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Abstract: Solar energy reaching the Earth's surface varies due to absorption, reflection, and 
attenuation by atmospheric components, among other factors. This affects photovoltaic (PV) power 
production. Given this, a long–term inference of solar energy accessibility through short-term 
measurements, was performed to maximize PV power production. The clear–sky index (𝐾௧∗) 
method was used, completely removing traces of solar energy inhibition and reporting measured 
radiation to theoretical clear–sky radiation. The solar energy sample was collected in Mozambique 
along the southern region at Maputo–1, Massangena, Ndindiza, Pembe, the Mid region at Chipera, 
Nhamadzi, Barue–1, and Barue–2, Lugela-1, Lugela-2, and North-region at Nipepe-1, Nipepe-2, 
Nanhupo-1, Nanhupo-2, and Chomba, between 2005 and 2024, with a measurement interval of 1 to 
10 minutes and 1 hour, during the measurement campaigns of FUNAE, INAM, other was token in 
the PVGIS, Meteonorm, NOAA and NASA solar database. The analysis reveals a 𝐾௧∗ with a density 
close to 1 for clear days, and intermediate-sky days have characteristics between clear and cloudy 
days. It can be concluded that there is a strong correlation between sky types in the order of 0.95 to 
0.89 per station, the correlated energies, and experiences a regression with coefficients in the order of 
0.79 to 0.95. According to the sample analysis, the area has the potential to use solar energy, and other 
locations can apply the same sampling approach to maximize PV output and other solar exploitation 
projects. 

Keywords: Regressive; spatio–temporal; solar energy; accessibility; variability; clear–sky index 
 

Dataset: https://github.com/Muco-1990/Accessibility.git  
Dataset License: CC–BY Attribution 4.0 International. 

1. Summary 

The evolution of human society necessitates an ever-increasing energy supply to fulfill its daily 
requirements. Historically, humans have relied on their physical strength as a fundamental and 
adequate energy source, primarily for survival. Numerous natural processes are enhanced by the 
solar radiation that reaches the Earth's surface, including photosynthesis, hydrological cycles, surface 
erosion, and climate change, among others. As the population expands and technology and industry 
advance, there is a growing demand for energy to support daily activities such as lighting, cooling, 
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heating, and irrigation, as well as to meet industrial needs, including the operation of machinery and 
large-scale electrification [1–3]. 

A portion of the world's energy comes from fossil fuels, which release harmful gases and 
particles into the atmosphere and seriously pollute it. Despite this, efforts are being made to 
drastically reduce their use and increase the amount of clean, green, and renewable energy sources 
by 2050. Although most of the population still does not have access to grid-connected electricity, 
major companies have adopted local sources, which are very useful in most countries, with 85% 
having access to hydroelectric power for electrification. In the case of Mozambique, however, 72% of 
the electricity supplied comes from hydroelectric sources. Hydroelectric sources, among others, have 
the small disadvantage of destroying the ecosystem, which will affect future generations as well as 
future species. There is a strong need to use other sources, such as solar energy, which has the 
advantage of being used anywhere where solar energy is available. However, the output of a solar 
plant is impacted by the variability of solar energy [1–6]. 

Recent studies that infer the performance of solar systems in various locations around the world 
have found that there are differences in the energy generated during periods of low solar radiation 
and during phases of high solar radiation [5,6]. They found that there is a strong correlation between 
the variability of solar energy and duration over a variety of periods, including 24 hours, 1 hour, 1 
minute, 1 second, 0.01 seconds, 0.001 seconds, 0.0001 seconds, and 0.00001 seconds [7–9]. They also 
identified a significant variation in intermediate days, as well as a decrease in amplitude and the 
observation of real variables impacted by the dynamics of gases, particles, and other factors [5,12–
14]. Based on cloud velocity and global horizontal irradiance (GHI), they estimated GHI data on a 
horizontal surface of the optimal tilt angle based on a 5-minute model and concluded that there was 
variability in the tilted surfaces [12–14]. They evaluated the short–term variable and concluded that 
short–term ramp rates were attenuated as plant size increased [7,15]. They predicted PV power 
production from the GHI process for renewable resource generation, and variable solar resources, 
and found fluctuations in solar power variability [5,16]. They also analyzed PV systems, revealing 
limited access due to environmental factors and renewable energy tariffs.  

To enhance access to electricity for diverse needs and promote social development, the present 
study sought to analyze the long-term regressive and spatio-temporal accessibility of variability of 
solar energy on a short-scale measurement. The GHI sample was collected across the Southern, Mid 
and North regions of Mozambique at 15 stations, with 24-hour amplitudes and short time scales with 
1- and 10-minutes, and 1-hour intervals over one year between 1994 to 2024. Solar energy falls under 
the purview of the Mozambique solar energy study project under the FUNAE [20], INAM [21], PVGIS [22], 
NASA [23], NOAA [24] and Meteonorm [25]. Part of data was directly extracted in the database and other 
from FUNAE and INAM were, measured by high–resolution pyranometers that were stored in the data logger. 
During this time, the instruments underwent regular maintenance procedures to remove potential obstacles and 
shadows, as well as records of rainy days that significantly impacted the behavior of solar energy. 

