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ABSTRACT 
 

Solar energy is expected to be a viable alternative sustainable energy source in the near future due 
to diminishing fossil fuel resources and escalating changes in the climate. Surface Downwelling 
Shortwave (SDS) radiation is an important component for the characterization of energy deposition 
of the earth’s surface. The monthly means of SDS radiation for Saudi Arabia were extracted from 
EUMETSAT (SARAH-2.1 climate data record) between 1983 and 2022. The country experienced 
the lowest level (188 ± 40 W m-2) of SDS radiation in the winter season with a range of 67-271 W 
m-2. The summer season in Saudi Arabia has the highest level of radiation with a mean value of 
304± 27 W m-2, which is 1.62 times the mean of the winter season. The region experienced the 
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highest (10.6 W m-2/10y) and lowest (-10.80 W m-2/10y) levels of a statistically significant upward 
and downward trend in SDS radiation during the spring and summer seasons respectively in the 
first decade of the 21

st
 century (2001-2010). During the spring season, there was an upward trend 

in the availability of SDS radiation across the region, with a magnitude of 3.8 W m-2/10y with a 99% 
confidence level. In contrast, there was a downward trend in SDS radiation in the summer with a 
magnitude of 1.0 W m-2/10y with a 90% confidence level followed by the autumn season when the 
trend was lowest (-0.45 W m-2/10y) and statistically non-significant.  
 

 

Keywords:  Surface downwelling shortwave radiation; EUMETSAT; spatiotemporal variation; trend 
analysis.  

 

1. INTRODUCTION 
 

In recent times, the number of climate 
catastrophe events on this planet has increased. 
Droughts, heatwaves, floods, and other extreme 
weather events are becoming more common as 
a result of the rapid rise in energy usage and 
CO2 emissions [1]  caused by the major 
infrastructure programs underway in different 
areas of the world to meet increasing population 
demand. Furthermore, abnormal weather 
variations have been found to have deleterious 
effects on plants and wildlife, such as lowering 
annual crop yields, rising sea levels, flooding 
low-lying land, rendering ocean water more 
acidic due to CO2 absorption, and so on [2]. 
Fossil fuels account for almost 90% of the energy 
used in construction activities, contributing to 
global warming and climate change. The 
scientific community is focused on seeking 
alternate sources of energy that are more pure 
and renewable, such as solar; thermal energy, 
and so on, due to escalating climate change and 
dwindling fossil fuel supplies [3]. The amount of 
energy that radiates from the Sun approaching 
the Earth’s surface every day is over three 
hundred times more energy used by the world in 
a year [2]. About 17.300 GW of electricity can be 
generated with 10% efficiency from 0.1% of the 
radiation from the Sun that is received by the 
earth’s surface is more than five times the global 
electricity usage in 2016 [4,5]. 
 

Surface Downwelling Shortwave (SDS) radiation 
is the flux that reaches the earth's surface in the 
band range of 0.2-4 microns [6]. It is one of the 
most important components of the Surface 
Radiation Budget [3]. It is also described by 
different terms such as solar surface irradiance, 
incoming shortwave radiation, surface incident 
shortwave radiation, etc [7]. It is not only critical 
for solar energy as a renewable source, but also 
for environmental studies such as computing the 
energy deposition of the earth's surface and 
designing prediction models for climate change 
and different land surface processes [3]. 

Information on SDS radiation availability and 
variance over time in a specific region can be 
obtained from different sources, such as ground 
stations; numerical estimation models, weather 
satellites, etc [8]. The most accurate and reliable 
source for obtaining available radiation is a 
ground station that covers a specific area. 
Measuring the trend and availability of radiation 
requires a large number of stations to be 
installed in the region, which is both costly and 
time-consuming. As a result, obtaining data for 
climate change studies remotely from satellites 
has increasingly become more popular among 
scientists. Since 1960, the estimation of SDS 
from satellites has been started to map the 
spatiotemporal distributions on regional and 
global scales.  
 

Saudi Arabia is the world's second-largest oil 
producer which accounts for 12.4% of the entire 
global production in 2019 [9]. Over the last three 
decades, the country’s economy has increased 
significantly because of having natural resources. 
It is predicted that there will be over 120GW of 
electricity required to maintain the demand by 
2030 [9]. The government has already taken 
several strategies to find suitable and available 
renewable energy resources for power 
generation and reduce the dependence on fossil 
fuels. However, it is one of the biggest solar 
photovoltaic (PV) power-producing countries 
because of its huge desert land and open sky all 
year round in most areas [10-12].   
 

Over the past several decades, trend detection of 
hydro-metrological time series data has become 
popular among scientific researchers. Parametric 
or nonparametric approaches, such as linear 
regression analysis, cumulative sum, Mann-
Kendall trend test, Sen’s slope, and so on, have 
been used to investigate the different types of 
hydro-metrological time series data across the 
globe. Especially, the Mann-Kendall trend test 
and Sen’s slope methods have become popular 
and used in much scientific research in different 
parts of the world. Although these 
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aforementioned methods are widely used in 
trend detection, have certain limitations.  
The novelty of this paper was to investigate the 
availability and seasonal variation of the SDS 
radiation on a spatiotemporal scale over the past 
forty years (1983-2022) by using the monthly 
data of 147 stations across the country. Results 
obtained from this study can be used as a 
reference for solar energy resource development 
and utilization, climate change studies, and crop 
production. 
 

