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Abstract

:

The Saudi government targets building eight solar plants across the country by 2030, which are expected to produce more than 3600 MW, enough to power more than 500,000 homes. However, the vast desert environment in Saudi Arabia increases dust and aerosol loading in the atmosphere, which affect the performance of photovoltaic systems due to scattering and absorption of the solar radiation by dust particles. In this work, ground-based data from weather stations located in six Saudi cities, Dammam, Hafar Al Batin, Riyadh, Jeddah, Najran, and Arar, along with data from the Moderate Resolution Imaging Spectroradiometer (MODIS) are used to examine the effects of dust loading on aerosol optical parameters, air temperature, and solar irradiance. The effects of three major dust storms that blew over different regions in Saudi Arabia on 20 March 2017, 23 April 2018, and 15 April 2021 have been investigated. It is found that there is a strong correlation between dust loading and aerosol optical parameters. The maximum Aerosol Optical Depth (AOD) was recorded over Jeddah on 19 March 2017 (about 2), over Riyadh on 20 March 2017 (about 2.3), over Riyadh on 24 April 2018 (about 1.5), and over Najran on 15 April 2021 (about 0.9). Strong dust events are found to reduce air temperature by a few degrees in high dust loading regions. The study found that such large dust loading decreases the direct and global solar irradiance components, while it increases the diffuse component over the cities of Jeddah, Riyadh, and Najran. This could be an indication that scattering from dust particles can play a significant role in the solar irradiance intensity.
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1. Introduction


Saudi Arabia (Figure 1) is the largest country of the Arabian Peninsula, encompassing 80% of its area. The climate of Saudi Arabia is arid to semi-arid, mostly associated with high temperatures and low precipitation [1]. According to Koppen classification [2], the northern and central regions of Saudi Arabia remain hot and dry while steppe-mild conditions prevail in the SW regions. Moreover, there are two major climatic features, the South Asian Monsoon and Mediterranean systems, greatly impacting the regional climate. The South Asian Monsoon mainly influences the southern regions, whereas the Mediterranean systems are responsible for weather activities in the northern and central regions of Saudi Arabia. The highlands in the W and SW regions are mainly responsible for local weather activities, while the surrounded water bodies of the Red Sea (W), Arabian Gulf (E), and Arabian Sea (S) flow moisture over the region [3,4]. On the other hand, the three big deserts of Rub Al-Khali (SE), Al-Dahna (inland), and Nafud (N) are the major dust sources, which may cause dry and hot conditions over the region [5].



However, the well-known climatic phenomena found in Saudi Arabia are temperature extremes that result in heat waves and cold waves, while precipitation extremes are responsible for flash flooding and drought over the region [6,7]. Furthermore, dust storms frequently hit the region and greatly impact the regional climate. Dust storms are more frequent over Saudi Arabia during spring and summer seasons [8,9,10]. However, the spring is a dust-prone season in the northern and central regions, while the frequency and intensity of dust events are higher in the south within the summer season. In addition, there are various dust source origins from where dust is transported to different places in Saudi Arabia. In the north, the An-Nafud desert (local source region), the Sahara Desert, and the Iraqi and Syrian deserts appear as major dust sources. Further, the Rub Al-Khali desert (local source region) and the NE African (remote) source regions raise dust that is transported to southern regions of Saudi Arabia. Additionally, the arid region of Yemen also contributes with dust to the southern regions [11].



Dust storms are mainly responsible for the dust aerosol load in the atmosphere, which cause problems to human health such as respiratory diseases, allergens, and skin issues [12]. Similarly, dust transport affects the visibility over the region and causes difficulties to traffic [13]. Further, dust storms greatly influence the regional climate. Dust aerosols alter the cloud microphysics and serve as cloud condensation nuclei [12]. Furthermore, the presence of dust aerosols in the atmosphere directly affects the energy budget through absorption and scattering of solar radiation, mechanisms that contribute to global warming and cooling [14,15,16].



Saudi Arabia, a leading global oil producer, is also among the top 10 oil consumers worldwide [17]. On the other hand, the world is attracted toward solar energy that is easily accessible, renewable, and unpolluted. In 2022, Saudi Arabia, announced its Middle East Green Initiative with many objectives including reducing carbon emissions by divagating the country away from an oil-based economy and towards renewables. In order to gradually transform into a green economy, the country must develop reliable renewable energy sources to replace fossil fuels. In the last few years, Saudi Arabia has launched several projects to generate electricity using renewable energy [18]. The projects include several wind and solar energy projects. Such projects aim to reach the optimal energy mix for electricity production by using renewable energy technology [18]. Saudi Arabia has a unique chance to exploit its great solar potential and to become one of the global largest solar energy producers, as it is geographically located on a sun belt [19,20]. Annual mean solar energy falling in Saudi Arabia is around 200 kWh/m2 [14]. Saudi Arabia has taken the initiative to use solar energy since the 1960s. Therefore, a solar hydrogen power plant was established at Solar Village near Riyadh [21]. Moreover, the King Abdullah University installed photovoltaic (PV) cells of 2 MW in Thuwal [22], which produce 3300 MWh energy annually and save 1700 tons of annual carbon emissions. Another solar power plant has been installed on Farasan Island [14] in the south of Saudi Arabia with a capacity of 500 KW. Furthermore, the world largest solar park project is in Dhahran at Aramco headquarters with a 10 MW carport system. Moreover, Saudi Energy Company is investing to construct a 2060 MW PV plant in western Saudi Arabia and it is expected to be operational by winter of 2025 [23]. Saudi Arabia had an installed solar capacity of around 0.344 GW in 2019 [24].



