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Featured Application: The ratio between global horizontal ultraviolet irradiance and broadband
solar horizontal irradiance is presented, and its dependency on sky cloudiness conditions, as
defined by the CIE Standard sky classification and clearness index, is shown in this paper. A
single pattern that is only dependent on sky conditions is discerned, regardless of the temporal
basis of the study.

Abstract: Solar Ultraviolet Radiation (UVR), which is identified as a major environmental health
hazard, is responsible for a variety of photochemical reactions with direct effects on urban and
aquatic ecosystems, human health, plant growth, and the deterioration of industrial systems. Ground
measurements of total solar UVR are scarce, with low spatial and temporal coverage around the
world, which is mainly due to measurement equipment maintenance costs and the complexities of
equipment calibration routines; however, models designed to estimate ultraviolet rays from global
radiation measurements are frequently used alternatives. In an experimental campaign in Burgos,
Spain, between September 2020 and June 2022, average values of the ratio between horizontal global
ultraviolet irradiance (GHUYV) and global horizontal irradiance (GHI) were determined, based on
measurements at ten-minute intervals. Sky cloudiness was the most influential factor in the ratio,
more so than any daily, monthly, or seasonal pattern. Both the CIE standard sky classification and the
clearness index were used to characterize the cloudiness conditions of homogeneous skies. Overcast
sky types presented the highest values of the ratio, whereas the clear sky categories presented
the lowest and most dispersed values, regardless of the criteria used for sky classification. The
main conclusion, for practical purposes, was that the ratio between GHUV and GHI can be used to
model GHUV.

Keywords: UV; global irradiance; sky conditions; CIE standard sky classification; k;; statistical analysis

1. Introduction

Although Solar Ultraviolet Radiation (UVR) comprises only 8.73% of the solar radi-
ation spectrum [1], its study is of great interest, due to its direct consequences for life on
Earth. UVR is a major environmental hazard that causes health problems such as sunburn,
skin cancer, photokeratitis, and ocular diseases, among others [2]; however, the natural
synthesis of Vitamin D requires exposure to UVR [3]. UVR is also responsible for a variety
of photochemical reactions, with direct effects on urban ecosystems [4]; for instance, the
degradation of photovoltaic systems [5], stunted plant growth and morphology [6], and
the equilibrium of aquatic ecosystems [7]. The spread and seasonality of several diseases
have been linked to solar UVR [8-10]. UVR ground measurements are key to the analysis
of its spatial and temporal distributions under different atmospheric conditions, and for
public information campaigns on protection against UVR damage [11].
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UVR is divided into three wavebands: UV-C (100-280 nm), UV-B (280-315 nm), and
UV-A (315-400 nm). UV-C is absorbed in the stratosphere, whereas both the UV-A and the
UV-B bands reach ground level in amounts that depend on several factors. Column ozone
content, atmospheric composition [12] (aerosols, water vapor, and other gases), cloud type
and distribution [13,14], and geometrical and geographic variables, such as solar zenith
angle, and surface albedo [15,16], all contribute to UVR variability; however, it is difficult
to evaluate the individual role of each variable, due to their combined effects with other
variables under different atmospheric conditions [17].

UVR ground measurements are scarce, and spatial and temporal coverage around the
globe is limited, which is mainly due to equipment maintenance costs and the complexities
of measurement equipment calibration routines [17-19]; however, the models used to
estimate solar UVR from global radiation measurements, with relatively few data inputs,
are frequently used alternatives [11,12,15,20-36].

Several authors have studied the influence of clouds and sky conditions on surface
UV measurements [12,13,17,22,33,37,38]. The presence of cloud cover and its type and
distribution can both enhance total solar UVR by as much as 15% and reduce it by over 50%;
this is due to the superposition of the albedo reflection, and distribution and extinction
effects [39]. Conversely, atmospheric pollution and dust can drastically reduce total solar
UV irradiance [33,40,41].

The ratio of global horizontal ultraviolet irradiance (GHUV) and global horizontal
irradiance (GHI), measured using different (ten-minute data intervals, hourly and daily
values, and monthly and annual averages) time scales around the world and under different
sky conditions, has been widely studied, as shown in the literature review summarized
in Table 1. As is evident, the GHUV:GHI ratio ranges between 2.9 and 7%, with the
highest values of the ratio corresponding to cloudy days, regardless of the index used
for sky condition classification. The scattering effects on the UVR band caused by cloud
cover increases the intensity of the GHUV, whereas the stronger absorption effect of water
vapor on the infrared band contributes to lower levels of GHI [33]. The location of the
measurement site is another important factor: GHUV at ground level increases when the
site is closer to the Equator [42] and at a higher height above sea level (h.a.s.1.), due to the
shorter optical length of rays through the atmosphere [43-45]. On a summer’s day, GHUV
is strongest at around noon when 50-60% of solar UVR can be measured. The solar zenith
angle also affects the intensity of UVR: GHUV increases with the solar zenith angle, because
solar UV rays, perceived as solid angles, are distributed over larger surface areas of the
globe [16].

Table 1. Experimental measurements of the GHUV:GHI ratio around the world.