1.1 Study Area 
 

Saudi Arabia is the Middle East's largest nation, 
with a total area of about 2.25 million km

2
 that 

covers roughly 80 per cent of the Arabian 
Peninsula. It is located between 16°21'58” N - 
32°9'57” N and 34°33'48” E - 55°41'29” E. In this 
nation, there are 13 administrative regions, which 
are depicted in Fig. 1a. Fig. 1b shows the 147 
metrological stations that were selected to 
examine the availability and variability of SDS 
across the country over the past forty (1983-
2022) years.  
 

While Saudi Arabia is often portrayed as a hot 
country, it is not always so. There are four 
distinct seasons, such as spring, summer, 
autumn, and winter, that can be found throughout 
the country - from chilly winter breezes in 
January to peak desert heat in August. Spring 
season is from March to April. Summer is the 
biggest season which comprises almost four 
months between May and August. The Autumn 
season starts after the summer season and 
extends up to October, and the winter ends 
before the spring. 
  

1.2 Data Source 
 

Since 1983, the “European Organization for the 
Exploitation of Meteorological Satellites” 
(EUMETSAT) SARAH-2.1 climate data record for 
Surface Downwelling Shortwave (SDS) radiation 
has been available with a 0.05-degree spatial 
resolution [13]. For this investigation, the monthly 
means of SDS radiation for Saudi Arabia were 
extracted for the years 1983 to 2022 and 
analyzed information by using the CM-SAF 
application. 
 

2. METHODOLOGY 
 

2.1 Trend Slope and Significance 
 

In metrological time series analysis, the linear 
trend method is one of the commonly used 

statistical techniques to determine the magnitude 
of environmental parameter changes over time. 
The Mann-Kendall (MK) test is a non-parametric 
test to detect whether there is enough statistical 
evidence of the presence of a monotonic trend in 
a time series [14,15]. When there is sufficient 
statistical evidence, the MK test rejects the null 
hypothesis, which is the absence of monotonic 
trends in the data set. However, time series data 
are often not random and influenced by 
autocorrelation, Yue and Wang (2004) have 
proposed a variance correction approach in the 
Mann-Kendall tests known as the modified 
Mann-Kendall (mMK) tests, which may be used 
for trend detection to address the issue of serial 
correlation in the data set has been adopted for 
the present study. A negative value of Mann-
Kendall test statistics (Zc) indicates the presence 
of a downward trend over time and vice-versa. 
There is a statistically significant indication of the 
exitance of a trend at a 90% confidence interval 
when the absolute value of Zc is more than 1.65 
but less than 1.96 [16]. For the case of  2.58 > 
|Zc| > 1.96, there is a significant trend present in 
the data series at the 95% confidence interval 
[16]. If the absolute value of the test statistics 
(Zc) is greater than 2.58, there will be a 99% 
probability of having a significant trend in the 
temporal data set [16]. Sen’s Slope is a simple 
non-parametric approach used to determine the 
magnitude of the trend slope of a time series 
[17]. 
 
The M-K mutation test is used to determine 
whether or when climate data changes from one 
state to another in a time series data set [18]. At 
a given significance level (α), test statistics (UF 
and UB) are calculated and plotted on a graph. 
An upward trend is indicated if UF and UB values 
are greater than 0, otherwise a downward trend 
is indicated [19-21]. In the case of a rising (or 
falling) trend, the value over the critical line 
indicates its significance. The range beyond the 
critical line is defined as the mutation time zone 
[18]. If the UF and UB curves cross at an 
intersection point, and the intersection point is 
between the critical lines, then the intersection 
point corresponds to the time the mutation 
begins [22]. 
 

2.2 Hurst Exponent 
 
Time series predictability heavily relies on long-
term memory, so a scientific method is required 
to identify whether the long-term memory 
property exists in a time series. In 1951, a 
renowned British hydrologist named H.E [23,24]. 
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Fig. 1. Administrative regions of Saudi Arabia 
 
Hurst proposed a statistical approach in his 
published scientific paper to identify the 
randomness of a time series data set and also 
characterize the trend of time series by Rescaled 
Range analysis or R/S analysis without making 
assumptions about stationarity [25]. At present 
time, the Hurst exponent (H) is the most widely 
accepted and used to measure long-term 
memory properties of a time series data set at 
different industries. For instance, if the Hurst 
exponent of a time series is 0.5 it implies that the 
time series is a Brownian time series which 
means there isn’t any significant correlation 
between the past and predicted future 
observations [25]. The Hurst exponent value is 
less than 0.5 implying that the time series shows 
a negative autocorrelation behaviour. In other 
words,  any decrease in this time series will most 
likely be followed by an increase or the other way 
around [26]. A value closer to 0 indicates that the 
time series has a stronger tendency to return to 
its long-term means value. Whereas,  in a 
persistent time series an increase in values will 
most likely be followed by an increase in the 
short term and a decrease in values will most 
likely be followed by another decrease in the 
short term [24,27]. The greater the H value, the 
stronger the trend. Persistent behavior is defined 
by a Hurst exponent between 0.5 and 1.0 
[26,27]. 
 