The solar radiation model was adopted instead of the cloud model to determine the 𝐾௧∗, which 
eliminates the variability of solar energy due to many factors, such as spatial geometry, among others. 
To determine regressive and spatio-temporal accessibility of variability of solar energy throughout 
the Southern, Mid and North regions of Mozambique at a short–measurement scale and over a long 
period of data collection, it was necessary to analyze the temporal variability of different types of 
days, perform correlations between increases in two sensor points and create an advisory instrument 
for solar radiation in the Mozambique regions. 

The area can be examined through the experimental sampling descriptor of data collected in the 
South, Mid and North regions of Mozambique, utilizing the regions model, which operates at a 
resolution ranging from 1 to 10 minutes and achieves a confidence level of 0.91 for overall data 
quality. The data exhibits Gaussian statistical characteristics concerning the frequency of daily 
recording and observation, which has been adjusted for inaccuracies arising from various factors such 
as convection current failures, shading, and obstruction by birds. This analysis employs both the 
Random Forest model and the Ordinary Kriging model, taking into account atmospheric conditions 
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of clear skies and eliminating all variability linked to spatial geometry. The statistical evaluation of 
all variability measures reveals an accessibility metric indicating energy availability exceeding 70% 
during the period of lowest solar incidence, characterized by predominantly clear and intermediate 
days. However, a decorrelation is observed extending from the Mozambique region on an 
interprovincial scale, demonstrating a regression with a coefficient of approximately 0.89, inferred 
from atmospheric parameters. 

These findings establish a series of model steps that can be applied to all regions of the world, 
customizing only local inputs such as location, climate, and acidity, among others. However, it can 
be shown that in the study area, the energy is distributed along the Nhamadzi, Barue–1, Barue–2, and 
Chipera study paths. Consequently, based on annual observations with the highest uniformity of 
measurements from 2005 to 2024, the states of Nhamadzi and Chipera have the highest density 
potential for acceptable day total solar, followed by the states of Barue–2 and Barue–1, in all cases at 
least 50% basing in the evaluation of its radiation equivalent to its 𝐾௧∗. 

2. Data Description 

2.1. Data Collection and Processing 

The GHI data were gathered during the solar radiation measurement campaign conducted by the FUNAE 
[20] and INAM [21], and also solar energy data platform of PVGIS [22], NASA [23] and Meteonorm [25], in 
the years 2005 to 2024. This initiative established a monitoring network across the Southern, Mid, and North 
regions of Mozambique, encompassing Maputo City, Gaza, Inhambane, Sofala, Manica, Tete, Zambezia, 
Niassa, Nampula, and Cabo-Delgado. The network included the stations, equipped with 16 high-resolution 
pyranometers. The Campbell CR23X data logger used, operates at a frequency of 1 Hz, storing the 
instantaneous averages of 1 and 10 minutes. The data met quality control (elimination of spurious 
values) and were subsequently processed by programs developed specifically for calculating 
radiation with a time interval of 1, 10 minutes and 1 hour. 

The cumulative monitoring network forecasted energy output and verified the effectiveness of 
solar PV power installations. Improved operating efficiency, anomaly detection, real-time sample 
collection, climatic evaluations, and long-term performance are only a few advantages of the network. 
Continuous GHI and DNI (Direct Normal Irradiance) collection and analysis enables better 
performance, quicker problem-solving, and more accurate energy use planning. 

2.2. Study area 

Mozambique is situated between the meridians 30°12 and 40°51' E longitude and the parallels 
10°27' and 26°52' South latitude. The network included the stations This is where the stations were 
installed, with latitude and longitude at  Chomba (39°23.3'36.16"E and 11°32'57.57"S), Nanhupo 1 and 
2 (39°30'46.77"E and 15°57'57.38"S), Nipepe (32°26'12.82"E and 13°54'25.935"S), Chipera (31°40'3.4"E 
and 14°58'28.1"S), Nhamadzi (35°2'18.7"E and 19°43'46.6"S), Massangena (32°56'26.7"E and 
21°34'59.5"S), Lugela 1 and 2  (36°42'47.51"E and 16°28'4.45"S), Ndindiza (33°25'22.8"E and 
23°27'37.1"S), Pembe (35°35'35.5"E and 22°56'44.3"S), Barue 1 and 2 (33°13'0.8"E and 17°47'32.5"S), 
Maputto-1 (32°9'39.8"E and 23°55'7.8"S). The sample, gathered through comprises 19 years of 
measurement from 2005, to 2024, covering January through December, with daily radiation data. 