Experimental Height
Ref. Cp . Location Geographical Data above Sea GHUV/GHI Comments
ampaign
Level
) Austral summers Amundsen-Scott - o Sun elevation > 17°
40l 1978-1981 South Pole Station ~ 12% 90”5 2835m 4-4.3% (hourly av) Clear skies
,, 30 min Safat lat. 29°20' N o e
[47] 1985-1987 (Kuwait) long. 47°57' E 0m 4.2-5.2% (monthly av.) No sky classification
) 60 min Dhahran lat. 26°32' N o . i
[48] 1985-1987 (Saudi Arabia) long. 50°13' E 17 m 3.3-3.7% (monthly av.) Sky conditions classified by k;
60 min
Makkah lat. 21.5° N . "
[49] 01/01/1987- . . o 277 m 2.8-4.3% (monthly av.) Sky conditions classified by k;
31/05,1988 (Saudi Arabia) long. 39.8° E
2 min onnt
[50] 01/04/1985- fé’:fjaf 1) pea2m N 35m 3-4% (2 min av.) No sky classification
31/04/1988 Y &
10 mi . . lat. 39°28'00” . i
[51] 03711,1;;1 ~09/1991 Valencia (Spain) I\aHong. 0°22/30" W 40m 2.7-3.2% (monthly av.) Sky conditions classified by k;
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Table 1. Cont.

. Height
Ref. E)g;nn;(ienxtlal Location Geographical Data above Sea GHUV/GHI Comments
paig Level
B 0 !
(%;;%t) 2 ;03%51;? . 23m 2.7-3.4% (monthly av)
5 — All sk iti
[52] 1990-1992 Aswan lat. 23°58' N o0 (month] sky conditions
(Egypt) long. 32°47' E 106 m 3.5-3.9% (monthly av.)
3-5% Sky conditions classified by k
(monthly and hourly av.) y A
- 1 min Granada lat. 37.18° N .
(1225551 1904 1995 (Spain) long. 3.58° W 600 m 3.7-4% . Sky conditions classified by cloud
(1 min and 5 min av.)
o cover (octas)
4% (hourly av.) All sky tvpes
3.4-4.6% (hourly av.) yop
5 mi Al t lat. 36.83° N
[53] 192;_\ 1995 (S;;ie;;a lgng. 5 41° W Om 3.7% (hourly av.) All sky types
3.2% (10 min av.)
10 min . 2.9-2.5% (hourly av.)
Valencia lat. 39°30' N N - .
30,54 1991-1996 . S 2.9-3.4% (daily av. Sky conditions classified by k
[ 1 5 min (Spain) long. 0°25' W 40m 00 (daily av.) y vk
1996-1998 4.4-5.6% (monthly av.)
5 min Cordoba lat. 37° 51' N o
[23] 19961998 (Spain) long. 4°48' W 125m 3.9-4.5% (monthly av.)
60 min Athens lat. 37.97° N o
53] 03/1996-12/2000 (Greece) long. 23.67° E 20m 4.06% (monthly av.)
: ) 010/
[15] (1) 6n/1§r;98 08,2001 é‘gjtr;lggorea) igﬁ;izlgo 51\;, E 90 m 7-9.4% (monthly av.) Sky conditions classified by k;
10 min Athalassa lat. 35°15' N 2.92-3.95% (hourly av.) . o
[56] 2004 (Cyprus) long. 33°40' E 165 m 2.85-3.68% (daily av.) Sky conditions classified by k;
Lhasa lat. 29°30' N 3668 3.9-5%
1 min (China) long. 91°6' E m (monthly and daily av.)
571 2005-2006 Haibei lat. 37°37' N 230 m 3.7-4.6% Sky conditions classified by ki
(China) long.101°19’ E (monthly and daily av.)
[24,58,59] 5 min Botucatu lat. 22°530 S 786 m 4-4.9% (hourly av.) Sky conditions classified by k;
e 2001-2005 (Brazil) long.48°260' W 4-4.8% (daily av.) (four intervals)
- . o v
[11] gor(r)lén ?é[?:;l{; i?);gg 32;39 4950, w 127 m 2.3-3.6% (daily av.) Sky conditions classified by k;
3.8-4.4%
[22] 10 min Valladolid lat.41°40' N 840 m (monthly and hourly av.)  Sky conditions classified by
02/2001-06/2008 (Spain) long. 4°50' W 3.84.2% cloud cover
(monthly and daily av.)
i oan/ 3.9-4.4% (daily av.)
[13,60] ;586122012 ygﬁﬂ:; igl; 301f20 21\1T "B 30 m 3.8-4.3% (hourly av.) Sky conditions classified by k;
g 3.96-4.94% (monthly av.)
4.2-4.7%
Sanya lat. 18°13' N (monthly and hourly av.) i ‘e
[18] 2005-2012 (China) long. 109°28' E 1.5m 41-4.6% Sky conditions classified by k;
(monthly and daily av.)

This study focuses on the determination of the GHUV /GHI ratio in Burgos (Spain), and
its dependency on sky conditions, which is classified using different criteria. Experimental
data of GHUV, GHI, and the sky luminance distribution were compiled from experimental
sky scanner measurements. A complete statistical analysis of the results over different time
scales (10 min, hourly, daily, monthly, and seasonal intervals) was completed. The results
collected under different sky conditions, classified in accordance with the CIE standard
sky taxonomy [61] and clearness index (k;), were tested during a 22 month experimental

test campaign.