2.3 Empirical Orthogonal Function 
 
The Empirical Orthogonal Function (EOF) also 
known as Principle Component Analysis (PCA) is 

an effective statistical approach for compressing 
data and reducing dimensionality in atmospheric, 
oceanic, and climate science [28]. In other 
words, possible spatial modes of variability 
(patterns of variability) in climate studies can 
often be studied by EOF analysis. It is used for 
decomposing the time series data set into 
mutually independent spatial and temporal 
function parts to explain the spatiotemporal 
variability with the least possible modes [29]. The 
eigenvectors are the space function part which is 
composed of several mutually independent and 
orthogonal space modes [30]. Whereas, the 
projection space modes over time are the time 
function part is defined as a time coefficient [30]. 
The characteristics of spatial and temporal 
variability are reflected by the variance 
contribution rate. 
 

3. RESULTS  
 

3.1 Spatial Variation of SDS Radiation in 
Saudi Arabia 

 
Fig. 2 shows the annual variation of SDS 
radiation across the kingdom during the 
aforementioned period. Linear regressional 
analysis and M-K mutation test were used in this 
study to examine the characteristics of annual 
trend and mutation test of SDS radiation. The 
Hurst index (H) was also computed to determine 
whether the annual trend will be persistent in the 
future. From Fig. 2a, it appeared that there was 
an upward trend in SDS radiation with a 90% 
confidence interval in the country during the past 
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forty-year period, with a trend of 0.6 W m-2/10y. 
Results obtained from the Hurst exponent ( H = 
0.857) indicated that the trend was present in the 
past and will continue in the future as shown in 
Fig. 2b. According to Fig. 2c the UF curve stayed 
below the zero line between 1991 and 2001 
which implies that during that period there was a 
downward trend in SDS radiation that existed but 
was statistically nonsignificant because it lay 
within the confidence interval limit. In contrast, an 
upward trend in SDS radiation was present from 
2001 onward as the UF curve stayed in the 
positive zone and the trend was statistically 
nonsignificant as the curve stayed within the 
confidence interval limit during that period. In 
addition, there were multiple intersection points 
between the UF and UB and all of them were 
within the confidence interval limit, which 
indicates that decreasing and increasing 
mutation occurred in 1998 and 2018 & 2019 
respectively. According to the SDS radiation data 
analysis, the mean radiation in Saudi Arabia was 
252 ± 17 [W m-2] during the past forty years 
period. The spatial distribution of yearly mean 
SDS radiation has been shown in Fig. 2d. From 
the Figure it is seen that most of the regions 
experienced annual monthly mean SDS radiation 
in a range of 250 - 284 W m-2, except the 
southwest part (hilly areas of Asir, Jizan and Al 
Bahah regions) and the northeast part (Northern 
border, Northern part of Riyadh region, Hail and 
Qassim regions), where the available SDS 
radiation was in a range of 210-250 W m-2.  
 

3.2 Variation of SDS Radiation in Saudi 
Arabia during Spring Season 

 
From Fig. 3a it appeared that in spring there was 
an upward trend in SDS radiation with a 99% 
confidence level in the country during the past 
forty-year period, with a trend of 3.8 W m-2/10y. 
Results obtained from the Hurst exponent ( H = 
0.87) indicated that the trend was present in the 
past and will continue in the future as shown in 
Fig. 3b. According to Fig. 3c in the first 
seventeen years between 1983 and 1999 the UF 
curve fluctuated between the 95% confidence 
limit but after that, there was a statistically 
significant upward trend in SDS radiation was 
present for the rest of the period as the curve 
stayed above the confidence interval. 
Furthermore, the UF and UB curves intersected 
in 1999, which implies that there was an 
increasing mutation that occurred in that year. 

According to the SDS radiation data analysis, in 
the spring season, the mean radiation in Saudi 
Arabia was 279 ± 20 [W m-2] during the past 
forty years period. The spatial distribution of 
monthly mean SDS radiation in the spring 
season has been shown in Fig. 3d. From the 
Figure it is seen that most of the regions 
experienced monthly mean SDS radiation in a 
range of 270 - 318 W m-2, whereas the 
southwest part (hilly areas of Asir, Jizan and Al 
Bahah regions) and the northeast part (Northern 
side of Eastern Province, Riyadh and the 
southern side of Northern Border regions), where 
the available SDS radiation was in a range of 
230-270 W m-2.  
 

