


A Study of Spatial and Temporal Variations of Climatic Variables during Sand and Dust Storm Events in Riyadh Using in-Situ Observations






ABSTRACT	Comment by DELL: The abstract section need to complete with more information. The abstract should be improved.

	This study examines the increasing incidence of dust events in Riyadh, Saudi Arabia, emphasizing the significance of understanding climatic factors such as temperature, precipitation, wind speed, and atmospheric pressure. The objective is to analyze the relationship between these variables and dust occurrences from 2007 to 2023, identifying spatial and temporal patterns. A multiple linear regression model was employed to assess data from the National Center for Meteorology, chosen for its effectiveness in uncovering correlations. The results reveal a significant positive correlation between temperature and dust events, where a one-unit increase in temperature leads to a rise of 0.186 dust events. In contrast, increased atmospheric pressure and precipitation result in decreases of 0.099 and 0.253 dust occurrences, respectively, while higher wind speed reduces dust events by 0.457. Over the study period, Riyadh averaged 252 dust events annually from 2007 to 2022, with a notable decline to approximately 47 events in 2023. The highest frequency of dust events occurred in spring and summer, particularly in April and June. The findings highlight the complex interplay between climatic factors and dust storm dynamics, offering valuable insights for addressing this environmental challenge and suggesting avenues for future research.	Comment by DELL: You need to write sentence briefly explaining the background of study.
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1. INTRODUCTION 	Comment by DELL: The literature review is too general. It is better that explain more about the manuscript in introduction section. 