The experimental facility, the measurement campaign, and the quality filters applied
to the experimental data are described in Section 2. In Section 3, the description of the sky
conditions in Burgos during the experimental campaign is presented, as well as a complete
analysis of the quality of the experimental data and an analysis of the GHUV /GHI ratio
over different temporal intervals and against sky classification criteria. Finally, the main
results and the conclusions of the study are summarized in Section 4.
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2. Experimental Data

All meteorological and radiometric experimental data used in this study were recorded
at the weather station of the SWIFT Research Group, located on the roof of the Higher
Polytechnic School building (EPS) of Burgos University (42°21'04” N, 3°41'20"” W, 856 m
above mean sea level). Figure 1 shows the location of the meteorological station on the
flat roof of the EPS building, which is where the climatic parameters were measured.
These parameters were as follows: ambient temperature, relative humidity, atmospheric
pressure, wind speed and direction, and rainfall. A Kipp & Zonen CUVS5 sensor was used
to measure GHUV. GHI data were measured with a (Hulseflux, model SR11) pyranometer.
Sky luminance and radiance distributions were determined with a commercial MS-321LR
sky scanner manufactured by EKO Instruments (EKO Instruments Europe B.V. Den Haag,
The Netherlands). The technical specifications of the various measurement instruments are
shown in Tables 2—4. A complete description of the experimental facility and its location

can be found in previous papers [62,63].

Figure 1. Location of the experimental equipment on the roof of the Higher Polytechnic School

building at the University of Burgos (Spain).

Table 2. UV Radiometer technical specifications.

Sky-scanner

Model CUV5
Spectral Range (Nominal passband 50% point) ~ 300-385 nm
Spectral range (Overall) 280 to 400 nm
Sensitivity 300-500 wV/ (W /m?)
Temperature response (—40 °C-80 °C) <—0.3%/°C
. . 0 Ari 2

Directional response (up to 70° with 100 W/m: < 5W/m2
UV beam)

Table 3. Pyranometer technical specifications.
Model SR11
ISO classification first class
Spectral range 285 to 3000 nm
Irradiance range 0 to 2000 W/m?
Sensitivity 15 uV/(W/m?)
Temperature response (—10 °C—40 °C) +2%
Directional error +20 W/m?
Calibration uncertainty <1.8%
Non-Stability <£1% change per year
Tilt Error (0 to 90° at 1000 W m—2) <+2%
Level Accuracy <1%

Irradiance - Global
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Table 4. Sky scanner technical specifications.

Model MS-321LR Sky Scanner
FOV 11°

Luminance 0 to 50 ked/m?
Radiance 0 to 300 W/m?

A /D Convertor 16 bits

Calibration Error 2%

The experimental campaign ran from 14 September 2020 to 6 June 2022. GHI and
GHUYV data were recorded every 10 min (average recorded scans of 30 s). Experimental
GHI data were subjected to the Quality Control (QC) procedure proposed for the MESoR
project [64]. Regarding UV data, it was established that GHUV could not be higher than
the extraterrestrial UV on the horizontal plane (UV Hy) that corresponded with the same
time frame. UV Hy was calculated with the correction factor (f.) applied to the UV solar
constant (U Vs,); this is based on the estimated orbital eccentricity multiplied by the cosine
of the solar zenith angle, as shown in Equation (1).

UVHy = f:UVs cosb;. €))

In the absence of a standardized value, the UV;. was obtained from the integration of
the solar spectrum, as revised by Gueymard [65], between 280 and 400 nm, subsequently
obtaining a value of 102.15 W-m~2. Data corresponding to solar elevation angles lower
than 5° were discarded, in order to avoid the cosine response problems of the GHI and
GHUYV measurement instruments.

The sky scanner was adjusted monthly so that it could take measurements from
sunrise to sunset. It completed a full scan in four minutes and started a new scan every
ten minutes. Data that were not within the specifications (i.e., a5 < 7.5°,> 50 ked-m—2
and < 0.1 ked-m~2) were discarded. If a dataset (GHI, GHUYV, or sky scanner measurement)
failed to pass the QC, then all the simultaneous datasets were rejected; thus, 24.9% of
the data recorded during the 22 month experimental campaign were rejected after failing
the quality control tests, resulting in 34,270 valid 10 min data points. The seasonal data
distribution was 22.8% in winter, 30.5% in spring, 20.3% in summer, and 26.3% in autumn.

Table 5 shows the annual and seasonal mean values of GHI, GHUV, temperature (T),
relative humidity (RH), and wind speed (WS), which were calculated from the 10 min
records. These values were obtained for the whole year and they were classified according
to each sky type, k; (overcast 0 < k; < 0.35, partly cloudy 0.35 < k; < 0.65, clear sky
0.65 < kt <1) [66].

Table 5. Seasonal 10 min mean values (N) between 14 September 2020 and 6 June 2022 for global solar
irradiance (GHI), global ultraviolet irradiance (GHUV), air temperature (T), relative humidity (RH),
and wind speed (WS), for overcast, intermediate, and clear sky conditions classified in accordance
with the k; criteria.

Season
Sky Type Parameter All Data
Winter Spring Summer Autumn
N 34,270 7,824 10,458 6,972 9,016
GHI (W-m~2) 353.27 258.17 412.21 499.63 254.23
All Sk GHUV (W-m~2) 13.33 9.36 15.83 19.09 9.41
Y T (°Q) 13.20 7.4 13.68 2151 11.21
RH (%) 67.96 75.31 65.40 54.82 74.72

WS (m-s~1) 2.15 2.37 2.17 1.97 2.09
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Table 5. Cont.