3.3 Variation of SDS Radiation in Saudi 
Arabia during Summer Season 

 
From Fig. 4a it appeared that in the summer 
season, there was a downward trend in SDS 
radiation with a 90% confidence level in the 
country during the past forty-year period, with a 
trend of 1.0 W m-2/10y. Results obtained from 
the Hurst exponent ( H = 0.817) indicated that 
the trend was present in the past and will 
continue in the future as shown in Fig. 4b. 
According to Fig. 4c in the first twenty-seven 
years between 1983 and 2009, the UF curve 
stayed above the zero value line (remained 
positive) although the curve remained within the 
95% confidence interval limit implies that during 
that period the region experienced a statistically 
nonsignificant upward trend in SDS radiation 
whereas the later part the region experienced a 
downward trend in the radiation during the 
summer season. In addition, the only intersection 
point between the UF and UB curves occurred 
around 2015 and it was below the zero line and 
well within the confidence interval limits, which 
means decreasing mutation occurred in that 
year. According to the SDS radiation data 
analysis, in the summer season, the mean 
radiation in Saudi Arabia was 304 ± 27 [W m-2] 
during the past forty years period. The spatial 
distribution of monthly mean SDS radiation in the 
summer season has been shown in Fig. 4d. 
From the Figure it is seen that most of the 
regions experienced monthly mean SDS 
radiation in a range of 315 - 357 W m-2, whereas 
the southern part (Eastern province, Al Bahah, 
Asir, Jizan and Najran) of the country 
experienced mean SDS radiation in 170-315 W 
m-2 during the past period.  
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Fig. 2. Annual variation of SDS radiation in Saudi Arabia 
 

 
 

Fig. 3. Variation of SDS radiation in Saudi Arabia during spring season 

a) b) 

c) 

a) b) 

c)  
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Fig. 4. Variation of SDS radiation in Saudi Arabia during the summer season 
 

3.4 Variation of SDS Radiation in Saudi 
Arabia during Autumn Season 

 
From Fig. 5a it appeared that there was a 
downward trend in SDS radiation in the country 
during the past forty-year period, with a trend of 
0.45 W m-2/10y, although the trend wasn’t 
statistically significant (p > 0.1). Results obtained 
from the Hurst exponent ( H = 0.59) indicated 
that the trend was present in the past and will 
continue in the future as shown in Fig. 5b. 
According to Fig. 5c throughout the period 
between 1983 and 2022 the UF curve stayed 
below the zero value mark line (remained 
negative) and fluctuated within the 95% 
confidence line which implies that there was a 
downward trend existed during the autumn 
season which wasn’t statistically significant. 
Moreover, there were multiple intersection points 
where the UF and UB curves intersected, such 
as in 1989, 1990, around 2002, and 2013. In all 
these years the decreasing mutation occurred 
except in 2013. According to the SDS radiation 
data analysis, in the autumn season, the mean 
radiation in Saudi Arabia was 236 ± 23 [W m-2] 
during the past forty years period. The spatial 
distribution of monthly mean SDS radiation in the 

autumn season has been shown in Fig. 5d. From 
the Figure it is seen that most of the regions 
experienced monthly mean SDS radiation in a 
range of 175 – 240 W m-2, whereas regions in 
the southern part of the country, such as Eastern 
Province and Najran regions, experienced mean 
SDS radiation in 240-286 W m-2 during the past 
period. 
 

3.5 Variation of SDS Radiation in Saudi 
Arabia during Winter Season 

 
From Fig. 6a it appeared that there was an 
upward trend in SDS radiation with a 90% 
confidence level in the country during the past 
forty-year period, with a trend of 1.1 W m-2/10y. 
Results obtained from the Hurst exponent ( H = 
0.838) indicated that the trend was present in the 
past and will continue in the future as shown in 
Fig. 6b. According to Fig. 6c in the first five years 
between 1983 and 198 the UF curve fluctuated 
around zero marked line, but after that, there was 
a statistically nonsignificant downward trend in 
SDS radiation present till 2009 as the curve 
stayed within the confidence interval, whereas 
rest of the period the region experienced an 
upward trend in SDS radiation during the winter 

a) b) 

c) 
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season. Furthermore, in 2007 the UF and UB 
curves were intersected, and the intersection 
point was located below the zero line but within 
the confidence interval limit, which implies that 
decreasing mutation occurred in that year. 
According to the SDS radiation data analysis, in 
the winter season, the mean radiation in Saudi 
Arabia was 188 ± 40 [W m-2] during the past 
forty years period. The spatial distribution of 
monthly mean SDS radiation in the spring 
season has been shown in Fig. 6d. From the 
Figure it is seen that most of the regions 
experienced monthly mean SDS radiation in a 
range of 180 - 271 W m-2, whereas some parts 
of the northern side, for instance, Tabuk, Hail, 
Northern Border and Jawf region experienced 
mean SDS radiation within the range of 80-180 
W m-2 during the past period. 
 