Beside the advantages of solar energy, dust loading in the atmosphere is one of the main concerns for the consistency of solar panels. The arid/semi-arid nature of Saudi Arabia along the vast desert environment increases aerosol loading in the atmosphere. Moreover, dust storms frequently blow over Saudi Arabia, which significantly load dust particles in the atmosphere. Meanwhile, dust in the atmosphere accumulates on the surface of solar panels; this mechanism reduces the amount of solar radiation absorbed at the surface of the panels. This high dust concentration reduces the efficiency in harvesting solar energy as dust particles block and scatter solar radiation; therefore, it is crucial to investigate dust loading in the atmosphere and its effect on the atmospheric characteristics and solar irradiance especially during major dust events. Thus, the output and the efficiency of solar panels are reduced and, consequently, affect the overall PV performance [16,25]. Numerous studies investigated the relationship between the power losses on PV panels and the total mass of the dust; the findings have revealed that both variables have a linear relation. It has also been reported that small-size dust particles block more solar radiation and result in more output power decreases [26,27,28].



Solar irradiance measurements from the Solar Atlas of Saudi Arabia, which was developed in February 2014, are assessed in [29] along with surface meteorological measurements available from the Renewable Resource Atlas for Saudi Arabia developed by the King Abdullah City for Atomic and Renewable Energy (KACARE), where the Solar Atlas provides live data recorded from 41 stations across Saudi Arabia. According to the Atlas, the direct normal irradiance in the various regions of Saudi Arabia changes from 9000–5000 W h/m2/day during summer–winter months.



Many studies investigated the various aspects of solar radiation and power generation utilizing solar energy to identify the suitable localities to obtain maximum output from PV systems in Saudi Arabia. In [30], a solar irradiance model was developed and compared with 16 other models for different regions and meteorological conditions. They showed that their model performance is reasonably good to estimate solar radiation over Saudi Arabia. Similarly, [31] examined the solar radiation resources in Saudi Arabia. Their findings depict that western inland regions are more suitable relative to eastern regions for the power generation through solar energy, where average daily total solar radiations of 6474 W h/m2 and 5510 W h/m2 were recorded in western and the eastern regions of Saudi Arabia, respectively. They also examined three solar irradiance components (Diffuse Horizontal Irradiance (DHI), the Direct Normal Irradiance (DNI), and the Global Horizontal Irradiance (GHI)) from 30 stations across Saudi Arabia from October 2013 to September 2014. High GHI values were observed across all stations, which indicates that GHI values are well suited for high PV performance. The study also reported that dust settling and the extreme high temperature (>30 °C annual average in some locations) may degrade the performance of some types of PV panels. Meanwhile, they reported that DNI values are spatially variable due to a combination of aerosols, pollution, clouds, and dust and were found to be closely linked to the DHI/GHI ratio for each station. Moreover, [32] developed a mathematical model to simulate the hourly data of solar radiation for four different climatic regions such as Jeddah (warm humid), Dammam (maritime-inland desert), Riyadh (dry hot), and Najran (highland). The results showed a model accuracy of >90%. Consequently, [33] estimated the global and solar radiations on horizontal and tilted surfaces over Jeddah, Saudi Arabia, using various meteorological parameters (i.e., ambient temperature, max and min ambient temperature, sunshine hours, cloud cover, and relative humidity) for the period 1996–2007. Later on, the empirical correlation was evaluated for the diffuse solar radiation on horizontal surfaces, while the total solar radiation on tilted surfaces was estimated by using “Liu and Jordon isotropic” and “Klucher’s anisotropic” models and compared with the NASA “SSE model”. The findings highlight that models are capable of predicting solar radiations on horizontal and tilted surfaces in Jeddah with reasonably good accuracy. A model developed by [34] was used to estimate monthly averaged global solar radiation over the NW of Saudi Arabia and the model output was compared with the measured data and 29 other regression models. The results showed high accuracy for the region. The local solar radiation in the east region of Saudi Arabia was measured using an Eppley Normal Incidence Pyrheliometer (NIP) [35] to examine the correlation between the monthly average daily global solar radiation and the sunshine duration. They found that, on an annual basis, the agreement between the measured and the predicted global values is >4%.



From the above, it is seen that only limited studies have investigated the effect of dust loading in the atmosphere on the solar irradiance over Saudi Arabia. This gap is filled by the present work, where the Moderate Resolution Imaging Spectroradiometer (MODIS) on board the Terra satellite along with meteorological and solar irradiance data from several meteorological stations have been used to measure aerosol optical and physical parameters and the effect of dust loading on the intensity of solar irradiance during major dust events. The goal is to understand how dust loading in the atmosphere can affect solar irradiance and other atmospheric conditions. This information is useful to improve the performance of solar panels in a desert-like environment such as that of Saudi Arabia.