Season
Sky Type Parameter All Data
Winter Spring Summer Autumn

N 11,971 3,281 3,584 1,314 3,792
GHI (W-m~2) 120.31 108.32 142.60 140.64 102.56

Overcast skies GHUV (W-m~2) 5.51 4.86 6.54 6.60 473
(0 <k <0.35) T (°C) 9.87 6.10 11.24 17.33 9.24
RH (%) 82.41 85.64 79.15 71.97 86.30

WS (m-s~1) 2.26 2.53 2.15 1.74 2.31

N 9,579 2,240 2,916 1,885 2,538
GHI (W-m~2) 312.54 278.81 361.07 335.61 269.44

Intermediate skies GHUV (W-m~2) 12.08 10.43 14.22 13.20 10.25
(0.35 < kt < 0.65) T (°C) 12.97 7.75 13.78 20.27 11.24
RH (%) 68.20 74.07 64.99 59.38 73.27

WS (m-s~1) 2.11 243 2.09 1.83 2.05

N 12,720 2,303 3,958 3,773 2,686
GHI (W-m~2) 603.17 451.58 694.03 706.59 454.00

Clear skies GHUV (W-m~—2) 21.63 14.75 2543 26.40 15.22
(0.65 <kt <1) T (°C) 16.51 9.05 15.83 23.59 13.97
RH (%) 54.18 61.80 53.24 46.56 59.74

WS (m-s~1) 2.08 2.08 224 211 1.82

3. Results and Discussion
3.1. Sky Classification

Definition of (clear, intermediate, and overcast) sky types is usually achieved through
meteorological and climate indices. Among others, the clearness index, k; (ratio of global
solar irradiation to extraterrestrial solar irradiation) [67-70], relative sunshine, S, [71,72],
Perez’s clearness index, ¢, and sky brightness, A, [73,74], have been proposed as sky type
classifiers. A previous study concluded [66] that limited results for sky classification can
be obtained using meteorological indices. In 2003, the CIE adopted 15 standard sky types
(five clear, five intermediate, and five overcast skies) in order to create a standard for sky
classification [61]; these were defined by the International Commission on Illumination
(Commission Internationale de L'Eclairage or CIE), and each one was perfectly characterized
in terms of energy and daylight, and widely considered as an adequate representation
of empirical sky conditions [75-80]. Therefore, the CIE standard for sky taxonomy was
selected as the reference for atmospheric conditions. A complete description of the CIE
standard sky classification model and the procedure for obtaining a CIE standard sky
classification from sky scanner measurements can be found in previous works [62,63,81,82].

Figure 2 shows the frequency of occurrence of each CIE standard sky type in Burgos,
Spain, during the experimental campaign. Skies in Burgos are predominantly clear, the
most frequent sky type in the city being CIE standard sky type 13 (cloudless polluted with
a broader solar corona), with a Frequency of Occurrence (FOC) higher than 18%. As can be
observed in Figure 3, the fifteen CIE categories are grouped into overcast (CIE categories
1 to 5), partly cloudy (6 to 10), and clear skies (11 to 15); the clear sky conditions have
the highest FOC (44.63%). This result concurs with previous experimental campaigns
developed in Burgos between 2016 and 2022 [82,83]. As CIE standard sky classification
data around the world are quite scarce, an alternative sky classification model, based on
the k; classification, was prepared. A comparison with CIE taxonomy is shown in Figure 3.
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Figure 2. Frequency of Occurrence (FOC) of each CIE standard sky type in Burgos (Spain) from 14
September 2020 to 6 June 2022.

Overcast Intermediate Clear

O ke
[ 1 536 78
] B CIE Overcast (4.48%) 023%) 12,720
[0}
=
. 3 669 1570
%. Intermediate - (10.71%) 9 579
~
Clear 552 1962
T (1.61%) (5.73%)
Overcast Intermediate Clear | |
CIE Standard Sky Type 15,327 7838 11,105
CIE Standard sky type
(a) (b)

Figure 3. (a) Frequency of occurrence (FOC) of the CIE and k; sky classifications in Burgos (Spain)
from 14 September 2020 to 6 June 2022; and (b) confusion matrix showing the coincidences in the
classifications obtained according to both criteria.

The number of experimental data classified in each sky type category is shown in
Figure 3a. The CIE classifies sky conditions as being clear more frequently than k;, and as
overcast or an intermediate sky type less frequently than k;. The number of classification
matches obtained, according to the CIE and k; classifications, can be seen in the confusion
matrix in Figure 3b.

k¢ is closely linked to the irradiance value [1], whereas the CIE classification considers
the angular distribution of sky radiance and luminance. In this sense, some of the CIE sky
types included in the clear category are described as skies with a certain degree of turbidity
or pollution, such as CIE sky type 13 (cloudless polluted with a broader solar corona), CIE
sky type 14 (cloudless turbid with a broader solar corona), and CIE sky type 15 (white-blue
turbid sky with a wide solar corona effect). This is linked to relatively low k; values [66]. In
any case, there is good agreement between the two classification criteria, as can be seen
in Figure 3b.
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3.2. Analysis of the 10 min GHUV/GHI Ratio