2.3. Specifications of each sample file 

The “CSV” files, under the title: “daily_GHI_Chomba(2005-2024)”, “daily_GHI_Nanhupo-
1(2005-2024)”, “daily_GHI_Nanhupo-2(2005-2024)”, “daily_GHI_Nipepe-1(2005-2024)”, 
“daily_GHI_Nipepe-2(2005-2024)”, “daily_GHI_Lugela-1(2005-2024)”, “daily_GHI_Lugela-2(2005-
2024)”, “daily_GHI_Chipera(2005-2024)”, “daily_GHI_Nhamadzi(2005-2024)”, “daily_GHI_Barue-
1(2005-2024)”, “daily_GHI_Barue-2(2005-2024)”, “daily_GHI_Pembe(2005-2024)”, 
“daily_GHI_Ndindiza(2005-2024)”, “daily_GHI_Massangena(2005-2024)” and 
“daily_GHI_Maputo–1(2005-2024)” refer to the GHI measurements at the stations of Chomba, 
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Nanhupo-1, Nanhupo-2, Nipepe-1, Nipepe-2, Lugela-1, Lugela-2, Chipera, Barue–1 and Barue–2, 
Nhamadzi, Pembe, Ndindiza, Massangena, and Maputo–1, between the years 2005 to 2024. In each 
file, column A under reference “Time” refers to the local measurement time interval, columns B to 
column AF, under reference GHI_1 to GHI_31 refer to the GHI measurements on each day of each 
month (1 to 30 or 31). For example, under the terminology: under the terminology “_Jun_Cho” refers 
to June at Chomba station, under the terminology “_Jun_Na_1” refers to June at Nanhupo–1 station, 
under the terminology “_Jun_Na_2” refers to June at Nanhupo–2 station, under the terminology 
“_Jun_Ni_2” refers to June at Nipepe–1 station, under the terminology “_Jun_Ni_2” refers to June at 
Nipepe–2 station, “_Apr_Cha” refers to April at Chipera station, “_Jun_Be_1” refers to June at Barue–
1 station, under the terminology “_Jun_Be_2” refers to June at Barue–2 station, under the terminology 
“_Oct_Nzi” refers to October at Nhamadzi station, under terminology “_Jun_Pe” refers to June at 
Pembe station, under terminology “_Jun_Ndza” refers to June at Ndindiza station, under 
terminology “_Jun_Mna” refers to June at Massangena station, the above with a measurement 
interval of 1 to 10 minutes, and under terminology “_MPT–1” refers to June at from Maputo–1 (with 
a 1–minute measurement interval). 

The “CSV” files, under the writing “Chomba_A(2005-2024)”, “Nanupo-1_A(2005-2024)”, 
“Nanhupo-2_A(2005-2024)”, “Nipepe-1_A(2005-2024)”, “Nipepe-2_A(2005-2024)”, 
“Chipera_A(2005-2024)”, “Nhamadzi_A(2005-2024)”1, “Barue–1_A(2005-2024)” and “Barue–
2_A(2005-2024)”, “Lugela-1_A(2005-2024)” “Lugela-2_A(2005-2024)”, the sample of clear–sky index 
data referring to the days analyzed as acceptable days measured during the twelve months of each 
year among the years 2005 to 2024, with a regular amplitude of 24–hours and a measurement interval 
of 1 to 10 minutes and 1 hours, with the symbols “kt*_C_A” and “Δkt*_C_A” in column A and 
column B of each file, referring to the clear–sky index and clear–sky index increments on clear sky 
days; “kt*_Cy_A” and “Δkt*_Cy_A” in column C and column D of each file, and referring to the 
clear–sky index and clear sky index increments on cloudy sky days, “kt*_I_A” and “Δkt*_I_A” in 
column E and column F of each file, and referring to the clear–sky index and clear sky–index 
increments on intermediate sky days (if accompanied by the terminology: “_Cho” and referring to 
the Chomba station,  “_Na-1” and “_Na-2” referring to the Nanhupo-1 and nanupo-2 station, “_Ni-
1” and “_Ni-1” referring to the Nipepe-1 and Nipepe-2 stations, “_Cha” and referring to the Chipera 
station, “_Nzi” and referring to the Nhamadzi station, “_Be–1” and “_Be–2” and referring to the 
“Barue–1” and “Barue–2” stations, “_Lu-1” and “_Lu-2” referring to the Lugela-1 and Lugela-2 
stations), applied in the regressive and spatio–temporal study methodology of the variability of solar 
energy on unacceptable days. 

The “CSV” files, under the writing “Chipera_NA(2005-2024)”, “Nhamadzi_NA(2005-2024)”, 
“Barue–1_NA(2005-2024)” and “Barue–2_NA(2005-2024)”, the sample of clear–sky index data 
referring to the days analyzed as unacceptable days measured during the twelve months of the 19 
years 2005 to 2024, with a regular amplitude of 24 hours and a measurement interval of 1 to 10 
minutes and 1 hour, with the symbols “kt*_C_NA” and “Δkt*_C_NA” in column A and column B of 
each file, referring to the clear–sky index and clear sky–index increments on clear sky days; 
“kt*_Cy_NA” and “Δkt*_Cy_NA” in column C and column D of each file, and referring to the clear 
sky index and clear–sky index increments on cloudy sky days, “kt*_I_NA” and “Δkt*_I_NA” in 
column E and column F of each file, and referring to the clear–sky index and clear–sky index 
increments on intermediate sky days (if accompanied by the terminology: “_Cha” refers to the 
Chipera station, “_Nzi” refers to the Nhamadzi station, “_Be–1” and “_Be–2” refers to the “Barue–1” 
and “Barue–2” stations), applied in the regressive and spatio–temporal study methodology of the 
variability of solar energy on unacceptable days.  

The file “CSV”, under the heading done_behavior_sigle_day_density, column A under the 
symbolic specification kt* and the clear–sky index under the description of a clear day to study the 
behavior of the daily course of a clear day in terms of its relationship with the density of the clear–
sky index. In the “CSV” file, concerning “location_of_study_stations”, column A under reference to 
“ID” refers to the identity assigned to each station by the researcher, column B under reference to 
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“Name” refers to the name assigned to each station according to its location by the researcher, column 
C under reference to “Num_stations” refers to the number of measuring devices (pyranometers) 
installed in each measuring station, column D, under reference to “Province” refers to the province 
in which the measuring station is installed, column E and column F, under reference to “Longitude” 
and “Latitude” refer to the geographic coordinates longitude and latitude where the measuring 
stations are located. 

