the opposite exists for the DOS occurrences.

3.3. Intra-Annual Sky Status

The present section provides an analysis of the sky conditions over Greece on a
monthly basis. Figure 6 shows the monthly mean values of the duration of sky conditions
(DCS, DIS, DOS) with the ±1σ band and the best-fitted curves to the mean ones at the con-
fidence level of 95%. More particularly, Figure 6a depicts a smooth intra-annual variation
in the DCS (or else SSD) with its maximum in July and its minimum values during winter,
as expected. The best-fitted regression curve to the mean DCS values lies within the ±1σ, a
fact that implies 95% of the DCS events are fully described by the fitted curve. Figure 6b
shows the intra-annual variation of the DIS conditions over Greece; two local maxima are
found, one in May and another in August. The first maximum appears in spring time
(transition season), while the second is due to the frequent thermal storms of short duration
in early afternoon at near-shore areas because of temperature differences between land
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and water [36]. Figure 6c presents the intra-annual variation in the DOS cases over Greece;
lowest values in the summer and highest in winter occur, as expected.
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Table 2. Expression of the seasonal mean duration (in h) for the clear, intermediate, and overcast
skies from the TMYs of the 43 sites as function of the season, t, in the range [1 (spring), 4 (winter)].
R2 = coefficient of determination; SEE = standard error of the estimate. SSD/DCS = sunshine
duration/duration of clear skies; DIS = duration of intermediate skies; DOS = duration of overcast
skies (all durations in h). All regression fits are at the 95% confidence level (α).

Sky Conditions Regression Equation and Statistics

Clear SSD = DCS = 983.0168 × exp{−0.5 × [ln(t/1.9320)/0.3804]2/t}
R2 = 1, SEE = 0 h, α = 0.05

Intermediate DIS = 968.7578 × exp{−0.5 × [ln(t/1.9336)/0.3855]2/t}
R2 = 1, SEE = 0 h, α = 0.05

Overcast DOS = 289.0910 × (t−90.3392×t−6.1013
)

R2 = 0.9993, SEE = 3.6101 h, α = 0.05

Table 3. Non-linear expressions of the monthly mean duration (in h) for the clear, intermediate, and
overcast skies from the TMYs of the 43 sites as function of the month (t), with t∈ [1, 12]. R2 = coefficient
of determination; SEE = standard error of the estimate. SSD/DCS = sunshine duration/duration of
clear skies; DIS = duration of intermediate skies; DOS = duration of overcast skies. All regression fits
are at the 95% confidence level (α).

Sky Conditions Regression Equation and Statistics

Clear
SSD = DCS = −0.0110 × t6 + 0.4560 × t5 − 7.1042 × t4 + 51.0454 × t3

− 170.5219 × t2 + 260.5100 × t − 81.5485
R2 = 0.9838, SEE = 11.4553 h, α = 0.05

Intermediate
DIS = 0.0063 × t6 − 0.2435 × t5 + 3.7120 × t4 − 28.1920 × t3 + 106.7279
× t2 − 160.6950 × t + 175.3897
R2 = 0.9648, SEE = 9.0997 h, α = 0.05

Overcast
DOS = 0.0119 × t6 − 0.5002 × t5 + 8.0436 × t4 − 61.1764 × t3 + 223.5341 ×
t2 − 366.5001 × t + 323.0779
R2 = 0.9820, SEE = 7.3930 h, α = 0.05
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Table 3 presents the regression polynomials of the fitted curves to the monthly mean
duration of sky conditions as function of the month; all of them are sixth-order polynomials.
It is worth observing the high R2 values (accuracy of the estimated regression curves) and
the decreasing SEE values (dispersion of the monthly data around the regression curves)
from clear to overcast skies. The latter outcome is due to the following reason: the kdu
and kdl limits mentioned in Section 2.2 (step 5) are not clear-cut ones, meaning that there
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may be an “intrusion” of DSC events registered as DIS, “intrusion” of DIS occurrences
into the DCS and DOS zones, and “intrusion” of DOS events into the DIS band. It is
apparent that the DCS data may be “disturbed” from the intrusion of some DIS events. To
the contrary, the DIS data are more insensitive to an intrusion of some DCS or DOS cases
because the sky, in this case, is partially covered by clouds. Finally, the DOS data do not
respond to an intrusion of DIS events because the sky is fully covered in this case. The same
explanation applies to the SEE values of Table 1. More about this “intrusion” rationale is
given in Section 5.