3.6 Analysis of Monthly Variation of SDS 
Radiation in Saudi Arabia  

 
For the present study, non-parametric trend 
tests, such as the MK/mMK test and Sen’s slope, 
were used to examine the presence of a trend 
and its magnitude at the spatiotemporal scale in 
Saudi Arabia as shown in Fig. 7. In the spring 
season (March-April), there is a presence of an 
upward trend in SDS radiation in Saudi Arabia 
with various degrees. In March,              upward 
trends in SDS radiation in most of the regions 
were statistically significant (p < 0.05) with a 95% 
confidence level except for stations that fall in the 
Madinah region. Moreover, from the middle to 
the south-eastern part of the country, such as 
Riyadh and the Eastern province region, 
experienced the highest rate (4.65-7.03 W m-2/ 
10y) of upward trend in SDS radiation. The rest 
of the regions experienced an upward trend in 
SDS radiation in a range of 2.28-4.65 W m-
2/10y. Whereas, in the second month (April) of 
the season, regions in the northern part of the 
country, for instance, Tabuk; Hail; Qassim; 
Madinah and Northern Border regions, and 
south-western regions, like Asir; Al Bahah and 
Jizan, experienced statistically significant upward 
trend in SDS radiation with a range of 3.19-5.03 
W m-2/10y. 
 
In the summer season (May-August), most of the 
regions experienced a downward trend in SDS 
radiation as it appeared from the past forty-year 
(1983-2022) data analysis. More specifically, in 
May, from the Middle to the southern part of the 

country, like the Eastern province; Riyadh; Al 
Bahah, Asir, Najran; Jizan, and Makkah, 
statistically nonsignificant (p> 0.05) negative 
changing rate in a range of -4.68 - 0.0 W m-
2/10y, whereas, regions (Tabuk, Jawf, Northern 
Border, Madinah, Qassim and Hail) on the other 
side of the country experienced statistically 
significant upward trend in the SDS radiation 
during that period. However, in June, the spatial 
pattern of SDS radiation changing rate was quite 
different than the previous month. In other words, 
from the middle part of the country to the western 
side experienced a statistically significant 
downward trend (-5.03 - 0.0 W m-2/10y) in the 
changing rate of SDS radiation, while there was 
an upward trend in SDS radiation, which wasn’t 
statistically significant, on the eastern part of the 
country. The highest changing rate in SDS 
radiation was experienced in July. For instance, 
most parts of the country experienced a 
statistically significant (p < 0.05) downward trend 
in SDS radiation except the eastern province 
region, and the changing rates varied in a range 
of -11.55 – 0.0 W m-2 for every ten years on 
average. In August, the end part of the summer 
season, the changing rate of SDS radiation was 
much lower than the previous month, but still 
showed a downward trend.  
 
In the autumn season (September-October) 
downward trend in SDS radiation continued in 
most of the regions of the country over the past 
forty years. Lastly, in the winter season 
(November-February) most parts of Saudi Arabia 
experienced an upward trend in SDS radiation, 
except the first month (November) of the season 
as is seen in Fig. 7.  The southern part of the 
country experienced a downward trend ( -4.11-
0.00 W m-2/10y), whereas the opposite side 
experienced an upward trend in SDS             
radiation. 
 

3.7 EOF Analysis of SDS Radiation in 
Saudi Arabia  

 
After the decomposition of annual SDS             
radiation anomalies by the EOF, the obtained 
explained variance and cumulative variance of 
different modes are shown in Table 1. From the 
table, it is seen that the cumulative variance of 
the first five modes is 84%.  The first two modes 
are used in the present study because these two 
modes passed the north significance test. 
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Fig. 5. Variation of SDS radiation in Saudi Arabia during autumn season 
 

 
 

Fig. 6. Variation of SDS radiation in Saudi Arabia during winter season 

a) b) 

c) 

a) b) 

c) 
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Fig. 7. Spatiotemporal variation of changing rate of SDS radiation in Saudi Arabia 
 

Table 1. Summary of explained variance and cumulative variance of different EOF modes 
 

EOF Mode Explained Variance Cumulative Variance 

Mode1 57% 57% 
Mode2 16% 73% 
Mode3 5% 78% 
Mode4 4% 81% 
Mode5 3% 84% 

 
Based on the table data, it is evident that the first 
EOF mode has a much higher experience 
variance of 57% as compared to the other 
modes. Furthermore, it is the primary spatial 
distribution form of SDS radiation in Saudi 
Arabia. By observing Fig. 8a it is evident that the 
eigenvectors of the first mode are negative, 
which indicates that the SDS radiation level 
across Saudi Arabia shows a consistent pattern 
of either decreasing or increasing uniformly. The 
most significant negative centers are primarily 
concentrated in Riyadh, Makkah, Al Bahah, Asir, 
and Najran, highlighting the more severe 
changes occurring in these areas than in others. 
It can be seen from Fig. 8b that SDS radiation 
showed a decreasing trend in Saudi Arabia from 
1983 to 1998 as the first modal eigenvector is 
negative but the time coefficient was positive 

during that period. On the contrary, from the 
figure it appeared that the time coefficient was 
negative between 1999 and 2015, which implies 
that during that period there was an increasing 
trend in SDS radiation across the country.  The 
time coefficient was the smallest in 1984, 1990, 
1999, 2009, and 2010, which means that the 
SDS uniformly increased in these years, 
whereas, it was the largest in 1997, which means 
that the SDS uniformly decreased in 1997. The 
findings are in line with the analysis of the inter-
annual variation characteristics. 
 