[bookmark: _Hlk193469306]Dust events are a natural meteorological phenomenon that occurs in desert locations (Prospero et al., 2002), where powerful winds carry dust and sand particles across large distances (Grousset et al., 2003). The size of the phenomenon ranges from dust devils that are just a few tens of meters wide to vast dust plumes that can span hundreds of thousands of square kilometers (N.J. Middleton, 1984, Grigoryev, et al.,1980). The Middle East, especially the Arabian Peninsula, is highly impacted by dust storms, with the African and Asian deserts serving as main dust suppliers (Awad et al., 2016). The Arabian Peninsula has been recognized by (Idso,1976, Chylek, et al., 1995, D'Almeida, 1987) as one of five major global regions where dust storm activity is particularly intense. Prospero (1981) notes that a significant area of dust haze is typically observed in the Arabian Sea during the months of June, July, and August. Various studies have evaluated the aeolian contribution to sediments in the Arabian Gulf, as well as the Arabian and Red Seas (Emery, 1956; Sugden, 1963; Stewart, Pilkey et al., 1965; Kolla & Biscaye, 1977; Khalaf & Al-Hashash, 1983, Washington, et al., 2005). Additionally, some research has been conducted on aerosols over the Arabian and Red Seas (Cailleux, 1961; Aston et al., 1973; Sadasivan, 1978; Prodi, Santachiara et al., 1983, Zender, et al., 2003). Several authors have reported on dust storm frequencies in various parts of the Middle East (Coles, 1938; Katsnelson, 1970; Al-Najim, 1975; Safar, 1980), while (Goudie, 1983) provided a general overview of their distribution across the region. The Arabian Peninsula has enormous dunes, deserts, and topographically complicated terrain with minimal vegetation cover and low precipitation, which creates circumstances conducive to dust particle suspension in the atmosphere. The prevailing northwesterly winds, such as the Al Shamaal winds, play an important role in mobilizing dust across the peninsula (Awad et al., 2016; Mashat et al., 2016). The expansive dunes and deserts of the Arabian Peninsula, along with the surrounding topographically complex terrain, provide the essential conditions for lifting dust into the atmosphere. This region is characterized by very low precipitation levels and sparse vegetation cover, which facilitate the movement of dust particles into the air (Albugami, 2019). In the Sahara, wind is the main carrier of sand. Obstacles like trees and terrain reduce wind velocity and increase pressure drop, promoting sand deposition and dune formation (Middleboe, et al., 2003, Tegen, et al., 2002,Remini et al, 2020). Sahara Desert functions through surface winds and underground water, leading to the formation of vast ergs and significant underground bodies of water (Remini et al, 2021). They occur when extreme surface heating drives the air above to rise, causing hot ascending currents and resulting in pressure and temperature inequalities. The passage of colder breezes to fill the vacuum leads to the lifting of dust and sand particles to higher altitudes, depending on the intensity of the wind (Fisher, 1978, Abballo, 2016). By virtue of their distinctive optical properties, mineral dust aerosols scatter and absorb shortwave (SW) and absorb and re-emit longwave (LW) radiation (e.g., Tegen and Lacis, 1996; Kinne et al., 2003; Dubovik et al., 2006), modifying therefore atmospheric thermodynamics, regional atmospheric circulations and the Earth's energy budget (e.g., Slingo et al., 2006; Sokolik & Toon, 1996; Heald et al., 2014, Carlson, et al., 1980, Hinds, et al.,1975). By modifying the radiative forcing, dust aerosols affect local climatic parameters such as temperature, winds and precipitation (Sharma et al., 2012; Rap et al., 2013; Liu et al., 2014; Chen et al., 2017). The amount of transported dust is directly influenced by the wind's intensity, and numerous internal and external elements contribute to the occurrence and increased frequency of dust storms (Al-Biyati, 2011, Sissakian, et al., 2013). Dust leads to a reduction in tropical cyclone activity over the North Atlantic Ocean, as revealed by a tropical cyclone tracking scheme. The most significant impact occurs in the optical regimes characterized by high absorption and scattering (Beckett, et al. 1956, Strong et al, 2018). While climatic conditions alone do not solely cause dust storms, factors such as temperature, relative humidity, land degradation at local and regional levels, topography, limited rainfall, and geographical location all contribute to the occurrence and frequency of dust storms (Al-Biyati, 2011; Al-Amshi et al., 2020). Severe dust movements significantly reduce visibility, impacting travel speeds and consequently affecting various economies (Asare-Ansah et al, 2022). Another study indicates that daily variations in Aerosol Optical Depth (AOD), along with wind speed, humidity, precipitation, and the spatial distribution of dust sources both within and outside the country, are significant factors (Ayanlade et al, 2019). Human factors, including the mismanagement and deterioration of natural resources, also play a role in the occurrence of dust storms. Identifying the synoptic meteorology associated with dust emissions, transport, and deposition is crucial for understanding the mechanisms driving the dust cycle from source areas to receptors. Dust storms typically occur in conjunction with strong pressure gradients and high wind speeds (Hermida et al., 2018, Al-Hamadi, A. 2020). Atmospheric suspension and transport of sand and dust brings a reasonable amount of electrification in the atmosphere which plays a very important role in the atmosphere-ionosphere coupling (Uluma et al, 2024, Edward et al., 2024). Key parameters such as mean sea pressure level (MSPL), geopotential height anomalies, wind speed, and wind direction have been utilized to assess dust emissions and transport across the Arabian Peninsula (Beegum et al., 2018; Hamidi et al., 2013; Mashat & Awad, 2016; Namdari et al., 2018). The predominant types of synoptic-scale dust storms in the Arabian Peninsula include the northwesterly Shamal wind, as well as pre-frontal and post-frontal winds (Francis et al., 2021; Hamidi et al., 2013; Middleton et al., 2017; Shao, Y et al., 2011). West Asia, particularly the Tigris–Euphrates alluvial plain, is experiencing severe desertification due to a variety of factors, both climatic and human-induced. Key contributors include global warming, land-use mismanagement, agricultural practices, overgrazing, marginal plowing, and the impacts of years of warfare (Hui Cao at, al, 2015). Recent studies have highlighted high wind speeds as a key factor associated with dust storms outbreaks in Saudi Arabia (Alharbi & Abdel-Dayem, 2015; Alharbi & Abdel-Dayem, 2018). Dust storms in the region are most prevalent in spring and originate from the Karakum desert in Turkmenistan and the Sistan Basin in Iran. Synoptic weather conditions, including the configuration of high-pressure and low-pressure systems, influence dust storms activity in northern and southwestern Saudi Arabia (Awad et al., 2016; Al-Dabbas & Al-Nasrawi, 2017). The Jazmurian basin in southeastern Iran also serves as a dust storm source area affecting the northern Arabian Sea and surrounding regions. The occurrence of dust storms is linked to the Asian summer monsoon system and the activity of the Shamal and Levar winds over the Arabian Sea during the summer season (Zhang et al., 2003; El-Askary et al., 2014; El-Askary et al., 2013).	Comment by DELL: Add some new regional and global references. 