Furthermore, the “CSV” files, written with the terminology 
“_accepted_unaccepted_unapplicable”, refer to the classification of days as acceptable, unacceptable, 
and not applicable. If they start with: “Barue_1_2005_2011”, “Barue_1_2012_2018” and 
“Barue_1_2019_2024” they refer to the classification at the Barue_1 station in the years 2005 to 2024; 
by “Barue_2_2005_2011”, “Barue_2_2012_2018” and “Barue_2_2019_2024” they refer to the 
classification at the Barue_2 station in the years 2005 to 2024; Nhamadzi_2005_2011”, 
“Nhamadzi_2012_2018” and “Nhamadzi_2019_2024” refers to the classification at Nhamadzi station 
in the years 2005 to 2024; “Chipera_2005_2011” and “Chipera_2012_2018” refers to the classification 
at Chipera station in the years 2005 to 2024; “Massangena_2005_2011”, “Massangena_2012_2018” and 
“Massangena_2019_2024” refers to the classification at Massangena station in the years 2005 to 2024; 
by “Ndindiza_2005_2011”, “Ndindiza_2012_2018” and “Ndindiza_2019_2024” refers to the 
classification at Ndindiza station in the years 2005 to 2024; by “Pembe_2005_2011” and 
“Pembe_2012_2018” refers to the classification at Pembe station in the years 2005 to 2024; and by 
“Maputo_1” refers to the classification at Maputo_1 station in the year 2005 to 2024. Each of the 
previously described files includes a full explanation of the technical specifications and significance 
of its constituent parameters. The vectors and instructions for managing the solar energy sample for 
long-term measurement and casual interactive accessibility are also explained in Table 1.  

Table 1. Selection of days at the Barue–1. 

Files Content Interval Sample 
“daily_GHI_Chomba(2005-2024)”,  “daily_GHI_Nanhupo-1(2005-

2024)”,  “daily_GHI_Nanhupo-2(2005-2024)”,  
“daily_GHI_Nipepe-1(2005-2024)”,  “daily_GHI_Nipepe-2(2005-

2024)”,  “daily_GHI_Chipera(2005-2024)”, 
“daily_GHI_Nhamadzi(2005-2024)”, “daily_GHI_Barue-1(2005-
2024)”, “daily_GHI_Barue-2(2005-2024)”, “daily_GHI_Lugela-

1(2005-2024)”, “daily_GHI_Lugela-2(2005-2024)”, 
“daily_GHI_Pembe(2005-2024)”,  “daily_GHI_Ndindiza(2005-

2024)”, “daily_GHI_Massangena(2005-2024)” and 
“daily_GHI_Maputo–1(2005-2024)” 

GHI measurements at 
the stations 

1, 10 
minutes, and 

1 hour 
Input 

“Chipera_A(2005-2024)”, “Nhamadzi_A(2005-2024)”,  
“Barue–1_A(2005-2024)” and “Barue–2_A(2005-2024)” 

𝐾௧∗ data for 
acceptable days 

measured 

1, 10 
minutes, and 

1-hour 

Output and 
input 

“_accepted_unaccepted_unapplicable start with: 
“Barue_1_2005_2011”, “Barue_1_2012_2018” and “Barue_1_2014” 

they refer to the classification at the Barue_1 station in the years 2005 
to  2024; by “Barue_2_2005_2011, “Barue_2_2012_2018” and 

“Barue_2_2019_2024” 

acceptable, 
unacceptable and not 

applicable 

1 hour, and 
1-hours Output 

2.4. Sample size 

Through the use of FUNAE, INAM campaign data, PVGIS, NASA, and Meteonorm, entitled, 
MZF01-Maputo–Maputo-1, MZ17–Gaza–Ndindiza, MZ15-Gaza-Massangena. The samples for 
MZ20–Inhambane–Pembe, MZ11–Sofala–Nhamadzi, MZ21–Manica–Barue–1 and –2, MZ06–Tete–
Chipera, MZF01-Niassa-1 and Nipepe-2, MZF24-Nanpula-Nanhupo-1 an Nanhupo-2, MZF03-
Chomba, which covered 19 years of full measurements in 2005 to 2024, were prepared to calculate 
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the solar radiation from 6 to 18 hours, the interval is calculated as the incidence of solar energy on 
the earth's surface spanning the study region. This produced daily data for each radiation area of 
about 147.745,00 for 1 to 10 minutes measurements and 297.402 for 1 hour’s intervals measurements. 

2.5. Data values fluctuations 

The selection process for each station is explained below, demonstrating how the data values 
varied on every day of every month under analysis. This necessitated a prior classification into classes 
of acceptable days, when the measured GHI spectrum was close (or closeness) to the spectrum, 
unacceptable days, when the experimental GHI spectrum was far (or farness) from the spectrum, and 
unapplicable days when the GHI spectrum presented roughly 60% of the measured data and that 
satisfied a spectrum with values outside the solar constant, which dictated a very distorted spectrum 
compared to that of, in the Student's T-test, given that the daily sample comprises a binomial 
distribution with gaussian characteristics. 

At the Barue–1 station, in 2005-2011, approximately 65.0% of acceptable days, 34.0% of 
unacceptable days, and 1.0% of unapplicable days were observed, with the description of each type 
of day being shown in Table 2. 