3.4. Sunshine Duration and Atmospheric Scattering

This section is focused on these two parameters, as indicated by the title of the article.
As far as the sunshine duration is concerned, this coincides with the DCS events, as shown
in the previous sections. Therefore, no further discussion is needed to be made. This gives
some space for the second parameter.

Kambezidis [23] has presented an interpretation of kd as an ASI and used it as such.
The count of the hourly kd values within the posed limits mentioned in step 5, Section 2.2,
actually corresponds to the DCS, DIS, and DOS events (i.e., hours) at all sites in their
respective TMYs, as already explained previously. In this context, by using the notion of kd
as ASI, one could interpret the results presented so far as atmospheric scattering (AS) under
clear-, intermediate-, and overcast-sky conditions. Having this in mind, the distribution
of the three types of AS over Greece on annual basis is 33% for ASCS (subscript CS for
clear skies), 40% for ASIS (subscript IS for intermediate skies), and 27% for ASOS (subscript
OS for overcast skies). It is seen that greater AS is caused by intermediate-sky conditions
followed by clear and overcast skies. This may look fallacious at first glance, as one would
expect that AS should increase with the presence of more clouds (i.e., DOS cases). In fact,
the scattering mechanism depends on the type of clouds and the cloud cover of the sky, as
well as their altitude. Liou [37] claims that:

• Thick clouds (nimbostratus, cumulonimbus) reflect 80–90% of the incident solar light
(in the 300–3000 nm spectrum) back to space, while they absorb just 10–20% of it;

• Fair weather cumulus clouds reflect and absorb 68–85% and 4–9%, respectively; they
scatter to the surface the remaining solar flux, accounting for 15–32%;

• Thin stratus clouds reflect and absorb 45–72% and 1–6%, respectively, of the solar flux,
while they scatter 28–55% to the surface;

• For alto-stratus clouds, these figures are 57–77% and 8–15%, respectively, while the
scattering to the surface of the Earth constitutes 23–43%;

• The absorption mechanism is triggered in the near-infrared band of the solar spectrum,
i.e., for wavelengths longer than 700 nm.

The above conclusions have not taken into account the scattering mechanism by air
molecules and atmospheric aerosols, which contribute to the mechanism [38]. If both factors
(clouds and aerosols) are considered, then one can justify the results of the occurrence of
ASCS, ASIS, and ASOS shown above as follows:

• In clear-sky conditions, scattering of solar light is only due to atmospheric aerosols
(natural or anthropogenic) and in certain fair-weather cases to cumulus clouds; this
occurs for 33% of the time in a year over Greece;

• In intermediate-sky conditions, when a variety of clouds (cumulus, stratus, cirrus)
may be present in the sky at different instances in a year, aided by the presence of
atmospheric aerosols, the scattering of solar light occupies more time in a year (40%);

• In overcast-sky conditions, scattering to the surface of the Earth is least as the major
part of the incident solar flux is reflected to space; this gives a figure of 27% of the time
in a year over Greece.