Figure 4 shows the evolution of the 10 min values of GHUV, GHI, and its ratio
(GHUV/GHI), which were measured in Burgos throughout the experimental campaign.
It should be noted that the gray areas that appear in the three plots in Figure 4, for each
day between sunrise and sunset, correspond to missing data, either because they were
not recorded or because they did not pass the QC described in Section 2. With regard
to Figure 4c, the GHUV/GHI ratios assume values between 1% and 10%; however, the
highest values are clearly concentrated in the early hours of the day, and they decrease
significantly during the central hours, although there is no clear trend throughout the day.
This evolution is analyzed in detail in Section 3.3.
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0202 b4
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®

0 2 4 6

Figure 4. Ten minute experimental data of (a) GHUV (W-m~2), (b) GHI (W-m~2), and (c) the
GHUV/GHI ratio (%) throughout the experimental campaign.

Although the scale used to represent the GHUV/GHI ratio values in Figure 4c reaches
up to 10%, there are some values that considerably exceed this threshold (up to 15.21%):
however, as can be seen in Figure 5a, which shows the Cumulative Distribution Function
(CDF) of the 10 min GHUV/GHI ratios, the probability of this ratio exceeding 10% is
extremely low (less than 0.05%). Figure 5a also shows the good fit between the empirical
CDF (blue line) and the CDF adjusted to a normal distribution function (yellow line).
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This can also be seen in Figure 5b, which shows the empirical Probability Distribution
Function (PDF) of the 10 min GHUV/GHI ratios, and the adjusted PDF that shows a
normal distribution.
1. 07
09}
06
08}
07} 0.5
06}
W L 04t
Q osf o]
© 04+ * o3t
03 —— Empirical Distribution —— Empirical Distribution
al s 02
ozl f Normal Distribution Normal Distribution
01}
0. 1 1 Il 1 1 Il 0 1 1 I 1 . L
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
GHUV/GHI (%) GHUV/GHI (%)
(a) (b)

Figure 5. Cumulative distribution function (a) and probability distribution function (b) of the 10 min
data measured during the experimental campaign. Both the empirical CDF and PDF (blue line), and
the CDF and PDF that were adjusted to a normal distribution function (yellow line), are plotted.

3.3. Hourly, Monthly, and Seasonal Analysis of the GHUV/GHI Ratio

Figure 6 shows the boxplot of the mean hourly values of the GHUV/GHI ratio, calcu-
lated from the average of the 10 min data, from sunrise to sunset, using the whole database.
The graph represents the mean value (gray crosses), the median (white lines), the three
quartiles, and both the maximum and minimum data values, as well as the outlier values.
The mean hourly value of GHUV/GHI remained almost constant throughout the day. As
previously noted, a small increase can be seen in the early hours of the day, which tends
to stabilize during the central hours, and increases again at sunset. As the interquartile
range shows, a greater dispersion of values in the first and last hours (1.9% at 5:00 h and
19:00 h), than in the central hours (0.75% at 12:00 h), of the day is observable. The average
values were higher than the median values across all hours of the day. The hourly aver-
age of the ratio was 3.98 & 0.82%, with maximum and minimum values of 4.25 +1.49%
and 3.80 £ 1.14%, at 19:00 and at 18:00 h, respectively. These data, shown in Table 1, are
comparable with other data from different locations in Spain. The hourly GHUV/GHI
ratio in Burgos is higher than the ratio recorded at Almeria (3.7%) [53], and lower than the
ratios recorded at Granada (4%) [53], Valladolid (4.1%) [22], Valencia (4.2%), and Cordoba
(4.9%) [23]; this is mainly due to each location’s different sky conditions and their various
heights above sea level.

Figures 7 and 8 show the statistical analysis of the monthly and seasonal averages of the
GHUV/GHI ratio, which was calculated using the averages of the 10 min dataset, using the
whole database. Figure 7 shows that the monthly data were almost constant throughout the
year, with a small decrease in July and August. The standard deviation fluctuated between
0.69 and 1.23%, and the interquartile range was between 0.44% and 1.56%. December and
January were the measurement campaign months with the highest data dispersion: the
interquartile ranges were 1.51% and 1.56% with standard deviations of 1.29% and 1.27%,
respectively. The maximum value was recorded in December (4.35% =+ 1.29%), whereas the
minimum was reached in July (3.82% £ 0.69%). A greater dispersion of values is observable
in Figure 8 for the winter and autumn months, whereas the values in the summer months
were closer, and therefore, they presented a smaller dispersion. These results are similar
to the results obtained at other locations around the world (see Table 1), and the main
differences between them can be attributed to the specific sky conditions, rather than the
temporal variability of the ratio.
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GHUV/GHI (%)

3.4. GHUV/GHI Ratio and Sky Conditions

As explained in Section 3.1, during the experimental campaign, sky conditions were
determined in Burgos using the CIE standard sky classification, or alternatively, the k;
criteria. Figure 9 shows the results of the statistical analysis of the average GHUV/GHI ratio,
calculated using 10 min intervals, for each CIE standard sky type. The highest ratio values
were obtained for sky types 5 (4.85 £ 0.92%) and 1 (4.73 £ 0.76%), which corresponded
with the overcast sky conditions.
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Figure 9. Boxplot of the average GHUV/GHI ratios for each CIE sky type using the 10 min data.