Table 2. Selection of days at the Barue–1 station in 2005-2011. 

Month 
Acceptable Days Unacceptable Days Unapplicable Days 

Nr. Id. Nr. Id. Nr. Id. 

January 11 1, 17, 18, 19, 23, 24, 25, 26, 28, 30, 31 20 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 
13, 14, 15, 16, 20, 21, 22, 27, 29 

0 None 

February 17 1, 3, 4, 10, 15, 16, 17, 18, 19, 20, 21, 23, 24, 
25, 26, 27, 28, 

11 2, 5, 6, 7, 8, 9, 11, 12, 13, 14, 22 0 None 

March 24 1, 2, 3, 4, 5, 6, 7, 8, 9, 12, 13, 14, 15, 17, 18, 
19, 20, 21, 22, 23, 24, 25, 29, 30 

7 10, 11, 16, 26, 27, 28, 31 0 None 

April 25 1, 2, 3, 4, 6, 7, 8, 9, 10, 13, 14, 15, 16, 17, 18, 
19, 20, 21, 22, 23, 26, 27, 28, 29, 30 

4 11, 12, 5, 24, 25 0 None 

May 28 
1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 
16, 17, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 

31 
3 18, 19, 20 0 None 

June 22 2, 3, 4, 5, 6, 7, 8, 9, 13, 14, 15, 17, 19, 20, 22, 
25, 26, 27, 28, 29, 30 

8 10, 11, 12, 16, 18, 21, 23, 24 0 None 

July 25 1, 2, 3, 4, 5, 7, 8, 9, 10, 12, 13, 14, 15, 16, 17, 
20, 21, 23, 24, 25, 26, 27, 28, 29, 31 

5 6, 11, 18, 19, 30 0 None 

August 15 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17 16 1, 2, 18, 19, 20, 21, 22, 23, 24, 
25, 26, 27, 28, m29, 30, 31 

0 None 

September 14 4, 5,6 ,7, 8, 9, 11, 17, 23, 24, 25, 26, 27, 28 15 1, 2, 3, 12, 13, 14, 15, 16, 18, 19, 
20, 21, 22, 29, 30 

0 None 

October 21 
2, 3, 4, 5, 6, 8, 9, 10, 11, 12, 13, 16, 20, 21, 

22, 25, 26, 27, 29, 30, 31 8 1, 7, 14, 15, 17, 19, 23, 24 2 18, 28 

November 19 
1, 2, 5, 6, 7, 13, 14, 15, 16, 17, 18, 20, 21, 25, 

26, 27, 28, 29, 30 11 
3, 4, 8, 9, ,10, 11, 12, 19, 22, 23, 

24 0 None 

December 15 
1, 2, 3, 4, 5, 9, 10, 11, 13, 23, 24, 25, 26, 27, 

28 16 
6, 7, 8, 12, 14, 15, 16, 17, 18, 19, 

20, 21, 22, 29, 30, 31 0 None 

Guided by the same analysis as in Table 2, was found in 2012-2018, at the Barue–1 station 63.0% 
of acceptable days, 36.0% of unacceptable days, and 1.0% of unapplicable days. In 2019-2024, it had 
55.0% of acceptable days, 31.0% of unacceptable days, and 14.0% of unapplicable days. At the Barue–
2 station, in 2005-2011, around 57.0% of acceptable days, 29.0% of unacceptable days, and 14.0% of 
unapplicable days were observed. In 2012-2018, approximately 63.0% of acceptable days, 36.0% of 
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unacceptable days, and 1.0% of unapplicable days were observed. At the Barue–2 station, in 2012-
2018, approximately 70.0% of acceptable days, 29.0% of unacceptable days, and 1.0% of unapplicable 
days were observed. At the Chipera station in 2005-2011, approximately 67.0% of acceptable days, 
24.0% of unacceptable days, and 9.0% of unapplicable days were observed. At the Chipera station in 
2012-2018, approximately 40.0% of acceptable days, 48.0% of unacceptable days, and 12.0% of 
unapplicable days were observed. In 2019-2024, approximately 52.0% of acceptable days, 39.0% of 
unacceptable days, and 9.0% of unapplicable days were observed. At the Nhamadzi station, in 
2005_2011, approximately 68.0% of acceptable days, 26.0% of unacceptable days, and 6.0% of 
unapplicable days were observed. At the Nhamadzi station, in 2012-2018, approximately 0.0% of 
acceptable days, 99.0% of unacceptable days, and 1.0% of unapplicable days were observed. At the 
Nhamadzi station, in 2019-2024, approximately 0.0% of acceptable days, 38.0% of unacceptable days, 
and 62.0% of unapplicable days were observed. 

Throughout the Southern region: at the Maputo–1 station in 2005-2011, approximately 42.0% of 
acceptable days, 30% of unacceptable days, and 28% of unapplicable days were observed, without 
any observations in 2012-2018 and 2019-2024. At the Massangena station in 2005-2011, approximately 
72.0% of acceptable days, 23.0% of unacceptable days, and 5.0% of unapplicable days were observed, 
shown in Figure 1. 

 
Figure 1. Acceptable, Unacceptable, and unapplicable days in Massangena during the 2005-2011. 