In order to investigate AS further, an additional subdivision of the kd limits for
intermediate skies is employed here for the first time worldwide. Three new ranges are
defined: (i) intermediate-1-sky conditions for 0.26 < kd ≤ 0.43 (i.e., presence of cirrus clouds
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with a clear-sky look), (ii) intermediate-2-sky conditions for 0.43 < kd ≤ 0.60 (i.e., mix
of clear skies with broken or fast-moving clouds [39,40]), and (iii) intermediate-3-sky
conditions for 0.60 < kd ≤ 0.78 (i.e., prevailing broken clouds with a more permanent
character). Taking into account this subdivision of the kd intermediate-sky range, the
values of the scattering index for all 43 sites can be related to the geographical latitude
of the sites, as firstly depicted in Figure 9 of [23] showing a linear dependence for clear-
and all-sky conditions. Figure 7 repeats this linear dependence of ASI (i.e., of kd) on ϕ
for the kd ranges corresponding to clear, intermediate-1, intermediate-2, intermediate-3,
and overcast skies; the delimitation of kd for the clear and overcast cases has been figured
in step 5, Section 2.2. From Figure 7, it is seen that the linear regression curves coincide
with the average lines in all cases except for the overcast skies. Indeed, this observation
is confirmed in Table 4, where the constant terms in all linear equations are almost equal
to the ASI average values. In all cases, the coefficients of ϕ are positive, except for the OS
case, where it has a negative sign; nevertheless, all the constant terms have extremely low
values, meaning that the fitted (solid) curves are almost parallel to the x-axis (i.e., they
almost coincide with the horizontal average dashed lines); a slight deviation may, however,
be observed in the case of the OS skies. All R2 values are very low, a fact that implies a
loose fit to the data points. On the other hand, the SEE values are two orders (one order for
OS) of magnitude lower than the ASI values themselves, thus drawing the conclusion of
very low dispersion of the data points around the regression lines.
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Table 4. Linear expressions for the annual mean ASI for clear; intermediate-1, -2, -3; and overcast
skies over Greece as function of the geographical latitude (ϕ in degrees N), of the sites in the range
(35◦, 42◦). The ASI values are averages over the 43 sites from their TMYs. Ave = annual mean;
R2 = coefficient of determination; SEE = standard error of the estimate. The subscripts CS; IS-1, -2, -3;
and OS to ASI denote clear; intermediate-1, -2, -3; and overcast skies, respectively. All regression fits
are at the 95% confidence level (α).

Sky Conditions Regression Equation and Statistics

Clear ASICS = 0.0007 × ϕ + 0.1834
Ave = 0.2118, R2 = 0.0330, SEE = 0.0074, α = 0.05

Intermediate-1 ASIIS−1 = 2.5292 × 10−5 × ϕ + 0.3287
Ave = 0.3297, R2 = 0.0002, SEE = 0.0035, α = 0.05

Intermediate-2 ASIIS-2 = 0.0002 × ϕ + 0.4999
Ave = 0.5095, R2 = 0.0206, SEE = 0.0032, α = 0.05

Intermediate-3 ASIIS−3 = 0.0014 × ϕ + 0.6243
Ave = 0.6801, R2 = 0.2243, SEE = 0.0050, α = 0.05

Overcast ASIOS = −0.0024 × ϕ + 1.0613
Ave = 0.9685, R2 = 0.1018, SEE = 0.0133, α = 0.05

3.5. Credibility of Results

To ensure that the DCS, DIS, and DOS results are acceptable, comparison of all-sky
events with measured or modelled ones must take place. All 43 selected sites correspond
to meteorological stations belonging to the HNMS network. However, the HNMS has not
yet provided SSD-accredited data for the period 2007–2016 (from which period the TMYs
have been derived in the PV-GIS platform). To overcome this difficulty, use of the free
Global Climate Data of the German Weather Service (DWD) was made from the Climate
Data Centre (CDC) of the German Weather Service (DWD)—Climate-ADAPT (europa.eu,
accessed on 13 June 2022) platform; yearly sunshine durations were downloaded for the
available Elliniko, Irakleio, Kerkyra, and Larissa sites in the period 2007–2016. In addition,
measured SSD data from the Institute of Applied Physics, Academy of Sciences of Moldova
(ASM) at Chisinau, were used for the period 2007–2015. SSD averages from the five sites
were computed and are compared with the annual ones estimated in this work. Table 5
shows this comparison. It is seen that large differences exist between the SSD values from
the three sources (fourth column in Table 5). This outcome may be attributed to the fact
that some kd values though classified as DIS may have DCS characteristics. This issue is
discussed in the following paragraph.

Table 5. Annual mean values of SSD for 4 sites from DWD (2007–2016), 1 site from ASM (2007–2015),
and DCS from the TMYs of the sites. The fourth column presents the difference in the values from
the three sources.