2. Materials and Methods


Three major dust events (Figure 2 and Table 1) that blew over Saudi Arabia on 20 March 2017, 23 April 2018, and 15 April 2021 have been investigated.



On 20 March 2017 (Figure 2a), a dust storm originated in Libya and moved through Sudan, Eritrea, and the Red Sea entering Saudi Arabia. Further, the dust and sand covered the wider domain and caused poor visibility. Fluctuations in temperatures, strong winds, and rapid variability in meteorological conditions associated with seasonal changes from winter to spring played a major role in initiating this dust storm [37]. On 23 April 2018 (Figure 2b), a large cloud of dust originated in Iraq/Syria and blew across Saudi Arabia through the Shamal wind [38] and extended up to 500 km across Saudi Arabia, reaching Riyadh, the capital city. The Shamal wind is usually attributed to the pressure gradient between the Northern Arabian Peninsula and the Arabian Gulf [39]. On 15 April 2021 (Figure 2c), large dust plumes stretched up to 1200 km coming from Yemen, where dust and sand storms are very common as Yemen is located in a semi-arid region. Dust can then be easily transported to Saudi Arabia through its SW borders and fueled by the dust particles across the vast Empty Quarter “Rub Al-Khali “desert [40]. The three storms have been selected based on their sources, dust dynamics, and path criteria [41,42]. Large dust events that blew over Saudi Arabia from different sources/directions have been selected. For example, the 20 March 2017 dust event originated in the Sahara Desert (west of Saudi Arabia) and it mostly affected the NW and W regions of Saudi Arabia. Meanwhile, the 23 April 2018 dust storm originated in the Iraqi and Syrian deserts (north east of Saudi Arabia) and affected the NE regions of Saudi Arabia, and the 15 April 2021 dust event originated in Yemen and affected the SW regions of Saudi Arabia.



2.1. Experimental Sites and Parameters


2.1.1. The Moderate Resolution Imaging Spectroradiometer (MODIS)


The Moderate Resolution Imaging Spectroradiometer (MODIS) is an instrument on board the two polar orbiting satellites Terra and Aqua. The Terra satellite was launched in 1999; it crosses the equator from north to south at 10:30 am (UTC). The Aqua satellite has orbited since 2002 and crosses the equator from south to north at 1:30 pm. Moreover, the MODIS is designed to acquire the qualitative information of land, atmosphere, and ocean for research. However, the MODIS is armed with different features. The radiometric sensitivity of the MODIS is 12 bits in 36 spectral bands in the range 0.4–14.4 µm [15,43,44,45]. Moreover, these spectral bands have different spatial resolutions such as 2 bands (250 m), 5 bands (500 m), and 29 bands (1000 m). In addition, these spectral bands are defined to obtain the various types of information. Bands 1 and 2 are utilized to differentiate boundaries of land, cloud, and aerosols, while bands 3–7 are mostly used to fetch the information of land, cloud, and aerosol properties. On the other hand, precise information of the ocean and phytoplankton is captured by utilizing bands 8–16. Furthermore, bands 17–19 (near infra-red) and 27–28 (short-wave infra-red) provide precise information about the atmospheric water vapor. Similarly, the 20–23 (33–36) bands of thermal (long-wave) infra-red are employed to detect the surface and cloud temperatures. The thermal infra-red bands (24–25) are particularly used for atmospheric temperature profiles. Further, the near infra-red band 26 is useful to detect high clouds such as cirrus. Nevertheless, spectral bands 29–30 (short-wave infra-red) are utilized to retrieve information of cloud properties and ozone, whereas bands 31–32 are specifically used to detect land-surface temperature. Finally, the long-wave infra-red bands (33–36) are utilized to explore cloud characteristics including thickness, altitude, and top pressure [46,47].



With its high radiometric sensitivity and swath resolution (2330 km × 10 km), MODIS retrievals provide information about aerosol optical and physical characteristics. Over bright land, the Deep Blue (DB) algorithm developed by NASA is used to calculate AOD by observing differences between aerosols and surface features. DB uses 412, 470, and 479 nm for AOD retrievals. Over water and other low-reflectance surfaces (e.g., vegetated regions, dark soil), the DB algorithm is not used, but the Dark Target (DT) algorithm is used instead. DT uses 470 and 650 nm (visible) and 2100 nm (infrared) [48] for AOD retrievals. This makes MODIS combine retrievals for both land and water over this region. In this work, the Deep Blue (550 nm land only) Aerosol Optical Depth (AOD) and Angstrom Exponent (AE) (412–470 nm land only) Collection 6 L2 MODIS/Terra dataset [49] is used. The uncertainty in MODIS retrievals is caused by uncertainties in computing cloud masking, surface reflectance, aerosol model type (e.g., single-scattering albedo), pixel selections, and instrument calibration. Data are available at [50].