A Huge Dust Storm Influenced Air Quality on 16 May 2022 in Baghdad City, Iraq; Tracked Using Remote Sensing Techniques and Meteorological Data
https://iopscience.iop.org/article/10.1088/1755-1315/1371/2/022036
Add some new regional and global references. 
Also we suggested to add some references like: 

An extensive dust storm impact on air quality on 22 November 2018 in Sydney, Australia, using satellite remote sensing and ground data
https://link.springer.com/article/10.1007/s10661-022-10080-1

Climatology of Iraqi dust events during 1980–2015
https://link.springer.com/article/10.1007/s42452-020-2669-4

Spatial–temporal analysis of Aerosol Index (AI) distribution and some climatic factors: case study from Iraq, 1980–2015
https://link.springer.com/article/10.1007/s40808-018-0528-8

Assessment of mineralogical and chemical properties of airborne dust in Iraq
https://link.springer.com/article/10.1007/s42452-020-03326-5#:~:text=The%20findings%20revealed%20that%20kaolinite,every%20collected%20dust%20aerosol%20sample.


Investigation of Severe Dust Storms Over Baghdad City by Using Remote Sensing Measurements and Ground Data
https://iopscience.iop.org/article/10.1088/1755-1315/1215/1/012004


Although dust storms can occur year-round in Saudi Arabia, their spatial and temporal distribution varies. Previous studies have shown regional differences in the peak season of dust storms activity. For instance, in the central region around the Al-Nafud desert, dust storms peak in the spring season (March, April, May) (Rashki et al., 2013), (Kaskaoutis et al., 2013). The (A.S Modaihsh, 1997) revealed that Riyadh, the capital of Saudi Arabia, experiences substantial annual dust accumulation, primarily consisting of loam and silt loam with high levels of CaCO3, electrical conductivity, and pH. Notable trace elements detected include lead (66.8 μg/g), nickel (26.0 μg/g), and manganese (318.9 μg/g), likely from both natural and anthropogenic sources. In another study found that the removal of vegetation cover has contributed to the loosening of the topsoil, which in turn has led to the formation of clay and sand-sized particles (Sissiakan et al, 2013). The dominant minerals in the dust were quartz and calcite, emphasizing the significant dust presence in the region. However, our understanding of how climate factors influence the spatial and temporal variations of dust storms across the entire Arabian Peninsula remains limited. This study aims to analyze the impact of climatic factors, such as temperature (T), precipitation (P), wind speed (WS), wind direction (WD), and atmospheric pressure (AP), on the occurrence of dust storms in the city of Riyadh from 2007 to 2022. Additionally, the study will compare these results with data from 2023 to understand the reasons behind the notable decrease in dust events in Riyadh during this year. It also seeks to provide a comprehensive characterization of the frequency and distribution of dust storms within the city. By exploring the relationship between dust storm occurrences and climatic conditions, the study aims to address existing knowledge gaps in this area. Additionally, it will highlight the regional dynamics of dust storms in Riyadh, offering new insights into their frequency, distribution, seasonality, and diurnal variations. However, there is a lack of comprehensive studies examining the relationship between dust storm occurrences in Riyadh and climatic factors. While some research exists on dust storms in the broader Middle East region, it does not provide an in-depth analysis of their frequency, distribution, seasonality, and diurnal variation. This investigation aims to address this gap and contribute to a better understanding of these dynamics in Riyadh.

2. MATERIALS AND METHODS 	Comment by DELL: Methodologies used in the manuscript should describe clearly. Tools for objective function optimization are unclear in the methodology.


2.1 Study Location

The city of Riyadh, the capital of the Kingdom of Saudi Arabia, is located in the central region according to the administrative division of the country. It is represented in the current study by the climate station at King Khalid International Airport. Riyadh is geographically situated at a longitude of 46.43 degrees east and a latitude of 24.38 degrees north. It is also located at an elevation of 600 meters above sea level (Riyadh Development Authority, 2012). Riyadh has several geographical features that distinguish it from other cities in Saudi Arabia. It is situated in the eastern part of the heart of the Arabian Peninsula, in the middle of the Kingdom of Saudi Arabia, which occupies a central position among the continents of the world. This location gains further significance as it is located in the exact center of the Arabian Peninsula on a sedimentary plateau in the eastern part of the Najd Plateau. The main topographical features of Riyadh are characterized by its valleys, with Wadi Hanifa being the most important one. It cuts through the city from the northwest to the southeast, with a length of approximately 120 kilometers. The depth of the valley ranges from less than 10 meters to over 100 meters, and its width varies between less than 100 meters to nearly 1000 meters (Figs.1, 2) (Riyadh Development Authority, 2012; Almazroui & Islam, 2015; Al-Saud, 2018, Ministry of Environment, Water and Agriculture. 2019).
2.2	Dust Storms and Climate Variable Data