Site SSD, External Source (h) DCS, This Work (h) SSD—DCS (h)

Chisinau, ASM 2346 1213 1132
Elliniko, DWD 2909 1523 1386
Irakleio, DWD 2905 1548 1357
Kerkyra, DWD 2593 1240 1353
Larissa, DWD 2435 1185 1250

In order to investigate the above findings further, one might consider the sub-division
of the IS cases into IS-1, -2, and -3 sky conditions, as mentioned in Section 3.4. This is per-
formed because of a possible “intrusion” of kd-DIS values into the kd-DCS range. To limit
this intrusion and make things clearer, consideration of the DIS-1, DIS-2, and DIS-3 sub-
ranges was taken into account. These sub-ranges correspond to kd ∈ (0.26, 0.43) for DIS-1, to
kd ∈ (0.43, 0.60) for DIS-2, to kd ∈ (0.60, 0.78) and were defined as to have equal kd lengths,
i.e., 0.17, 0.17, and 0.18, respectively, for DIS-1, DIS-2, DIS-3. It is now assumed (without
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experimental justification) that the clear-sky hours in the DCS band obtain intrusion from
all three DIS sub-ranges in a weighted manner; therefore, a new formula is proposed for es-
timating (approximating) the real SSDs: SSDm = DCS + DIS-1 + 0.8 × DIS-2 + 0.5 × DIS-3.
According to this assumption, Table 6 provides the new differences between the SSD-DWD
and SSD-ASM sources and the above aggregation for each of the five sites in Table 5. It is
seen that the differences have now improved, i.e., decreased dramatically. Nevertheless,
this assumption must be verified in the future against sunshine-duration measurements for
more sites of the HNMS network or elsewhere in the world. On the other hand, one should
not forget that the kd values in all ranges and sub-ranges can be attributed to equivalent
ASI ones. The rationale for developing the above-mentioned model is explained in detail
in Section 5.

Table 6. Annual mean values of SSD from DWD, ASM, and DCS, DIS-1, -2, -3 from this work. The differ-
ence in the last column is expressed as SSD − SSDm = SSD − (DCS + DIS-1 + 0.8 × DIS-2 + 0.5 × DIS-3)
for the five sites of Table 5. DIS-1 corresponds to the kd counts in the interval (0.26, 0.43], DIS-2 to
(0.43, 0.60], and DIS-3 to (0.60, 0.78].

Site SSD (h) DCS (h) DIS-1 (h) DIS-2 (h) DIS-3 (h) Difference (h)

Chisinau, ASM 2346 1203 778 511 0 −71.1
Elliniko, DWD 2905 1523 813 481 239 64.7
Irakleio, DWD 2905 1548 804 506 297 −0.3
Kerkyra, DWD 2593 1240 892 462 351 −84.1
Larissa, DWD 2435 1185 864 495 264 −142

3.6. Annual Maps of Sky Status

This section is devoted to the depiction of the dispersion of the sky conditions over
Greece. Indeed, Figure 8 show the distribution of the clear-, intermediate-, and overcast-sky
events as annual values of the TMYs across the 43 sites. Figure 8a shows the distribution
of the clear-sky conditions over Greece. It is apparent that higher SSD values occur in the
southern part of Greece, i.e., below the geographical latitude of 39◦. In other words, the
country can be divided into two parts, northern and southern as far as SSD is concerned.
The pattern for overcast skies in Figure 8c presents an opposite pattern to that for clear
skies, i.e., greater number of sunshine hours in the northern part of Greece in comparison
with that for the southern half; this is in agreement with the regression curve for the
DOS cases shown in Table 4: decreasing ASI with latitude results in cleaner atmosphere,
which permits more solar radiation to reach the surface. The pattern for intermediate-sky
conditions is shown to be between those for clear and overcast conditions. Higher DIS
values occur in the southern Aegean and southern Ionian Seas with secondary peaks over
central and north-western Greece. In viewing these results as ASI, one can refer to the
map of Figure 11a in [41], where the solar flux on flat-plate surfaces tilted at 25–30◦ to
south presents exactly the same pattern with that of Figure 8a of the present work; this
would be anticipated since lower ASI results in higher solar radiation reaching the surface
of the Earth, and higher ASI blocks a significant amount of solar radiation to be incident
on the flat-plate surfaces. On the other hand, Figure 12b in [42] shows the distribution of
the Linke turbidity factor (TL) over Greece under clear-sky conditions. TL represents the
total attenuation of solar radiation. It is seen that the TL pattern is just the opposite that
for SSDCS in Figure 8a of the present study; indeed, higher atmospheric turbidity (higher
attenuation of solar radiation) results in lower levels of solar flux on the surface of the
Earth, and, consequently, fewer sunshine hours.