2.1.2. Solar Stations


Solar irradiance measurements presented in this work are based on data collected in the frame of the Renewable Resource Atlas (RRA) for Saudi Arabia, which was launched in 2013 as part of the King Abdullah City for Atomic and Renewable Energy’s (K.A.CARE’s) Renewable Resource Monitoring and Mapping (RRMM) program [51]. The RRMM program funded the establishment of 47 solar radiation stations throughout Saudi Arabia. The collection of data started in August 2013 and continued to the end of August 2021; although, this duration is not the same at all the stations of the program, which means that gaps exist.



The parameters measured at the RRMM stations were the global horizontal irradiance (GHI) (W/m2), the diffuse horizontal irradiance (DHI) (W/m2), the direct-normal irradiance (DNI) (W/m2), and the air temperature (°C). The solar radiation components were measured with Kipp–Zonen CMP11 pyranometers with an accuracy of ±2%. The diffuse radiation was provided by a rotating shadow band over the pyranometer. The data were sampled every minute and hourly averages were later computed offline. According to the technical reports for each station and the RRMM program, the maintenance of the equipment took place daily. Data uncertainty results from possible supporting equipment failures (e.g., solar trackers, ventilators, etc.), or errors due to station installation, operation, and maintenance performance (including calibrations).



In the present study, datasets of solar and meteorological stations (Table 1) of Dammam (eastern Saudi Arabia), Hafar Al Batin (NE), Riyadh (central), Jeddah (W), Najran (SW), and Arar (N) are utilized. The corresponding latitude/longitude of each city is listed in Table 2. The selection of the aforementioned cities is based on three criteria: first is their location, such that they cover different cardinal directions of the country; the second is that they are on the dust path during the selected storms; and the third is that they have a solar irradiance station with a reliable dataset.



Panoply 5 and Microsoft Excel have been used to read, process, and analyze the data from MODIS/Terra and the solar stations.




2.1.3. Aerosol Optical Depth (AOD)


The Aerosol Optical Depth (AOD) is an estimate of the amount of the aerosols present in the atmosphere. It is measured using sun photometers by comparing the solar radiation passing through an aerosol-burden and an aerosol-free atmosphere [52].




2.1.4. Angstrom Exponent (AE)


The Angstrom parameter (  A E  ) delineates the aerosols’ optical thickness and depends on the wavelength of the light ranging from 440 nm to 1020 nm. However, the first derivative of AOD with respect to wavelength in logarithmic scale defines the Angstrom parameter [53].


  A E = −   d l n   AOD     d l n λ    



(1)







A value of   A E   above 2 indicates the presence of fine particles, while a near-zero value indicates the existence of coarse dust particles.




2.1.5. Solar Irradiance Components


Three solar irradiance components are investigated in this study, i.e., the Diffuse Horizontal Irradiance (DHI), the Direct Normal Irradiance (DNI), and the Global Horizontal Irradiance (GHI), where DHI is the solar radiation which reaches the ground surface from light scattered by the atmosphere, DNI is the solar radiation which reaches the ground surface in a straight line from the Sun according to its instant position in sky, and GHI is the total shortwave radiation received from the Sun by the horizontal surface. In other words, it is the sum of DHI, DNI, and the ground-reflected radiations. DHI, DNI, and GHI are measured in W/   m 2   .




2.1.6. HYSPLIT Model


The Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model is a computational tool that predicts air parcels’ transport and spatial distribution [54]. Gridded meteorological parameters are used to allocate air parcels’ trajectories at specific times.



The HYSPLIT back trajectories have been used to find the origin of air masses, their paths, and their sources. The model calculation method is a hybrid between the Lagrangian approach and the Eulerian methodology, which applies a fixed three-dimensional mesh as a reference frame to determine air pollution loadings.






3. Results and Discussion


3.1. AOD and AE Variability


Using Terra/MODIS data, the AOD values at 550 nm and AE values at (412–470) nm on 20 March 2017, 23 April 2018, and 15 April 2021 are displayed in Figure 3a–c and Figure 4a–c, respectively. On 20 March 2017, high AOD values (2.8–3.5) were observed in northern regions of Saudi Arabia, while minimum AOD values (0.1–0.7) were retrieved over the southern regions, particularly in the SE domain (Figure 3a). The high AOD values were attributed to the high dust loading in the atmosphere near the cities of Arar and Jeddah (Table 1 and Figure 1) in the NW region of Saudi Arabia during the 20 March 2017 dust event. Meanwhile, low AE values (0.1–0.3) were observed around Arar and Jeddah (Figure 4a), indicating that large dust particles from the desert mostly loaded the atmosphere.