At the Massangena station in 2005-2011, approximately 71.0% of acceptable days, 29.0 of 
unacceptable days, and 0.1% of unapplicable days were observed, without any observations in 2012-
2018. At the Ndindiza station in 2019-2024, approximately 73.0% of acceptable days, 23.0% of 
unacceptable days, and 4.0% of unapplicable days were observed. At the Ndindiza station in 2005-
2011, approximately 68.0% of acceptable days, 31.0% of unacceptable days, and 1.0% of unapplicable 
days were observed. At the Ndindiza station in 2012-2018, approximately 70.0% of acceptable days, 
29.0% of unacceptable days, and 1.0% of unapplicable days were observed. At the Pembe station in 
2005-2011, approximately 18.0% of acceptable days, 9.0% of unacceptable days, and 73.0% of 
unapplicable days were observed. At the Pembe station in 2012-2018, approximately 81.0% of 
acceptable days, 18.0% of unacceptable days, and 1.0% of unapplicable days were observed. Finally, 
at Pembe station in 2019-2024, approximately 81.0% of acceptable days, 19.0% of unacceptable days, 
and 0% of unapplicable days were observed. At the Lugela–1 station in 2005-2011, approximately 
64.0% of acceptable days, 18.0% of unacceptable days, and 18.0% of unapplicable days were observed. 
At the Lugela-1 station in 2012-2018, approximately 78.0% of acceptable days, 12.0% of unacceptable 
days, and 10.0% of unapplicable days were observed. Finally, at Lugela-1 station in 2019-2024, 
approximately 77.0% of acceptable days, 7.0% of unacceptable days, and 0% of unapplicable days 
were observed. At the Lugela-2 station in 2005-2011, approximately 67.0% of acceptable days, 27.0% 
of unacceptable days, and 6.0% of unapplicable days were observed. At the Lugela-2 station in 2012-
2018, approximately 71.0% of acceptable days, 8.0% of unacceptable days, and 21.0% of unapplicable 
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days were observed. Finally, at Lugela-2 station in 2019-2024, approximately 56.0% of acceptable 
days, 22.0% of unacceptable days, and 22.0% of unapplicable days were observed. 

3. Methods 

3.1. Clear–sky index  

The characteristics of the ideal development of a random were examined, and the horizontal 
direct normal radiance at clear sky was found. It describes the spectrum of a day and finds that there 
is a lower incidence of GHI in the sky and the Sun, but there are high values of solar incidence during 
the peak period. The days under analysis include the theoretical distribution of radiation for the clear 
sky (the atmosphere with a clear sky), and the curve is Gaussian [8,9,15]. The 𝐾௧∗ was defined by 
relating the GHI and the clear sky radiation (𝐺஼௟௘௔௥), as shown in eq. 1 [7,17]. 𝐾௧∗ = 𝐺𝐻𝐼𝐺஼௟௘௔௥  (1) 

By using the e (ramp rate) pattern, the values obtained present the best fit in defining the values 
of the normalized model. The GHI and Total Theoretical Radiation spectra were used in combination 
with time to select a maximum of 10 days with the GHI behavior closest to the Total Theoretical 
Radiation, or acceptable, and similarly for days that were not acceptable [3,18]. 

3.2. Process for Clustering 

With the days modeled to correspond to each quartile, including the designation of the first (𝑇ଵ), 
second (𝑇ଶ), third (𝑇ଷ), interquartile (IQR), and lower whisker (𝑤௟௢௪)(𝑇ଵ − 1.5𝐼𝑇𝑅); the upper whisker ൫𝑤௨௣൯(𝑇ଵ + 1.5𝐼𝑇𝑅) and the outliers ൫𝑑𝑎𝑡𝑎 < 𝑤௟௢௪ 𝑜𝑟 > 𝑤௨௣൯, the probability density function was 
calculated using the kernel density estimator function [19–21]. The days chosen for each month were 
arranged in a table that included the reference day, the mean value, and, finally. The spectrum was 
then plotted using the function of and, as a result, the median values were determined. In graphical 
terms, the sample was categorized into classes. As is customary for cloudy sky days, the days of the 
year in which their horizontal and vertical coordinates are located in intervals before and after the 
median of the values of and below were designated as clear sky days; and, finally, the days in which 
their coordinates are located above the values of, regardless of what the values of, were defined as 
intermediate sky days [21,22]. 

3.3. Regression and Correlation 

Utilizing values for the various day classes (clear, intermediate, and cloudy), a correlation 
function based on the distance from the correlation coefficient or systematic correlation of the 𝐾௧∗ 
and ∆𝐾௧∗ was performed, as shown in eq. 2 [3,21,23]. 𝜒௜௝∆௄೟∗ = 𝑐𝑜𝑣൫∆𝐾௧,௜∗ (𝑡), ∆𝐾௧,௝∗ (𝑡)൯𝜎∆௄೟,೔∗ (௧)𝜎∆௄೟,ೕ∗  (2) 

Random values, increments are ∆𝐾௧,௜∗ (𝑡), ∆𝐾௧,௝∗ (𝑡) and metric standard deviation 𝜎∆௄೟,೔∗ (௧), 𝜎∆௄೟,ೕ∗ , 
individually over a period of time 𝑡 between two locations 𝑖, 𝑗, are used to discover the relationship 
between two points, 𝑥  and 𝑦 , with distance 𝑑௜௝ , both statistically and geographically. The 
correlation of the 𝐾௧∗ between two equally spaced measuring stations was established, highlighting 
the initial equidistant location at Nhamadzi, followed by Barue–1 and Barue–2, then evaluating 
Chipera. The systematic correlation model, initially proposed by Marcos et al. (2011) [33], gives as 𝜒௜௝∆௄೟∗ = 𝑒𝑥𝑝 ൬௧షభௗ೔ೕ௟௡(଴,ଶ)ଵ,ହ ൰ was used to compare the systematic relationship of increases in the 𝐾௧∗ . 