Now, one might wonder what the distribution of the SSD sky conditions over
Greece would be like by applying the proposed model of the previous section,
i.e., SSDm = DCS + DIS-1 + 0.8 × DIS-2 + 0.5 × DIS-3 (the subscript m denotes model). To
accomplish this, the kd events in the various ranges (DCS, DIS-1, DIS-2, DIS-3) were counted
and calculations according to the formula were made. Then annual mean SSDm values were
derived. Figure 9 shows their distribution over Greece. The resemblance of this pattern
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with that of Figure 8a is remarkable, at least quality-wise; there are, of course, differences
in the individual values between the two Figures, the cause of which has been discussed in
the previous section.

Speaking about interpreting kd as ASI, Figure 10a shows the distribution of ASI
in the event of DCS sky conditions over Greece. This can be compared again with
Figure 12b in [42]. The resemblance of the two Figure is remarkable and anticipated as the
kd values in the DCS cases (interpreted as ASICS) should reflect the same TL pattern under
clear skies over Greece. One should, however, note that this resemblance does not imply
two identical copies because the TL factor refers to the total solar radiation extinction, while
the ASI to only the scattering effect of atmospheric constituents on solar radiation.

Now that the ASICS values have been estimated, it is easy to compute the atmo-
spheric absorption index under clear skies (AAICS) because of the validity of the equation:
AAICS + ASICS = 1 [23]; the unity in the equation denotes the total attenuation of solar
radiation due to both absorption and scattering effects. Based on this equation, Figure 10b
was prepared, which shows the distribution of AAICS over Greece. As anticipated, the
pattern in Figure 10a is the reverse of that in Figure 10b. By comparing both Figure with
Figure 12b in [42], one observes that the scattering pattern of Figure 10a looks more similar
to that of Figure 12b [42] than the pattern of Figure 10b does. This observation leads to
the assumption that most of the solar radiation attenuation (expressed by TL) is due to
atmospheric scattering than absorption over Greece on a yearly basis.
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(b) intermediate, and (c) overcast skies derived from the TMYs of the 43 sites. The subscripts CS, IS,
and OS to SSD represent clear, intermediate, and overcast skies, respectively. All SSDs are in hours.



Appl. Sci. 2022, 12, 7969 21 of 28

Appl. Sci. 2022, 12, 7969 21 of 29 
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model. 

Speaking about interpreting kd as ASI, Figure 10a shows the distribution of ASI in 
the event of DCS sky conditions over Greece. This can be compared again with Figure 12b 
in [42]. The resemblance of the two Figure is remarkable and anticipated as the kd values 
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over Greece. One should, however, note that this resemblance does not imply two identi-
cal copies because the TL factor refers to the total solar radiation extinction, while the ASI 
to only the scattering effect of atmospheric constituents on solar radiation. 
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rived from the TMYs of the 43 sites. These values were estimated by applying the model developed in
Section 3.5: SSDm = DCS + DIS-1 + 0.8 × DIS-2 + 0.5 × DIS-3. The subscript m to SSD implies model.
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Figure 10. Distribution of the annual mean (a) ASI and (b) AAI for clear skies over Greece derived
from the TMYs of the 43 sites. The subscript CS to ASI and AAI represents clear skies. Both ASI and
AAI values are dimensionless.

4. Discussion

The results shown in Section 3 have intrinsic issues, which need attention. These
issues are related to the following:

• The present work has been based on the diffuse-fraction limits set by Kambezidis et al. [22];
these limits characterise the sky as clear, intermediate, or overcast at any site world-
wide. Kambezidis et al. have evaluated their methodology against real observations
(14 sites around the world), but further verification of the method needs to be estab-
lished at other sites with various climatological conditions.