During the 23 April 2018 dust event, high AOD values (about 3.5) were observed in the NE quadrant of Saudi Arabia, while low values (0.1–0.3) were observed near the west and some central parts of the country. Moreover, the AOD values fluctuate between 0.7 and 1.4 in the southern regions of Saudi Arabia (Figure 3b). The high AOD values are attributed to the high dust loading in the atmosphere near the cities of Riyadh and Dammam (Table 1 and Figure 1) in the NE region of Saudi Arabia during the 23 April 2018 dust event. Low AE values (0.2–0.6) were observed around Riyadh and Dammam (Figure 4b), indicating that large dust particles dominated the atmosphere. Meanwhile, high AE values (1–1.5) (Figure 4b) were observed in the SW part of Saudi Arabia, indicating small-size particles in the atmosphere. Those particles were mostly generated by traffic and industrial pollution in those areas.



During the 15 April 2021 dust event, AOD values of 0.8–1.3 were observed over the central and SW regions of Saudi Arabia (Figure 3c). The relatively high AOD values were attributed to the high dust loading in the atmosphere near the city of Najran (Table 1 and Figure 1) in the SW region of Saudi Arabia during this dust event. Interestingly, despite the storm, high AE values (1.4–1.8) were still observed near Najran (Figure 4c). This indicates that natural dust loading was not that high during the storm and anthropogenic particles still dominated the atmosphere.



High AE values were prominently observed on 20 March 2017, 23 April 2018, and 15 April 2021 near the SW regions of Saudi Arabia, indicating high pollution over those regions. The resemblance of the Figure 3a–c and Figure 4a–c is attributed to the inverse relationship between AOD and AE.




3.2. Wind Patterns


Wind characteristics and dynamics play a significant role in moving dust plumes across Saudi Arabia during large dust events. Wind speed and direction patterns during the 20 March 2017, 23 April 2018, and 15 April 2021 dust storms along with lead-lag days are shown in Figure 5.



Figure 5a shows the wind pattern on 19 March 2017, one day before the occurrence of the March 2017 dust storm. High wind speed (7–10 m/s) was observed over the entire eastern regions of Saudi Arabia, while a low wind speed (3–6 m/s) was observed at the western coast along with some central regions of the country with the wind directed towards Saudi Arabia from the southern Arabian Sea and western (Africa) side. It is noted that circulation developed over the NE regions where both directed wind patterns meet up. On the storm day (20 March 2017), this circulation pattern became mature and extended over the northern and central regions. Similarly, the wind speed became higher (about 10 m/s) over the eastern regions, specifically in SE regions of the country, whereas a low wind speed (<6 m/s) was observed in the western and few central regions (Figure 5b). It can be observed that the dust observed over the cities of Arar and Jeddah during the dust storm was possibly transported from the Sahara Desert in Africa. On 21 March 2017, one day after the dust event, the wind speed increased (8 m/s) in central regions and became low (<5 m/s) in a wider domain of the country including the northern, western, and southern coastal regions (Figure 5c).



Figure 5d shows the wind pattern on 22 April 2018, one day before the occurrence of the April 2018 dust storm. Wind speed was observed to be slightly high (about 8 m/s) in the central and northern regions, while the speed was lower (<5 m/s) over the SE regions. The wind approached the region from the W and SE regions and convergence occurred over NW regions. On 23 April 2018, the day of the storm, wind speed was observed to be about 6 m/s in the SE and about 2 m/s in the central regions. Moreover, the circulation developed in the central and northern regions of Saudi Arabia (Figure 5e). It can be observed that the dust observed over the cities of Riyadh and Dammam during the dust storm was possibly transported from the Iraq and Syrian Deserts. On 24 April 2018, one day after the storm, wind speed became about 10 m/s in the NE region and a low wind speed (<5 m/s) was observed over W and S regions. Further, the developed circulation weakened and shifted toward the NW regions on 24 April 2018 (Figure 5f).



Figure 5g shows the wind pattern on 14 April 2021, one day before the occurrence of the April 2021 dust storm. Wind speed was observed to be about 9 m/s over the eastern regions, while a lower speed (<5 m/s) was observed in W and central regions. Furthermore, the NE and SE winds converged over the NW region of Saudi Arabia and a circulation pattern formed over that region. Later, on 15 April 2021, the dust storm day, the wind magnitude had a maximum of >10 m/s in the NW and central regions, while the circulation motion became stronger over the NE regions, which is responsible for initiating dust activity. However, the wind speed was low (<3 m/s) in SW regions of Saudi Arabia (Figure 5h). It can be observed that the dust observed over the city of Najran during the dust storm was possibly transported from Yemen and transported all the way to the United Arab Emirates and Oman. The spatial pattern of wind on 16 April 2021, the day after the occurrence of dust storm, indicates the storm’s dissipation. The circulation motion weakened over the NE regions, while a high (low) wind speed was observed in NE and SW regions (Figure 5i).




3.3. Temperature Variability


The temperature variability during the 20 March 2017, 23 April 2018, and 15 April 2021 dust storms along with two days before and after the event are shown in Figure 6, Figure 7 and Figure 8, respectively, and in Table 2 for six Saudi cities: Dammam, Hafar Al Batin, Riyadh, Jeddah, Najran, and Arar.