Figure 10 presents a comparison of the statistical analyses of the aggregated CIE sky
types and the data classifications according to k;. The same trend can be observed in both
cases (i.e., the GHUV/GHI ratio was higher for overcast skies and lower for clearer skies).
The mean values obtained in both cases, as well as their dispersion values, were similar;
they were slightly higher for the overcast and intermediate sky types that were classified
using the k; taxonomy, and the results for the clear sky type were similar, as Table 6 shows.
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Figure 10. Boxplot of the GHUV/GHI average values for (a) each CIE sky type group and (b) for each
sky type classification according to k;, based on the 10 min datasets.
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Table 6. Mean, standard deviation (STD), and interquartile range (IQR) of the GHUV/GHI average
values (%), based on the 10 min datasets for clear, intermediate, and overcast sky types, which were
classified according to the k; and CIE criteria.

Mean (%) STD (%) IOR (%)
Sky classification ki CIE k¢ CIE k¢ CIE
Overcast 4.719 4.562 0.844 0.737 0.751 0.711
Intermediate 3.740 4.007 0.542 0.780 0.745 0.725
Clear 3.469 3.547 0.350 0.619 0.507 0.589
The main characteristics of the monthly and seasonal GHUV and GHI ratios, based
on the 10 min, hourly, and daily averages, were studied. The linear trend lines of both
formulations (GHUV = a-GHI 4 b, and GHUV = a-GHI) were employed. According
to several works, the formulation of the equation affects the quality of the results, due to
errors induced by forcing the intercept to zero [34]. The temporal changes were examined,
together with the effect of cloudiness; therefore, the k; cloudiness classification was used to
characterize the sky conditions. The results of these studies are depicted in Tables 7-9.
Table 7. Monthly, seasonal, and total averages of the GHUV/GHI ratio, number of 10 min values (N)
and standard deviations (SD) under different sky conditions, together with the slope (a), offset (b),
and R? values of the linear regressions GHUV = a-GHI + band GHUV = a-GHI.
All Skies Overcast Skies(k;<0.35) sknel:(toe:rs?;:‘,?o P Clear Skies(k;>0.65)
Month/
Se:lslﬂn Z(GHUV/GHI)/N GHUV=a-GHRa+b GHUV=a-GHRa Z(GHUV/GHI)/N Z(GHUV/GHI)/N Z(GHUV/GHI/N
Value SD N a b R2 a R2 Value SD N Value SD N Value SD N
January 0.0375 0.0096 2026 0.0301 1.0802 0.9548 0.0331 0.9868 0.0477 0.0100 640 0.0365 0.0057 411 0.0312 0.0022 975
February 0.0393 0.0077 2862 0.0328 0.9594 0.9673 0.0352 0.9883 0.0461 0.0069 1132 0.0369 0.0045 943 0.0325 0.0026 787
March 0.0394 0.0080 3830 0.0341 0.9029 0.9689 0.0359 0.9885 0.0448 0.0082 1678 0.0367 0.0056 1107 0.0335 0.0027 1045
April 0.0401 0.0077 4213 0.0361 0.7294 0.9750 0.0373 0.9917 0.0473 0.0071 1509 0.0377 0.0054 1115 0.0349 0.0031 1589
May 0.0413 0.0072 3213 0.0383 0.5646 0.9831 0.0392 0.9938 0.0471 0.0072 1179 0.0388 0.0054 1073 0.0369 0.0032 961
June 0.0402 0.0078 2381 0.0392 —0.0572 0.9833 0.0391 0.9951 0.0487 0.0102 559 0.0384 0.0062 554 0.0372 0.0030 1268
July 0.0380 0.0063 2459 0.0394 —0.7329 0.9844 0.0384 0.9959 0.0477 0.0097 302 0.0364 0.0061 602 0.0367 0.0031 1555
August 0.0376 0.0057 1865 0.0383 —0.4667 0.9845 0.0376 0.9962 0.0468 0.0082 226 0.0356 0.0057 443 0.0365 0.0027 1196
September 0.0409 0.0084 3023 0.0362 0.8783 0.9697 0.0378 0.9907 0.0488 0.0092 973 0.0388 0.0051 1026 0.0354 0.0029 1024
October 0.0399 0.0080 2983 0.0340 0.8853 0.9682 0.0360 0.9891 0.0470 0.0073 1154 0.0377 0.0051 831 0.0335 0.0025 998