Hourly dust storm events data (2007- 2023) for station Riyadh was obtained from the National Center for Meteorology (NCM), which is the official governmental climate agency in Saudi Arabia (Fig. 1). In this study, the standard of the World Meteorological Organization (WMO) was applied in calculating dust cases as in this Volume II to the WMO Technical Regulations, 2025), and this study (H. Halos at,. al, 2017). The basic standard for all Dust cases (DS, SS, BLDU) is that the wind speed is equal to or more than 22 km/h, and the horizontal visibility is equal to or less than 5 km. The standard for dust and sand storms was also applied, that the wind speed is equal to or more than 30 km/h, and the horizontal visibility is equal to 1 km or less. This dataset was used to analyses the frequency of rising dust, dust and sand storms, determine the dust season in Riyadh, determine the rate of each type of rising dust (Blowing dust/ Blowing sand), dust and sandstorms, and determine the percentage of change in dust events over the years. The raw data for Riyadh station was analyzed in Microsoft Excel, including temporal liner trend fitting filtering. Moreover, the SPSS 26 was used to analyze the seasonal variation and multiple regression coefficient in the frequency of dust storm events, as well as meteorological conditions (temperature (T), precipitation (P), wind speed (WS), wind direction (WD), and atmospheric pressure (AP))

Also, using the monthly and seasonally averaged and annul climate data provided by NCM for Riyadh station, covering the period of 2007- 2023, in order to determine the correlation between specific climate variables and occurrence frequency of dust storm events. These climate variables were average temperature and average rainfall events in Riyadh station. To investigate the wind speed (WS) and wind direction (WD) at station and using hourly and daily data from NCM aviation routine weather report at hourly or half- hourly intervals. These data contain observations of the meteorological elements such as surface wind, visibility, and weather code (DS, SS, BLDU), precipitation, air temperature, dew-point temperature, and atmospheric pressure. These reports are based on the coding of the present weather, which is observed and forecasted by the NCM.
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Fig. 1. Study location


2.3 Statistical Analysis

To going a stronger understanding of the variability in the observed occurrence of dust storm events, 2007 to 2023, we employed regression analyses. The associated coefficients of determination (R^ (2)), and model uncertainty were considered to evaluate the goodness of these fits. Moreover, the multiple regression coefficient analysis was used to investigate the potential existence of significant relationships between the weather variables and the frequency of rising dust, dust and sandstorms               occurrence.
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Fig. 2. Elevation map of Riyadh


3. RESULTS AND DISCUSSION	Comment by DELL: Also we suggested to compare your findings with other studies.


3.1	The General Trend in the Temporal Distribution of Dust and Sandstorm Events (Hourly) is As Follows (Yearly, Seasonal, Monthly)

3.1.1 Annual variation

During the study period from 2007 to 2022 comparing with 2023, Riyadh experienced approximately 252 annually average hourly dust and sandstorm events during 2007 to 2022, and in 2023 there were about 47 hour of dust events, according to the standard adopted for monitoring dust and sandstorm events by the World Meteorological Organization. This standard considers wind speeds exceeding 22 km/h and visibility dropping below 5 kilometers to monitor all phenomena that fall under the standard dust events.

In 2007 to 2022, the blowing dust accounted for approximately 93% of dust events, while sandstorms accounted for about 4.36%, and dust storms accounted for approximately 2.14%, and in 2023 blowing dust was 98%, and sandstorms was about -100%, and dust storms was about 2.22% as shown in (Figs. 3, 4). It is evident that some years experienced an increase in dust storm events, such as 2008, 2012, and 2018, with the number of dust and sandstorm events reaching approximately 206, 244, and 297 hour of dust events respectively. On the other hand, the years 2014 and 2023 had the lowest occurrence of dust events, with approximately 96 and 47 hour of dust events respectively.