• Kambezidis [23], on the other hand, has used the diffuse fraction as an atmospheric scat-
tering index for a study about the solar climate of Greece. This notion was also used here,
but a further verification at other sites with various climates should be demonstrated.

• A third observation, as an outcome of the present study, was the split of the diffuse-
fraction limits for intermediate skies in three sub-ranges. Furthermore, the assumption
of using an own-developed formula for determining the sunshine duration at a site
should be verified by other researchers, too.

5. Conclusions

The main aim of the present study was the determination of the sky status over
Greece from a particular climatology point-of-view. This particularity was expressed
by an analysis of the data that did not contain observations of the type of clouds and
the amount of cloudiness in the sky. Instead, the study was based on an innovative
methodology developed by Kambezidis [23], which uses the diffuse fraction (kd) as a key
parameter; in other words, kd was utilised as a guideline for classifying the sky status
into clear, intermediate, and overcast conditions. Such an attempt was made for the first
time worldwide. Therefore, hourly values of diffuse (Hd) and global (Hg) horizontal solar
irradiances at 43 sites in Greece were collected to compute the corresponding kd values;
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Kambezidis [23] has defined 3 ranges of kd for categorising the sky into clear, intermediate,
and overcast.

By counting the number of the kd hourly values in each range, corresponding clear-
(DCS), intermediate-(DIS), and overcast-(DOS) sky durations of sunshine were reported.
The annual mean DCS, DIS, and DOS values across Greece were found to be about 1363 h,
1647 h, and 1084 h, respectively. These results were found to correspond to 33%, 40%, and
27% of the time in a year for clear-, intermediate-, and overcast-sky conditions over Greece.
Linear and non-linear regression lines were fitted to the DCS, DIS, and DOS data points as
function of the geographical latitude (ϕ) of the sites; negative trends were found for the
first two cases and a positive one for overcast skies, as shown by the linear fits. Indeed,
fewer clear-sky sunshine hours or pseudo-sunshine hours (in the case of DIS events) would
be expected to occur while moving from southern to northern Greece; the opposite was
found to be true for the DOS cases.

On seasonal basis, the DCS events seemed to prevail in the summer, the DOS in the
winter, and the DIS in the other two (transition) seasons. Such results would be expected
more or less. Moreover, non-linear curves were fitted to these seasonal mean values with
very good agreement with the data (R2 = 1). Higher seasonal sunshine durations under
clear and intermediate skies were found to occur in summer; an opposite result exits for
overcast skies.

The intra-annual variation in the DCS, DIS, and DOS events during the TMYs of the
43 sites showed maximum, maximum, and minimum values, respectively. The monthly
mean variation in the DCS events showed a peak in July (expected as SSDCS, SSD for
clear skies, follows the intra-annual variation in Hg). The monthly mean variation of the
DIS events showed two peaks, one in May and another in August; the first peak may be
attributed to the changing weather during the transition month of May, while the second
to the almost violent thermal storms occurring near various coastal sites of Greece in the
second half of August, in particular. The intra-annual fluctuation of the DOS events showed
an expected clear minimum in July. Non-linear best-fitted curves were derived for the three
cases, and they were found to vary well-within their ±1σ band.

According to Kambezidis [23], kd could be interpreted as an atmospheric scattering
index (ASI). In order to investigate the influence of ASI on the sky status of Greece, the
intermediate-sky range was divided further into three smaller sub-ranges, i.e., DIS-1 where
clear-sky conditions and fast-moving clouds prevail, DIS-2 with prevailing cirrus, fast-
moving or low-level clouds, and DIS-3 with prevalence of thicker clouds. Linear fits of ASI
(i.e., of kd) to the ϕ of the sites were derived for the DCS, DIS-1, DIS-2, DIS-3, and DOS
cases; in the first four groups, no actual trend was shown, while in the DOS case, a slight
negative trend was found.