November 0.0401 0.0090 2993 0.0312 1.1881 0.9475 0.0348 0.9815 0.0474 0.0077 1336 0.0369 0.0050 785 0.0317 0.0023 872
December 0.0420 0.0112 2422 0.0303 1.1408 0.9383 0.0348 0.9747 0.0490 0.0105 1283 0.0363 0.0049 689 0.0309 0.0025 450
Winter 0.0394 0.0088 7824 0.0327 0.9126 0.9557 0.0351 0.9845 0.0463 0.0086 3281 0.0368 0.0052 2240 0.0320 0.0026 2303
Spring 0.0402 0.0076 10,458 0.0373 0.4694 0.9772 0.0380 0.9923 0.0471 0.0077 3584 0.0379 0.0055 2916 0.0358 0.0033 3958
Summer 0.0390 0.0069 6972 0.0383 —0.0557 0.9812 0.0382 0.9949 0.0480 0.0088 1314 0.0374 0.0059 1885 0.0366 0.0029 3773
Autumn 0.0404 0.0092 9016 0.0338 0.8111 0.9615 0.0359 0.9859 0.0478 0.0088 3792 0.0373 0.0051 2538 0.0327 0.0028 2686
All data 0.0398 0.0082 34,270 0.0370 0.2455 0.9746 0.0375 0.9907 0.0472 0.0084 11,971 0.0374 0.0054 9579 0.0347 0.0035 12,720
Table 8. Monthly, seasonal, and total GHUV/GHI average values, number of hourly values (N) and
standard deviations (SD) under different sky conditions, together with the slope (a), offset (b), and R?
values of the linear regressions GHUV = a-GHI + band GHUV = a-GHI.
All Skies Overcast Skies(k;<0.35) Skl:;‘(‘oe;';‘;:‘;‘% P Clear Skies(k;>0.65)
Month/
S:a:on Z(GHUV/GHI)/N GHUV=a-GHRa+b GHUV=a-GHRa Z(GHUV/GHI)/N Z(GHUV/GHI)/N Z(GHUV/GHD/N
Value SD N a b R? a R2 Value SD N Value SD N Value SD N
January 0.0420 0.0133 632 0.0316 0.6390 0.9702 0.0336 0.9858 0.0512 0.0124 255 0.0391 0.0109 176 0.0331 0.0079 201
February 0.0400 0.0089 591 0.0339 0.5703 0.9776 0.0354 0.9907 0.0466 0.0089 237 0.0373 0.0060 223 0.0329 0.0033 131
March 0.0410 0.0103 786 0.0350 0.5476 0.9777 0.0362 0.9902 0.0458 0.0111 345 0.0380 0.0075 270 0.0358 0.0077 171
April 0.0409 0.0096 827 0.0368 0.3907 0.9831 0.0375 0.9934 0.0480 0.0105 290 0.0377 0.0057 270 0.0364 0.0070 267
May 0.0425 0.0100 735 0.0390 0.3015 0.9882 0.0395 0.9948 0.0485 0.0110 265 0.0394 0.0079 299 0.0386 0.0069 171
June 0.0413 0.0099 477 0.0396 —0.1978 0.9904 0.0393 0.9963 0.0510 0.0134 116 0.0384 0.0072 157 0.0381 0.0042 204
July 0.0390 0.0092 474 0.0393 —0.6195 0.9902 0.0385 0.9966 0.0504 0.0156 68 0.0370 0.0083 144 0.0371 0.0034 262
August 0.0379 0.0064 399 0.0383 —0.4445 0.9900 0.0377 0.9966 0.0469 0.0087 57 0.0357 0.0059 120 0.0367 0.0032 222
September  0.0409 0.0086 592 0.0374 0.3882 0.9825 0.0382 0.9940 0.0474 0.0102 179 0.0391 0.0064 251 0.0363 0.0044 162
October 0.0411 0.0105 739 0.0350 0.4568 0.9823 0.0361 0.9928 0.0492 0.0114 264 0.0386 0.0077 246 0.0345 0.0044 229
November  0.0407 0.0097 605 0.0329 0.7094 0.9672 0.0352 0.9863 0.0474 0.0087 263 0.0376 0.0075 205 0.0326 0.0048 137
December 0.0433 0.0125 614 0.0324 0.6349 0.9635 0.0351 0.9813 0.0503 0.0117 314 0.0370 0.0066 198 0.0339 0.0109 102
Winter 0.0418 0.0117 1933 0.0338 0.5313 0.9695 0.0353 0.9862 0.0486 0.0117 848 0.0383 0.0084 644 0.0338 0.0075 441
Spring 0.0412 0.0097 2164 0.0379 0.2326 0.9843 0.0383 0.9936 0.0480 0.0108 744 0.0382 0.0069 756 0.0371 0.0064 664
Summer 0.0396 0.0086 1396 0.0387 —0.2087 0.9883 0.0384 0.9960 0.0489 0.0124 275 0.0377 0.0072 471 0.0371 0.0035 650
Autumn 0.0411 0.0104 1978 0.0350 0.4390 0.9776 0.0361 0.9903 0.0485 0.0103 786 0.0379 0.0071 688 0.0339 0.0061 504
All 0.0410 0.0102 7471 0.0375 0.0857 0.9827 0.0376 0.9923 0.0484 0.0111 2653 0.0381 0.0074 2559 0.0358 0.0061 2259

data
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Table 9. Monthly, seasonal, and total GHUV/GHI average values, number of daily values (N) and
standard deviations (SD) under different sky conditions, together with the slope (a), offset (b), and R

values of the linear regressions GHUV = a-GHI + band GHUV = a-GHI.