The experienced variance of the second mode of 
the eigenvectors is 16%, according to Table 1. 
Fig. 9a clearly illustrates that the eigenvector 
space of EOF2 exhibits opposite distributions in 
the north-south direction, and is separated by an 
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imaginary line running from the Eastern Province 
to the Makkah region in the middle of the 
country. Moreover, it is evident that negative 
values persist in the northern regions of the 
country, starting from the middle. This indicates 
that the SDS radiation changes in this region are 
complex and are potentially influenced by the 
terrain and latitude. In addition, the centers of 
negative values are predominantly distributed in 
the northern part of the Eastern Province, 
Riyadh, Qassim, along with the southern part of 
the Northern Border and Hail region, and their 
adjoining areas. In contrast, the centers of the 
positive values are primarily concentrated in the 
southwest region of the country, specifically in 
the Asir, Jizan, and Al Bahah regions. This 
strongly indicates that the changes in SDS 
radiation levels in these areas are significantly 
more severe than in other regions. According to 
Fig. 9b, the time coefficient was undoubtedly 
positive during the years 1983-1984 and 1991-
1998, which implies that the SDS radiation 
experienced a decreasing trend in the northern 
part of the country, while there was an increasing 
trend in the southern regions. On the contrary, 
the time coefficient was negative for the periods 
1985-1990 and 1999-2015. This suggests that 
the SDS radiation exhibits an increasing trend in 
the northern regions while displaying a 
decreasing trend in the southern areas of the 
country. 
 

3.8 Trends of SDS Radiation in Saudi 
Arabia 

 
The linear regression model is used to determine 
the magnitude and statistical significance of the 
SDS radiation trend in Saudi Arabia at different 
seasons in different periods. As the monthly 
means of SDS radiation for Saudi Arabia were 
extracted between 1983 and 2022, the trend of 
SDS radiation is presented in Table 2. 
 
From the table, it appears that there was an 
upward trend in SDS radiation in Saudi Arabia 
during the past forty-year period (1983-2022). In 
1983-2000, the trend in SDS radiation across the 
country in different seasons was statistically non-
significant (p > 0.1). During the spring season, 
there was a downward trend in SDS radiation in 
the 80s, whereas, in the next decade, an upward 
trend was exhibited and that was the highest 
trend (13.85 W m-2), although that was 
statistically non-significant. In the first decade of 
the 21

st
 century (2001-2010), the region 

experienced the highest level (10.6 W m-2) of a 
statistically significant upward trend in SDS 

radiation. Overall, the SDS radiation during the 
spring season increased at a rate of 3.8 W m-2 
per decade with a 99% confidence level. 
 
Since 1991, there has been a downward trend in 
SDS radiation exhibited across the country 
during the summer season at varied degrees, 
except in 1983-1990, as it appeared in the table 
that during that period SDS radiation increased 
at a rate of  11.72 W m-2/10y but statistically not 
significant. Whereas, from the analysis, it is 
evident that SDS radiation in Saudi Arabia 
decreased during the summer season, except in 
1983-1990 when the trend was positive, but from 
the statistical point of view, the trend in SDS 
radiation was not significant (p > 0.1). However, 
in the twenty years from 1991 to 2010, there was 
a positive trend in SDS radiation during the 
winter season, but before and after this period, 
the region experienced a downward trend in SDS 
radiation. Generally, the region experienced a 
negative trend in SDS radiation with -1.14 W m-2 
per decade at a 90% confidence level during the 
winter season as Table 2. On average, the SDS 
radiation in this country increased at a rate of 
0.60 W m-2 per decade with a 90% confidence 
level. Since 1983, there has been a positive 
trend in SDS radiation in Saudi Arabia, except in 
the 2

nd
 decade of the 21

st
 century the country 

experienced a downward trend in SDS radiation. 
 

4. DISCUSSION 
 
Incoming solar radiation plays a key in different 
biological, physical, and chemical processes on 
the earth's surface, as well as being strongly 
linked to climate and its changes. The variation 
of solar radiation at any place on the earth’s 
surface is affected either by astronomical factors, 
such as positioning; distance between the sun 
and the point of interest; sun's zenith angle, and 
so on, or human activities; topographic condition 
[6]. A steady increase in solar energy use, as 
well as possible implications for global climate 
change, have enhanced the interest of the 
scientific community in these changes. 
 