3.1.2 Seasonal variation

The frequency of dust and sand storm events varies from season to season by using hourly data of dust events, as shown in Fig. 5. The highest frequency of dust and sandstorm events in Riyadh during the period from 2007 to 2022 compared with 2023 occurs in Spring and Summer (From March to August). The number of dust and sandstorm events during spring season (from March to May) in 2007 to 2022 was approximately 196 hour of dust events, with blowing dust events accounting for 2830 cases representing 93%. As for the most frequent sandstorm events, they also occur in the spring season (from March to May) with 65 hour of dust events representing 2.14%. Dust storms accounted for about 132 hour of dust events representing 4.36%. In 2023, the dust storms were about 1 case, and the blowing dust was 46 hour of dust events representing -98.5%.  As for the most frequent dust storms occur in the spring season with 1 hour of dust events representing 2.2%. Sandstorms accounted for about 0 hour of dust events representing -100%. During this period, the winds are influenced by the seasonal Indian low-pressure system, with a southeast direction, which is of tropical origin. It is observed that wind speeds intensify during daylight hours and calm down during the night.

The summer season (from June to August), which recorded about 62 hour of dust events representing 41%, and in 2023 was about 2 hour of dust events accounting for 4.4%. This is followed by winter season (from December to February), which witnessed approximately 24 hour of dust events accounting for 15% during 2007-2022, and in 2023 was 6 hour of dust events accounting for 13%. Finally, the autumn season (from September to November) is the least in terms of registering dust and sandstorm events with approximately 5 hour of dust events representing 3.13%, and in 2023 was about 2 hour of dust events accounting for 4.4%.
3.1.3 Monthly variation

Riyadh is exposed to dust and sandstorm events (hourly) throughout the year, as shown in (Fig. 6). The distribution of dust cases varies significantly across the months. The average number of dust events during the study period 2007 to 2022 were approximately 3,027 hour of dust events. Blowing dust events accounted for around 2,830 hour of dust events, with the highest average of frequency occurring in June, March, April, and May with average of 28, 19, 19, and 14 hour of dust events respectively. Comparing in 2023 the highest blowing dust accounted for around 46 hour of dust events, and highest frequency occurring in May, March, and April with total 16, 13, and 5 hour of dust events respectively. As for dust storms in 2007 to 2022, their average frequency was approximately 132 hour of dust events, they were more frequent in July, April, March, and May, with 22, 21, 20, and 19 hour of dust events respectively, while their frequency decreased in September, November, and December, with 1, 0, and 0 hour of dust events respectively. Comparing in 2023 the total frequency was approximately 1 hour of dust events, it was more frequent in April with totals of 1 dust storm, while their frequency decreased in wholly the year with totals 0 dust storms.

Regarding sandstorms, their average frequency was approximately 65 hour of dust events. They were more frequent in July, April, May, and March, with averages of 23, 16, and 9 hour of dust events respectively. However, their frequency decreased in September, January, and October with totals of 0 hour of dust events respectively. Comparing in 2023, its totals frequency was approximately 0 hour of dust events in all year. It is evident that the highest frequency of dust events occurred between the spring and summer months, while the lowest frequency occurred during autumn and the early months of winter. Therefore, the season for dust events in Riyadh is primarily between the spring and summer seasons.

During the second week of June, the winds become active and predominantly blow from the north. These winds intensify during daylight hours due to solar radiation. This period exhibits characteristics of the seasonal Indian low-pressure system, which extends widely from northwest India to the eastern Mediterranean Sea. Due to the strong winds, especially during midday, the air carries a significant amount of dust, often leading to reduced horizontal visibility during severe SDS events to just a few meters.
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Fig. 3. Annual variation in the frequency of dust and sandstorm events (Hourly) during 2007 to 2022
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Fig. 4. Annual variation in the frequency of dust and sand storm events (Hourly) during 2023
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Fig. 5. seasonal variation in the frequency of dust and sandstorm events (Hourly) during the Period from 2007 to 2022 comparing with 2023
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Fig. 6. Monthly variation in the frequency of blowing dust (Hourly) during the Period from 2007 to 2022 compering with 2023
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Fig. 7. Annual frequency of dust and sandstorms (Hourly) during the Period 2007 to 2023
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Fig. 8. monthly frequency of dust and sandstorms (Hourly) during the Period 2007 to 2022 comparing with 2023




3.2	Frequency of Dust and Sandstorm and Blowing Dust Events (Yearly, Seasonal, Monthly)

3.2.1	Frequency of dust and sandstorms hourly (yearly, seasonal, monthly)

The total number of hours that witnessed dust and sandstorms in Riyadh from 2007 to 2022 was approximately 197 hour of dust/ sand events, with an annual average of 10 hour of dust/ sand events, in 2023 it was about 1 hour of dust/ sand events coming with TS DS. The annual count of recurring dust and sandstorm events in Riyadh during the study period ranged from 16 hour of dust/ sand events in 2009 to 49 hour of dust/ sand events in 2012, 21 hour of dust/ sand events in 2018, and 1 hour of dust/ sand events in 2023 (Fig. 7).