3.4. Air Mass Trajectories


Figure 9a–c illustrate the NOAA HYSPLIT model backward trajectories at the cities of Jeddah, Dammam, and Najran during the 20 March 2017, 23 April 2018, and 15 April 2021 dust events, respectively. Figure 9a shows that air parcels moved from North Africa towards Saudi Arabia during the 20 March 2017 storm. Additionally, Figure 9b shows that air parcels moved from NE borders near Iraq and Syria towards Saudi Arabia during the 23 April 2018 storm. Meanwhile, Figure 9c shows that air parcels moved from Yemen toward Saudi Arabia during the 15 April 2021 storm. It can be observed that the HYSPLIT model air mass trajectories prediction matches the MODIS observations related to dust particles’ dynamics and distribution.



The results (Table 3) show that during the 20 March 2017 dust storm, the temperature decreased over all six cities except Najran. The decrease in temperature was more pronounced in W and NW Saudi Arabia near the cities of Jeddah and Arar, and this may be attributed to high dust loading in the atmosphere during the dust storm (Figure 3a). As the wind blew towards the SE, high dust loading was also observed near the NE regions around the city of Hafar Al Batin (Figure 3a and Figure 4b). There was also a reduction in air temperature at the city of Dammam, which may also be attributed to the storm; however, AOD values cannot be confirmed due to missing MODIS data (Figure 3a). There was no observed reduction in air temperature near Najran as this region of the country was not affected by the dust event.



During the 23 April 2018 dust storm, in Hafar Al Batin and Arar, the air temperatures on the day of the storm were less than the temperatures observed pre- and post-storm. In Dammam and Riyadh, the temperatures on the day of the storm were less than the lag days only (Table 3). This temperature decrease can also be attributed to the dust loading in the atmosphere during the storm as indicated by high AOD values measured near the N and NE regions of Saudi Arabia (Figure 3b). However, the decrease in temperature near Arar could be attributed to other meteorological conditions as there was no high dust loading near the city. The wind pattern (Figure 4e) shows that a low-speed wind (about 3 m/s) was circulating Arar, which may have transported some dust to the region. Meanwhile, there were also no changes in the air temperature of the Najran site as the storm was far away from that region (Figure 3b).



During the 15 April 2021 dust storm, in Hafar Al Batin, the air temperatures on the day of the storm were less than the temperatures observed pre- and post-storm. In Dammam and Arar, the temperature decreased by about 5 °C after the storm, while it increased by about 10 °C in Arar on the day of the storm compared to that on 13 April 2021 (two days before the storm, see Table 3). The temperature decreased by about −8.8 °C over Riyadh during the storm compared to two days before the storm; meanwhile, no data are available for the temperature two days after the storm in Riyadh. Even in Najran, where the storm blew away from it, the temperature on the day of the storm was about 2 °C less than that on 13 April 2021 (two days before the storm). On the other hand, the temperature increased by 5 °C on 17 April 2021 (two days after the storm). This may be attributed to the low dust loading associated with the dust storm as observed from the relatively low AOD on 15 April 2021 compared to what was observed on 20 March 2017 and 23 April 2018 (Figure 3c). This temperature profile over Najran may also be attributed to low wind speeds (<3 m/s), which reduced the probability of carrying dust toward Najran (Figure 4h). Data are not available over Jeddah for the period of that storm.




3.5. Solar Irradiance Variability


The correlation between solar irradiance components (DHI, DNI, and GHI) and AOD over the cities of Jeddah (18–22 March 2017), Riyadh (18–22 March 2017 and 21–25 April 2018), and Najran (13–17 April 2021) is displayed in Figure 10.



Figure 10a shows that the AOD values increased over Jeddah starting on 19 March 2017, one day before the 20 March 2017 dust event. A maximum AOD (about 2) was recorded around noon on 19 March. This early AOD increase over Jeddah is attributed to the passage of the dust storm from the Sahara Desert towards Saudi Arabia, thereby affecting its west coast first.



It can be observed that DNI and GHI are negatively correlated with AOD with correlation coefficients of −0.5467 and −0.5954, respectively (Table 4). Meanwhile, DHI is positively correlated with AOD with a correlation coefficient of 0.52354.



Figure 10b shows that the AOD values increased over Riyadh starting on 20 March 2017, on the day of the dust storm. A maximum AOD (about 2.3) was recorded early on 20 March. This could indicate that the dust storm was developed and conveyed the dust particles from the west coast towards central Saudi Arabia within two days (19 and 20 March), a distance of about 948 km between Jeddah and Riyadh.



Similar to Jeddah, it is found that DNI and GHI are negatively correlated with AOD, while DHI is positively correlated, with correlation coefficients of −0.7495, −0.6326, and 0.7520, respectively (Table 4).



Figure 10c shows that the AOD values increased over Riyadh starting on 24 April 2018, on the day of the dust storm. A maximum AOD (about 1.5) was recorded around 10:00 am on 24 April. The AOD gradually decreased to about 0.7 on 25 April.



It is also found that DNI and GHI are negatively correlated with AOD, while DHI is positively correlated, with correlation coefficients of −0.9016, −0.2049, and 0.27226, respectively (Table 4). It can be observed that there was a weak correlation between GHI and AOD over Riyadh during this dust storm (Table 4).