Ground-based stations provide the most reliable 
and accurate source of radiation, but they have a 
smaller spatial representativeness, while 
satellites and/or models provide the greatest 
level of representativeness. For this 
investigation, the monthly means of SDS 
radiation for Saudi Arabia were extracted for the 
years 1983 to 2022 from the “European 
Organization for the Exploitation of 
Meteorological Satellites” (EUMETSAT) of 



 
 
 
 

Anwar et al.; Int. J. Environ. Clim. Change, vol. 13, no. 11, pp. 3104-3119, 2023; Article no.IJECC.109039 
 
 

 
3115 

 

SARAH-2.1 climate data record. With reference 
to the Baseline Surface Radiation                        
Network (BSRN), the radiation data from 
SARAH-2.1 has been validated with a mean 
absolute difference of the monthly mean SDS is 
5.2 [W m-2] [31].  
 

In the winter season (November-February), the 
country experienced the lowest level (188 ± 40 W 
m-2) of SDS radiation with a range of 67-271 W 
m-2. Between March and April, the mean SDS 

radiation was 279 ± 20 [W m-2], and minimum 
and maximum radiation was 199 and 318 W m-2 
respectively during the past forty years period. In 
other words, the mean SDS radiation increased 
by 48.4% in the spring season as compared to 
the winter season. The summer season in Saudi 
Arabia has the highest level of radiation with a 
mean value of 304± 27 W m-2 and the range 
was 168-357 W m-2. As compared to the winter 
season, the radiation increased in this season by 

 

 
 

Fig. 8. Spatiotemporal Variation of SDS Radiation in Saudi Arabia for EOF1 
 

 
 

Fig. 9. Spatiotemporal variation of SDS radiation in Saudi Arabia for EOF2 
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 Table 2. Seasonal and annual trends of SDS radiation in Saudi Arabia 
 

Season 1983-1990 1991-2000 2001-2010 2011-2020 1983-2022 

Spring -4.24 13.85 10.60* 4.88 3.80*** 
Summer 11.72 -0.95 -10.80** -4.54* -1.00* 
Autumn -1.08 -0.42 2.97 -5.59 -0.45 
Winter -2.24 7.33 6.52 -3.91 1.14* 
Annual 2.27 4.36 0.84 -2.93 0.60* 

Note: * 90% Confidence level, ** 95% Confidence level, *** 99% Confidence level 

 
about 62%. In the autumn season, the radiation 
started to reduce as compared to the summer 
season, although the mean radiation was 236± 
23 [W m-2], which is 25% higher than the winter 
season. Overall, the mean SDS radiation in 
Saudi Arabia was 252 ± 17 [W m-2] with a range 
of 186-284 W m-2 during the past forty-year 
period (1983-2022).  
 
In the spring season, there was an upward trend 
in SDS radiation with a 99% confidence level in 
the country during the past forty-year period, with 
a trend of 3.8 W m-2/10y, and will continue in the 
future as previously because the Hurst exponent 
was 0.87 (H > 0.5). In contrast, there was a 
downward trend in SDS radiation with a 90% 
confidence level in the summer season during 
the period, with a trend of 1.0 W m-2/10y. From 
the Hurst exponent analysis, it is evident that the 
radiation in the summer season might decrease 
in the future as previously because the Hurst 
exponent was 0.817 (H > 0.5). Moreover, during 
the autumn there was a downward trend in SDS 
radiation during the past forty-year period, with a 
trend of 0.45 W m-2/10y, although the trend 
wasn’t statistically significant (p > 0.1). However, 
there was an upward trend in SDS radiation with 
a 90% confidence level during 1983-2022, with a 
trend of 1.1 W m-2/10y. Results obtained from 
the Hurst exponent ( H = 0.838) indicate that the 
rising trend might follow a similar pattern in the 
future. Overall, there was an upward trend in 
SDS radiation with a 90% confidence level during 
the past forty-year period, with a trend of 0.6 W 
m-2/10y, and the trend will continue in the future 
as it was present in the past according to the 
Hurst exponent analysis. 
 
In March, the first month of the spring season, 
from the middle to the south-eastern part of the 
country, such as Riyadh and the Eastern 
province region, experienced the highest rate 
(4.65-7.03 W m-2/ 10y) of upward trend in SDS 
radiation with a 95% confidence level. In 
contrast, most of the regions experienced a 
downward trend in SDS radiation in the summer 
season (May-August) as appeared from the past 

forty-year (1983-2022) data analysis. More 
specifically, the lowest changing rate in SDS 
radiation was experienced in July. For instance, 
most parts of the country experienced a 
statistically significant (p < 0.05) downward trend 
in SDS radiation with the changing rates varied in 
a range of -11.55 – 0.0 W m-2 for every ten 
years on average except the eastern province 
region. However, during the autumn season 
(September-October) downward trend in SDS 
radiation continued in most of the regions of the 
country. Lastly, in the winter season ( November-
February) most parts of Saudi Arabia 
experienced an upward trend in SDS radiation, 
except the first month (November) of the season 
when the southern part of the country 
experienced a downward trend ( -4.11-0.00 W m-
2/10y), whereas the opposite side experienced 
an upward trend in SDS radiation. 
 