Finally, using a set of relative velocity values for the Southern and Mid region, Hoff and Perez (2012) 

[10] proposed a spatial correlation coefficient model given as 𝜒∆௞೟∗ = ቀ1 + ௗ೔ೕ௧.௩ቁିଵ
. To analyze the 
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accessibility of solar energy, the distribution of daily energy transfers, as well as the number of 
acceptable, unacceptable and non-applicable days were examined. According to the density 
estimation kernel, the best days were shown in the quantitative diagram as the most distinct and 
nubs. 

The computerization for analysis in terms of logarithmic regression, provided by eq. 3, 𝑦∆௄೟∗ = 𝑓(𝐾௧∗, 𝛽, 𝜀) (3) 

Considering the regression matrix and other factors 𝑦∆௞೟∗, 𝐾௧∗, 𝛽 and 𝜀 matrix residuals. Guided 
to observation of the existence of a trend of a greater deviation of pairs of stations for other types of 
regression models [3, 21, 23], influenced by multiplicative atmospherical transmittance along the 
study region as shown in Figure 2, mostly by water vapor and uniform mixed gases ranges 0.9986  
and 0.9865, followed by ozone ranges 0.9758, aerosols 0.9656, and 0.8992 contributed by the Rayleigh/ 
Mie dispersion.  

 

Figure 2. Effect of regressive transmittances along the study region. 

3.4. Validation and Data Curation  

The solar energy sample collected daily during the years 2005 to 2024 was treated to extract the 
period of incidence of solar radiation. Missing periods were filled by interpolation of missing data. 
The theoretical clear sky radiation was determined and compared with the measured GHI, then 
separated into acceptable and unacceptable days. The days were statistically analyzed separately to 
eliminate outliers and obtain results with a greater margin of error, however, the final percentage 
contributed to the summative evaluation and final determination of the 𝐾௧∗ values.  

The GHI and 𝐾௧∗ data sample was registered on the ePPI Reviewer 6 platform, version 6.15, on 
October 23, 2023, under ID: 44675, having generated around 756 of the keywords collected that 
interconnect from the interconnection diagram built in VOS explorer, and then validated, the system 
presented a set of meta-analysis guiding to: the determination of clearness sky index, determination 
of 𝐾௧∗ as the selected method, and with the randomized values of this the course evaluation diary of 
a day, its temporal deviation during a year, temporal analysis using histograms, analysis of the index 
of variability 𝐾௧∗  as a function of time of day, the rate of variability using various methods, 
adjustment of normalized 𝐾௧∗ , study of effects of 𝐾௧∗ , the temporal variability of a singular 
measurement point and the spatial-temporal variability between two points, and their correlation 
and regression of 𝐾௧∗. Additionally, the data was dragged to observe possible analyses in the STATA 
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Software. It was possible to observe the similarity in some meta-analyses (ID: 36458), highlighting 
proposals for energy accessibility in different stations throughout the chosen section. 

3.5. Noise in the Solar Energy and Quality Dataset 

On all days analyzed in the diapason, most of the sample data had values included in the 
extraterrestrial solar energy spectrum, that is, the solar constant. The values that were outside this 
spectrum due to sometimes multiple solar reflections, human intervention, obstacles, shading, and 
external lighting, were considered in the class of unacceptable days that were corrected by 
interpolation using Random Forest machine learning models to eliminate excessive fluctuations. In 
cases of days with more than 50% of missing measurements due to measurement failures, shading 
and/or power outages and/or failures of mini solar power supplies of grounded power supplies, they 
were classified as non-applicable days. The final results of the 𝐾௧∗ classification revealed the majority 
of days with intermediate sky types and clear sky days, with fewer cloudy sky days observed 
throughout the study region than in areas with strong solar incidence. 

4. Usefulness and Applicability of the Solar Energy Dataset 

For short–scale measurements, the sample was measured using standardized pyranometers 
between one and ten minutes. The data logger received the sample, and the computer application 
"NRD" extracted the results. Eq. 1 was then used to calculate the 𝐾௧∗, clear, cloudy, and intermediate 
sky days were the classifications given to the randomized 𝐾௧∗ data. In addition, in all seasons, clear 
sky days have a high energy flow with an index close to 1. Cloudy sky days with strong obstruction 
to the passage of solar energy are observed with a clear sky index close to 0.2. Intermediate sky days 
present intermediate characteristics between the two previously described. An analysis of all types 
of day shows a marked variation in the clear sky index for values between 0.2 and 1.  