Figure 10d shows that the AOD values increased over Najran starting on 15 April 2021, on the day of the dust storm. A maximum AOD (about 0.9) was recorded around 10:00 am on 15 April. The AOD values gradually decreased to about 0.7 on 17 April.



The DNI and GHI are negatively correlated with AOD, while DHI is positively correlated, with correlation coefficients of −0.9016, −0.7888, and 0.9390, respectively (Table 4).



It is interesting to note that not all solar irradiation components are negatively correlated with dust loading, where the above results show that DHI increases with increasing AOD, thereby with increasing of dust loading in the atmosphere.





4. Conclusions


For its location on a sun belt, Saudi Arabia is a potential solar energy hub in the Middle East [55], which can lead the country to become one of the largest solar energy producers. Dust and wind dynamics (direction and speed) play a significant role in the loading of dust particles in the atmosphere, as indicated by the high AOD values observed over the dust storms’ regions. For instance, the 20 March 2017 dust storm mostly affected the northern region (latitude 20–25° N) and did not affect the southern region (latitude 17–<20 N) of Saudi Arabia. This is because the dust storm was initiated in the Sahara Desert in North Africa and moved east towards northern Saudi Arabia. It is found that cities such as Arar and Jeddah located in the NW region of Saudi Arabia are mostly affected by storms that originate in the Sahara Desert. Dust storms blowing from Iraq and Syria are found to mostly affect the NE region of Saudi Arabia and some central regions, while they have a lesser effect on the NW and the SW regions. For instance, the 23 April 2018 dust storm mostly affected the cities of Dammam, Riyadh in the NE, and the central part of the country. Dust storms originating from Yemen mostly affect the SW regions of Saudi Arabia and their effect can be extended to the central region of the country. For instance, the 15 April 2021 storm mostly affected the city of Najran in the SW region of Saudi Arabia.



It can be observed that Saudi Arabia is vulnerable to dust storms from its NW, NE, and SW borders, and most of the time dust plumes are transported to the central part of the country. This dust loading directly affects air temperature and the solar energy reaching the ground. It is then important to avoid dust loading regions while developing new solar panel projects in Saudi Arabia. Based on the possible dust sources and path, three regions have been identified as the least affected by atmospheric dust loading during major dust storms regardless of which direction the dust blows from. The three locations are Al Badie Al Shamali (21.99° N, 46.58° E), Howtat Bani Tammim (23.52° N, 46.84° E), and an unnamed location (21.89° N, 43.06° E) (Figure 1). These three locations have been chosen as they are located south of Riyadh and the central region, while they are away from the dust plume path that may blow from the SW borders of Saudi Arabia. Additionally, in previous studies [19,56,57], these three locations have been identified to receive the optimum solar irradiance at solar panel inclination angles of (20–25°) towards the S.



Dust storms are found to reduce the air temperature in the dust loading areas. Meanwhile, this study also found that dust loading only reduces specific components of solar irradiance (DNI and GHI), while it increases the DHI component of solar irradiance. This means that dust plays a significant role in increasing solar irradiance by scattering solar radiation; however, it is very difficult to harvest solar energy scattered from dust due to the dust’s dynamical and unsustainable nature.



This work focused on the effect of dust storms on solar irradiance in Saudi Arabia: however, it can be potentially generalized to other locations with similar landscape, environmental, and meteorological conditions, especially the Gulf Cooperation Council countries (United Arab Emirates, Kuwait, Qatar, Bahrain, and Oman). The results of this research include data from three major dust events only, but a long-term study with more dust events and aerosol dynamic scenarios will help to better understand atmospheric dust loading effects on solar irradiance in Saudi Arabia.



With its 2030 vision [58], the government of Saudi Arabia is aiming to develop new cities, expand non-petrochemical industries, and reach net-zero carbon emissions during the next three decades through an ambitious plan to accelerate the transition from fossil fuels to renewable sources. Understanding dust emission sources and paths will help policy makers, stakeholders, and economic sectors to make decisions on where to construct PV panels in new cities in order to maintain sustainable green energy resources.
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Figure 1. Map of Saudi Arabia and other countries in the Arabian Peninsula. 
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Figure 2. Major dust storms blown over Saudi Arabia on (a) 20 March 2017, (b) 23 April 2018, and (c) 15 April 2021. 
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Figure 3. AOD at 550 nm during some major dust storms blown over Saudi Arabia on (a) 20 March 2017, (b) 23 April 2018, and (c) 15 April 2021. 
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Figure 4. AE in the band 0.412–0.47 µm during some major dust storms blown over Saudi Arabia on (a) 20 March 2017, (b) 23 April 2018, and (c) 15 April 2021. 
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Figure 5. Wind speed and wind direction over Saudi Arabia during (a–c) 19–21 March 2017, (d–f) 22–24 April 2018; (g–i) 14–16 April 2021. 
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Figure 6. Air temperature variability (°C) over six Saudi cities (a) Dammam, (b) Hafar Al Batin, (c) Riyadh, (d) Jeddah, (e) Najran, and (f) Arar from 18 to 22 March 2017. 
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Figure 7. Air temperature variability (°C) over six Saudi cities (a) Dammam, (b) Hafar Al Batin, (c) Riyadh, (d) Jeddah, (e) Najran, and (f) Arar from 21 to 25 April 2018. 
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Figure 8. Air temperature variability (°C) over six Saudi cities (a) Dammam, (b) Hafar Al Batin, (c) Riyadh, (d) Jeddah, (e) Najran, and (f) Arar from 13 to 17 April 2021. No data are available for (c) Riyadh on 17 April 2021. No data are available for Jeddah. 
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Figure 9. NOAA HYSPILT back trajectories modeling air mass on (a) 20 March 2017, (b) 23 April 2018, and (c) 15 April 2021. 
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Figure 10. Variability of DHI, DNI, GHI, and AOD for (a) Jeddah on 19–20 March 2017, (b) Riyadh on 19–20 March 2017, (c) Riyadh on 23–24 March 2018, and (d) Najran on 14–15 April 2021. 
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Table 1. Major dust events blown over Saudi Arabia in 2017, 2018, and 2021. Source: [36].
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	Date
	Location
	Source