. . Intermediate .
All Skies Overcast Skies(k¢<0.35) Skies(0.35<k;<0.65) Clear Skies(k¢>0.65)
Month/
Season L(GHUV/GHD/N GHUV=a-GHRa+b GHUV=a-GHRa L(GHUV/GHD/N Z(GHUV/GHI/N E(GHUV/GHI)/N
Value sD N a b R? a R? Value SD N Value SD N Value sD N

January 0.0376 0.0061 62 0.0271 1.7037 0.9851 0.0335 0.9897 0.0447 0.0043 19 0.0367 0.0038 24 0.0318 0.0007 19
February 0.0375 0.0043 56 0.0306 1.3763 0.9765 0.0354 0.9944 0.0432 0.0036 14 0.0361 0.0025 36 0.0330 0.0007 6

March 0.0382 0.0048 62 0.0314 1.6457 0.9663 0.0362 0.9929 0.0422 0.0050 20 0.0368 0.0034 31 0.0349 0.0026 11

April 0.0391 0.0039 60 0.0325 1.9853 0.9842 0.0371 0.9959 0.0438 0.0028 19 0.0377 0.0021 23 0.0358 0.0009 18

May 0.0398 0.0046 62 0.0380 0.4841 0.9907 0.0391 0.9975 0.0451 0.0039 15 0.0382 0.0036 39 0.0379 0.0010 8

June 0.0386 0.0038 34 0.0376 0.6227 0.9938 0.0388 0.9988 0.0421 0.0035 5 0.0378 0.0051 15 0.0381 0.0005 14

July 0.0383 0.0016 31 0.0334 24846 09712 0.0379 0.9989 - - 0 0.0392 0.0020 13 0.0376 0.0007 18
August 0.0374 0.0014 31 0.0353 1.0985 0.9540 0.0373 0.9990 - - 0 0.0376 0.0016 19 0.0372 0.0010 12
September  0.0392 0.0025 47 0.0325 21721 0.9736 0.0381 0.9966 0.0427 0.0015 8 0.0390 0.0018 32 0.0359 0.0013 7
October 0.0383 0.0044 62 0.0313 1.6001 0.9835 0.0359 0.9954 0.0442 0.0044 15 0.0373 0.0021 33 0.0343 0.0011 14
November  0.0383 0.0048 60 0.0279 1.7580 0.9734 0.0353 0.9903 0.0432 0.0031 22 0.0364 0.0025 29 0.0323 0.0012 9
December  0.0398 0.0055 62 0.0284 1.3206 0.9830 0.0353 0.9876 0.0442 0.0033 27 0.0371 0.0034 27 0.0338 0.0061 8

Winter 0.0382 0.0055 179 0.0302 1.3644 0.9613 0.0351 0.9900 0.0438 0.0044 59 0.0366 0.0035 88 0.0326 0.0021 32
Spring 0.0389 0.0042 168 0.0358 0.9105 0.9810 0.0379 0.9960 0.0438 0.0034 41 0.0378 0.0035 86 0.0365 0.0016 41
Summer 0.0386 0.0021 100 0.0342 1.9054 0.9811 0.0379 0.9984 0.0430 0.0014 8 0.0387 0.0019 53 0.0375 0.0008 39
Autumn 0.0385 0.0046 182 0.0325 1.0597 09721 0.0360 0.9933 0.0436 0.0035 56 0.0371 0.0023 94 0.0338 0.0031 32

dAaltla 0.0386 0.0045 629 0.0358 0.5145 0.9763 0.0372 0.9947 0.0437 0.0037 164 0.0374 0.0030 321 0.0353 0.0028 144

Figure 11 shows the high positive correlation between both magnitudes, at 10 min,
hourly, and daily intervals. Better fitting was obtained using no intercept linear regression
models rather than linear regression models with an intercept, and the R statistic increased
as the time intervals lengthened; however, as is evident, both regressions were very similar.
No significant differences were found for the slope and standard deviation values of the
fitted data for the different considered time intervals.
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Figure 11. GHUV and GHI (W-m~2) values recorded in Burgos (Spain) from 14 September 2020 to
6 June 2022: (a) 10 min data; (b) hourly average of 10 min data; (c) daily average of 10 min data.
Tables below each plot show the two linear regressions (with and without constant), as well as the R2
value and the 95% confidence interval (CI).

4. Conclusions

High quality GHUV and GHI datasets were recorded at 10 min intervals and analyzed
in Burgos, Spain, between September 2020 and June 2022. The analysis of the experimental
data has shown a representative dependency on the sky type conditions, classified with
both the CIE and k; taxonomies. The GHUV/GHI ratio yielded higher values for overcast
sky types, and lower values with a higher scatter under clear sky conditions. A global
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review of some GHUV/GHI ratios around the world has shown that GHUV, regardless of
the temporal basis of the recorded data, accounts for up to 4% of the total incidence of GHI
measured at the same location; the location’s height above sea level and the sky conditions
were the most influential parameters for the absolute value of the ratio. The value of the
ratio increased in the categories which represented cloudier skies.

During this exhaustive analysis, the ratio did not exhibit any seasonal, monthly, or
daily dependency, other than the predominance of one type of sky over another, in the
period being analyzed.

Slight differences in the value of the ratio (mean and standard deviation) were detected
depending on the sky classification criteria that was being used; the main difference
between the values was the number of data that were classified as outliers. The fact that
there was a higher number of outliers that corresponded with the CIE clear skies categories
could be explained by the presence of aerosols or atmospheric turbidity; these factors
are characteristic of clear sky types 13, 14, and 15, with a FOC of 19%, 3.8%, and 1.6%
respectively.

The main conclusion, for practical purposes, is that the proportional relation between
GHUYV and GHI can be used for modelling GHUV.
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