To determine the proportion of acceptable, unacceptable, and unapplicable days, the spectral 
comparison of the clear sky radiation (ignoring all atmospheric constituents) and the GHI (radiation 
lowered by the various atmospheric constituents: clouds, gases, water vapor, etc.) uses. Using clear, 
cloudy, and intermediate sky days as well as acceptable, unacceptable, and unapplicable days, this 
qualitative analysis shows the variability of solar energy. The 𝐾௧∗ development of each type of day 
as well as of all types of days has a central maximum close to zero, always varying in the range of -1 
to 1. Intermediate sky days with intermediate characteristics between clear and intermediate sky days 
are potentially the ones that most affect photovoltaic production, registering an abrupt decrease at a 
frequency of around 0.8 and then with wide arms in which solar radiation gradually decreases, 
impacting the output power in a solar PV power plant. 

This data provides energy levels, as well as periods of lower and higher incidence (June and 
December for the study region) that constitute a tool for dimensioning PV system projects based on 
the energy available at each location. Knowledge and optimal handling of these energy parameters 
eliminate the effect of variability on the output of a solar plant, by a priori preventing the PV cells 
from being impacted by the high variability of solar energy, which can occasionally result in hot spots 
and overloads that impact the PV modules, the optimal operation of the systems and the final PV 
production at the output of a solar plant, extending the useful life of the system. 

The association between clear, cloudy, and intermediate sky days, as well as of all days during 
the full research area, was examined using eq. 2 and 3 for each class of acceptable and unacceptable 
days. It shows that increasing distances, the spatial correlation structures of the three sky types, along 
the analysis section, also differ in their decay rates: for acceptable days, the approximate values of 𝜒௜௝௄೟∗  under cloudy sky conditions are 0.79565, clear 0.8783, intermediate 0.8579, and all-sky types 
0.8024; on unacceptable days under cloudy sky conditions 0.8524, clear 0.8828, intermediate 0.6854 
and all-sky types 0.6325.  

The region shows a non-linear regression with a tendency towards logarithmic behavior, with a 
regression coefficient 𝑦∆௄೟∗ of approximately 0.8254 and 0.9684 for all types of days. For the 𝐾௧∗ and 
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their increase for acceptable days regression coefficients are, 0.8256 and 0.8483 for clear days, 0.7564 
and 0.8489 for cloudy days, 0.7225 and 0.8447 for intermediate sky days, and 0.7178 and 0.7459 for all 
sky types. For unacceptable days, the regression coefficients for, for clear days 0.7458 and 0.7248, for 
cloudy days 0.6487 and 0.8789, intermediate sky days are 0.7489 and 0.8789, and for all sky types 
0.7885 and 0.8487. 

The trajectory back to the norm is more noticeable on days with intermediate sky conditions, in 
comparison to other types of sky conditions. The geospatial-temporal distribution of solar energy 
indicates frequency of increasing trends in clear sky days being higher in 2024 than it was in 2005. 
On cloudy sky days, there is a greater tendency for the clear sky index to rise. Prior to the 𝐾௧∗ trending 
higher in 2024, the frequency of occurrence density was higher in 2005 but declined thereafter. The 𝐾௧∗ was 0.6218 in Maputo, 0.8778 in Inhambane, Tete average of 0.9979, 0.8211 in Sofala, 0.7258 in 
Manica, 0.6997 in Zambezia, 0.7320 in Niassa, 0.9287 in Niassa, 0.8616 in Nampula, and 0.7628 in 
Cabo-Delgado, as shown in Figure 3a. 

 

Figure 3. Casual inference of solar energy in Mozambique consisting in Regressive and spatio-temporal 
accessibility of variability (a) 𝐾௧∗, and (b) ∆𝐾௧∗. 

In all measurement years, as shown in Figure 3b, the average is -0.0416 in Maputo, -0.0686 in 
Gaza, 0.0878 in Inhambane, 0.0941 in Tete, -0.0654 in Sofala, -0.01985 in Zambezia, -0.2333 at Niassa, 
-0.20427 in Nampula, and 0.01537 in Cabo-Delgado province. 

4.2. Limitations 

Several restrictions were faced during the data collection process, including the inability to 
install radiometers on towers that were shade-free, frequent interruptions in the conventional electric 
current that was connected to the solar PV-hybrid data storage base in the data logger, and bird 
obstructions that hindered measurements, particularly around the central region stations. Techniques 
were employed, nevertheless, to rule out any sample influence flaws. Not having access to GHI data 
samples that are measured at short intervals (less than one minute and ten minutes) to compare the 
raw sample. A binomial distribution can be used to classify the different types of days in a similar 
way to the study using sun brightness hours, cloud speed, and dynamics. 
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Be_2 – Barue–2; 
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CR23X – Campbell data logger; 
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DNI – Direct Normal Irradiance; 
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Eq – Equation; 
Feb – February; 
FUNAE – National Energy Fund; 
GHI – Global horizontal irradiance; 
Id. or ID – Identification; 
INAM – Mozambique National Institute of Meteorology; 
IQR – interquartile;  
kt*_C_A – Clear-sky index on clear sky acceptable days;  
kt*_C_NA – Clear-sky index on clear sky unacceptable days; 
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VOS – Visualization of Similarities; 
Δkt*_C_A – Clear-sky index increments on clear sky acceptable days;  
Δkt*_C_NA – Clear-sky index increments on clear sky unacceptable days; 
Δkt*_Cy_A – Clear-sky index increments on cloudy sky acceptable days; 
Δkt*_Cy_NA – Clear-sky index increments on cloudy sky acceptable days; 
Δkt*_I_A – Clear-sky–index increments on intermediate sky acceptable days; 
Δkt*_I_NA – Clear-sky index increments on intermediate sky acceptable days. 
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