Results obtained from the EOF analysis, it is 
seen that the first EOF mode is the primary 
spatial distribution form of SDS radiation in Saudi 
Arabia due to having a much higher experience 
variance of 57% as compared to the other 
modes. the time coefficient was positive during 
the years 1983-1998 and 2015-2020 which 
implies that there was a downward trend in the 
SDS radiation across the country, while the 
region experienced a rise in SDS radiation from 
1999-2015 and 2021-2022 because the time 
coefficient was negative during that period. The 
eigenvector space of EOF2 exhibits opposite 
distributions in the north-south direction and is 
separated by an imaginary line running from the 
Eastern Province to the Makkah region in the 
middle of the country. Moreover, negative values 
persist in the northern regions of the country 
indicating that the SDS radiation changes in this 
region are complex and are potentially influenced 
by the terrain and latitude. In addition, the 
centers of negative values are predominantly 
distributed in the northern part of the Eastern 
Province, Riyadh, Qassim, along with the 
southern part of the Northern Border and Hail 
region, and their adjoining areas. In contrast, the 
centers of the positive values are primarily 
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concentrated in the southwest region of the 
country, specifically in the Asir, Jizan, and Al 
Bahah regions. This strongly indicates that the 
changes in SDS radiation levels in these areas 
are significantly more severe than in other 
regions. 
 

5. CONCLUSION 
 
This study has dealt with the characteristics of 
the seasonal and annual variation in the 
availability of SDS radiation in Saudi Arabia over 
the past forty years, 1983-2022. The country 
experienced the lowest level (188 ± 40 W m-2) of 
SDS radiation in the winter season with a range 
of 67-271 W m-2. The mean SDS radiation 
increased by 48.4%  in the spring season as 
compared to the winter season. The summer 
season in Saudi Arabia has the highest level of 
radiation with a mean value of 304± 27 W m-2 
and the range was 168-357 W m-2. As compared 
to the winter season, the radiation increased in 
this season by about 62%. In the autumn 
season, the radiation started to reduce as 
compared to the summer season, although the 
mean radiation was 236± 23 [W m-2], which is 
25% higher than in the winter season.  
 
There was a rising trend in SDS radiation with a 
90% confidence interval in the country during the 
past forty-year period, with a trend of 0.6 W m-
2/10y, and the mean radiation was 252 ± 17 [W 
m-2]. There were suspected multiple mutations 
that occurred in the years 1998 and 2018 & 2019 
respectively. During the spring and winter 
seasons (November-April), there was an upward 
trend in the availability of SDS radiation across 
the region, with a magnitude of 3.8 W m-2/10y 
with a 99% confidence level and 1.14 W m-2/10y 
with a 90% confidence level respectively. In 
contrast, there was a downward trend in SDS 
radiation in the summer with a magnitude of 1.0 
W m-2/10y with a 90% confidence level followed 
by the autumn season when the trend was 
lowest (-0.45 W m-2/10y) and statistically non-
significant. In the first decade of the 21st century 
(2001-2010), the region experienced the highest 
level (10.6 W m-2) of a statistically significant 
upward trend in SDS radiation during the spring 
season. However, there was a downward trend 
in SDS radiation in 1991-2022 during the 
summer season. More specifically, the region 
experienced the lowest level of SDS radiation 
trend with -10.80 W m-2/10y with a 95% 
confidence level in 2001-2010. Results obtained 
from the Hurst Exponent analysis for annual and 
seasonal time series datasets for SDS radiation 

in Saudi Arabia during the past forty years period 
show that the value of H was greater than 0.5 but 
less than 1 which implies that the trend in SDS 
radiation was present in the past will continue in 
the future.  
 
The first EOF mode is the primary spatial 
distribution form of SDS radiation in Saudi Arabia 
due to having a much higher experience variance 
as compared to the other modes. The 
eigenvectors of the first mode are negative, 
which indicates that the SDS radiation level 
across Saudi Arabia shows a consistent pattern 
of either decreasing or increasing uniformly. The 
more severe changes occurring in Riyadh, 
Makkah, Al Bahah, Asir, Najran, and the 
surrounding areas than in others because the 
most significant negative centers are primarily 
concentrated in these areas. During the years 
1983-1998 and 2015-2020, there was a 
downward trend in the SDS radiation across the 
country, while the region experienced a rise in 
SDS radiation from 1999-2015 and 2021-2022. 
 
Future investigations must be carried out to gain 
a deeper understanding of the impact of 
influencing factors, for instance, cloudiness and 
aerosol emissions, on the variability of SDS 
radiation. It is also crucial to gain a 
comprehensive understanding of how different 
types (low, medium, or high) of cloud can affect 
the variations in SDS radiation. By exploring the 
interactions between aerosols, cloud cover, and 
SDS radiation, it is possible to gain valuable 
insights into how they collectively influence 
climate change on climate change. 
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