	1
	20 March 2017
	NW and W

regions (Arar and Jeddah)
	Sahara Desert



	2
	23 April 2018
	NE (Dammam, Riyadh) regions
	Iraqi and Syrian Deserts



	3
	15 April 2021
	SW (Najran)
	Yemen
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Table 2. Specifications of solar monitoring stations used in this study, covering the period 2013–2021 (9 years).
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	City
	Solar Monitoring Station Name
	Latitude

°N
	Longitude

°E
	Operating Since
	Elevation

(A.S.L) (m)





	Dammam
	Imam Abdulrahman Bin Faisal University
	26.39
	50.18
	26 May 2013
	28



	Hafar Al Batin
	Hafar Al Batin Technical College
	28.33
	49.95
	6 October 2013
	383



	Riyadh
	King Saud University
	24.72
	46.61
	1 November 2014
	688



	Jeddah
	King Abdulaziz University
	21.80
	39.72
	4 June 2013
	245



	Najran
	Najran University
	17.63
	44.53
	12 December 2013
	1187



	Arar
	Arar Technical Institute
	31.02
	40.90
	20 October 2014
	583
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Table 3. Temperature variability during the 20 March 2017, 23 April 2018, and 15 April 2021 dust events. T1 = temperature (day of the storm) − temperature (two days before the storm) and T2 = temperature (day of the storm) − temperature (two days after the storm). T1 and T2 were measured at 13:12 local time.






Table 3. Temperature variability during the 20 March 2017, 23 April 2018, and 15 April 2021 dust events. T1 = temperature (day of the storm) − temperature (two days before the storm) and T2 = temperature (day of the storm) − temperature (two days after the storm). T1 and T2 were measured at 13:12 local time.





	
City

	
Temperature Variability




	
18–22 March 2017 (Dust Storm on 20 March)




	
T Range °C

	
T1 °C

	
T2 °C






	
Dammam

	
18–24

	
−2

	
−8




	
Hafar Al Batin

	
14–28

	
−6

	
−7




	
Riyadh

	
14–30

	
−5

	
−5.5




	
Jeddah

	
22–32

	
−5

	
−5




	
Najran

	
24–34

	
+5

	
+8




	
Arar

	
8–27

	
−10

	
−6




	

	
21–25 April 2018 dust storm (dust storm on 23 April)




	
Dammam

	
23–36

	
−3

	
+4




	
Hafar Al Batin

	
18–39

	
−9

	
−5




	
Riyadh

	
20–40

	
−2

	
+14




	
Jeddah

	
25–38

	
−2

	
+1




	
Najran

	
22–36

	
+2

	
+4




	
Arar

	
15–30

	
−4

	
−4




	

	
13–17 April 2021 dust storm (dust storm on 15 April)




	
Dammam

	
18–31

	
+0.5

	
−5




	
Hafar Al Batin

	
18–33

	
−4

	
−3




	
Riyadh

	
20–38

	
−8.8

	
No data




	
Jeddah

	
No data

	
No data

	
No data




	
Najran

	
22–36

	
−2

	
+5




	
Arar

	
8–32

	
+10

	
−5
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Table 4. Correlation coefficients between either DHI, DNI, or GHI with AOD in (a) Jeddah on 19–20 March 2017, (b) Riyadh on 19–20 March 2017, (c) Riyadh on 23–24 March 2018, and (d) Najran on 14–15 April 2021.
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City

	
Date

	
Correlation Coefficient of




	
DHI-AOD

	
DNI-AOD

	
GHI-AOD






	
Jeddah

	
19–20 March 2017

	
0.52354

	
−0.5467

	
−0.5954




	
Riyadh

	
19–20 March 2017

	
0.75203

	
−0.7495

	
−0.6325




	
Riyadh

	
23–24 April 2018

	
0.27226

	
−0.5392

	
−0.2049




	
Najran

	
14–15 April 2021

	
0.9390

	
−0.9016

	
−0.7888
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