The developed methodology of using kd for characterising the sky conditions was
evaluated against real SSD records from 4 sites out of the 43 and 1 site outside Greece.
The SSD hourly values were compared with the DCS ones for the same sites and large
differences were found. In order to investigate these differences further, a new formulation
was created as far as the estimation of the sunshine duration from the 43 TMYs was
concerned, i.e., SSDm = DCS + DIS-1 + 0.8 × DIS-2 + 0.5 × DIS-3. Comparison of the results
from this formula with the mentioned SSD records gave much smaller differences. This
formula is promising, but it must be evaluated further with more data.

The rationale behind the derivation of the expression for SSDm was the following. The
number of the kd events belonging to the three ranges (clear, intermediate, overcast skies)
can be attributed to durations of sunshine under the above three types of skies, i.e., DCS,
DIS, and DOS. Though kd has certain limits for characterising the sky, this does not mean
that these limits are clear-cuts, at least at hourly scale. Within one hour, the sky may turn
from clear to intermediate with light cloudiness. This means that even though the kd value
is accommodated in the intermediate range, it still carries intrinsic characteristics of a clear
sky. Let us suppose that there are available 5 min solar radiation data; then, twelve 5 min
kd values can be calculated in the hour. If for seven 5 min intervals the sky was clear with
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rather high turbulence (high Hd) and during the other five 5 min intervals the sky had a
light cloudiness (still high Hd), the hourly value of the kd will be accommodated as a DIS
event very close to the kdl = 0.26 limit. In this way, any kd points close to the kdl limit at
either side (clear or intermediate) have an ambiguity as far as their clear representation of
the sky conditions they belong to is concerned. This ambiguity becomes less and less as
the kd point moves away from the limit. Therefore, one might talk about an “intrusion”
of some kd points from the intermediate range with clear-sky characteristics into the clear
range and vice versa; this intrusion that becomes weaker with the distance of the kd point
from the kdl limit was expressed by the division of the DIS range into three sub-ranges; use
of weights for each sub-range was made to form the proposed model that estimates the
SSD values at a site.

Three-dimensional maps of the annual mean DCS, DIS, and DOS values were created
for Greece. The distribution of the clear-sky conditions showed a clear division of Greece
in two halves, northern and southern, the diving line being at ϕ = 39◦. The pattern for the
overcast skies was found to be just the opposite that for clear skies, i.e., greater number of
sunshine hours in the northern part of Greece in comparison with that in the southern half.
The pattern for intermediate-sky conditions was shown to be between those for clear and
overcast conditions.

In order to investigate the efficiency of the proposed model in estimating SSDs from
DCS, DIS-1, DIS-2, and DIS-3 events, a 3D map of the annual mean SSD values was
prepared for Greece. Its pattern very much resembled that for SSDCS events, thus verifying
its validity.

In interpreting kd as ASI, a 3D map for Greece was derived for the clear-sky cases. Its
pattern was found to be very similar to that of TL from another study about the atmospheric
turbulence over Greece; this justified the results received in the present work. In addition,
a 3D map for Greece concerning the distribution of the atmospheric absorption index (AAI)
over the country was generated according to the equation: AAI = in the 1 − ASI. Its pattern
was found to be reverse to that for ASI, as expected from the above expression.
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Nomenclature

Greek and Latin Symbols
α confidence interval (dimensionless)
λ geographical longitude (in degrees)
ρ Pearson’s correlation coefficient (dimensionless)
σ standard deviation (same units with those of the parameter it refers to)
ϕ geographical latitude (in degrees)
h hour(s)
H0 extraterrestrial solar radiation (in W·m−2)

https://ec.europa.eu/jrc/en/pvgis
https://www.dwd.de/
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Hb direct horizontal solar irradiance (in W·m−2)
Hbn direct-normal solar irradiance (in W·m−2)
Hd diffuse horizontal solar irradiance (in W·m−2)
Hg global horizontal solar irradiance (in W·m−2)
IR infra-red radiation (in W·m−2)
kd diffuse fraction (dimensionless)
kdl (kdu) lower (upper) limit of kd
kt clearness index (dimensionless)
p probability (dimensionless)
pcr critical value of probability at a certain confidence level (dimensionless)
P atmospheric pressure (in hPa)
R2 coefficient of determination (dimensionless)
RH relative humidity (in %)
T air temperature (in degrees C)
TL Linke turbidity factor (dimensionless)
WD wind direction (in degrees)
WS wind speed (in m·s−1)
Abbreviations
AAI atmospheric absorption index (dimensionless)
ASM Academy of Sciences of Moldova
ARG Atmospheric Research Group
AS atmospheric scattering (dimensionless)
ASI atmospheric scattering index (dimensionless)
asl above sea level
AOD aerosol optical depth (dimensionless)
DCS/DIS/DOS duration of clear skies/duration of intermediate skies/duration of

overcast skies (in hours)
DWD German Weather Service
E east
FOO frequency of occurrence (in %)
HNMS Hellenic National Meteorological Service
IAP Institute of Applied Physics
LST local standard time (in hours)
MBE mean bias error (same units with those of the parameter it refers to)
N north
nm nanometre
PV-GIS Photovoltaic Geographical Information System
RMSE root mean square error (same units with those of the parameter it refers to)
SARAH Surface Solar Radiation Data Set-Heliostat
SEE standard error of estimate (same units with those of the parameter it

refers to)
SSD sunshine duration (in hours)
TMY typical meteorological year
UTC universal coordinated time (in hours)
WMO World Meteorological Organisation

Appendix A

The physical interpretation and the mathematical formulas for the various statisti-
cal indicators used in this work (i.e., MBE, RMSE, ρ, R2, σ, SEE) are given here. In all
expressions below, E represents estimates and O indicates observations; N is the number of
observations in a data set.

The mean bias error (MBE) captures the average bias of the estimates. A positive bias
indicates that the predictions from the regression line are overestimated in respect to the
observations and vice versa. The formula for MBE is the following:

MBE =
∑N

i=1 (Ei −Oi)

N
(A1)
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The root mean square error (RMSE) is frequently used as a measure for the differences
between values predicted by a model (in this case the regressions lines) and the observations.
These differences are called residuals. The residuals are a measure of how far from the
regression line the estimated data points are. The RMSE is, therefore, a measure of how
spread out these residuals are. In other words, the RMSE indicates how concentrated the
estimated data points around the best-fitted line are. Its formulation is the following:

RMSE =

√
∑N

i=1 (Ei −Oi)
2

N
(A2)

The Pearson’s correlation coefficient (ρ) expresses the linear correlation (co-variance)
between observations and estimates. Its formula is the following:

ρ =
∑N

i=1 (Oi −O) · (Ei − E)√
N
∑

i=1
(Oi −O)

2 ·
√

N
∑

i=1
(Ei − E)2

(A3)

where the bars over E and O mean the averages of the estimated and observed values in
the data sets. With ρ = 0, there is no correlation between the estimates and observations
data. When ρ = 1, the correlation is perfect (the two data sets co-vary), and with ρ = −1,
there is an anti-correlation (the two data sets anti-vary).

The coefficient for determination or coefficient of determination (R2) measures how
well a model (in this case, the regression lines) predicts an outcome, i.e., an observation.
R2 ∈ [0, 1]; for R2 = 0, the model’s performance is the worst (the observations lie far from
the best-fit line), while the model is quite successful for R2 = 1 (the observations are very
close to or coincide with the best-fit line). In another explanation, R2 is a measure of the
goodness-of-fit of the estimated to the observed values. Its formulation is the following:

R2 = ρ2 (A4)

The standard deviation (σ) is a statistic that measures the dispersion of a data set (in
this case, the observations or the estimations, x) around their mean value (x). It is given by:

σ =

√
∑N

i=1 (x− x)2

N − 1
(A5)

The standard error of estimate (SEE) is a measure of variation in the observations
around the computed best-fit line. In other words, it is used to check the accuracy of
the estimates made with the regression line. Therefore, the smaller SEE is, the closer the
observations to the regression line are. If SEE = 0, the observations fall on the regression
line and the model is perfect. Its expression is the following:

SEE =

√
∑N

i=1 (Ei + Oi)
2

N − 2
(A6)
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