In terms of seasonal variation, the total for the spring season (March to May) at 2007 to 2022 (March, April, and May) were 94 hour of dust/ sand events, with a monthly average of 9 hour of dust/ sand events, in 2023 was 1 hour of dust/ sand events. During the summer season (June to August) in the period 2007 to 2022, the total is 73 hour of dust/ sand events, with a monthly average of approximately 6 hour of dust/ sand events, in 2023 was 0 hour of dust/ sand events.  The winter season (December to February) at 2007 to 2022 had a total of around 23 cases, with a monthly average of 2 hour of dust/ sand events, in 2023 was 0 hour of dust/ sand events.  In the autumn season (September to November) during the period 2007 to 2022, the total for dust and sandstorms is approximately 7 hour of dust/ sand events, with a monthly average of 1 hour of dust/ sand events, in 2023 was 0 hour of dust/ sand events. From this analysis, we can conclude that the spring season had the highest recurrence of dust and sandstorm events compared to other seasons, with half of the average dust and sand storm occurrences in Riyadh happening during spring, while the other half is distributed among the remaining seasons. (Fig. 8) illustrates the highest frequency of dust and sandstorms occurrences in Riyadh during the study period 2007 to 2022, with July having 45 hour of dust/ sand events, followed by April with 40 hour of dust/ sand events, and May with 36 hour of dust/ sand events, compared with 2023 had just 1 hour of dust/ sand events in April. These months are characterized by dry soil conditions, low rainfall, and increased susceptibility to erosion, accompanied by high-speed winds, with an average wind speed of 24 km/h and a maximum wind speed of 46 km/h in July. The frequency of storm events decreases in September, October, and January, with 1, 6, and 6 hour of dust/ sand events respectively.

3.2.2	Frequency of rising dust (blowing dust/ blowing sand) hourly (yearly, seasonal, monthly)

This phenomenon occurs due to atmospheric instability resulting from intense heating of the Earth's surface layers and changes in the strength of the pressure gradient. This leads to the establishment of air vortices that lift fine dust particles to a height of up to 15 meters. However, they do not travel long distances unless there are extremely unstable conditions. It is possible to observe suspended dust particles in the air (Khalil, Y., 2018). Thus, we can conclude that the difference stays in the wind speed between blowing dust and dust and sandstorms. The wind speed in the case of blowing dust is generally less than 22 km per hour, while in the case of dust and sandstorms, it is 33 km per hour or more. The difference also appears in the horizontal visibility, where the visibility in the case of blowing dust is generally less than 5 km, while in the case of dust and sandstorms, it is 1 km or less due to strong winds (Al-Mousawi et al., 2014).

(Fig. 9) illustrates the varying rates of occurrence of blowing dust in Riyadh during the study years from 2007 to 2022 comparing with 2023. The number of occurrences of blowing dust in 2018, 2013, and 2022 was approximately 276, 224, and 225 hour of dust events respectively, which are the highest years, and in 2023 was 46 hour of dust events. On the other hand, in the years 2007, 2014, and 2023, there were approximately 96, 92, and 46 hour of dust events respectively, which are 2023 the lowest years. In terms of seasonal variation in the total occurrence of blowing dust in Riyadh during the study period, it is evident that the highest rates of occurrence are in the spring months (March to May) due to a noticeable increase in temperature, low rainfall, and increased wind speed, with total occurrence was approximately 1445 hour of dust events. The rate of occurrence decreases in the autumn season (September to November) to 142 hour of dust events (Fig. 10). The highest total occurrence of blowing dust was recorded in the month of June and July in 2007 to 2022 reaching around 573, 358 hour of dust events respectively, in 2023 0 hour of dust events in those months. While the months of March and April recorded approximately 403 and 416 hour of dust events respectively, compared with March and April in 2023 reaching around 13, 5 hour of dust events respectively. The occurrence of blowing dust is lower in the months of September and October in 2007 to 2022 with approximately 39 and 36 hour of dust events respectively, and in 2023 September, October, November, and December 0, 2, 0, and 0 hour of dust events respectively. And, we can see that in 2023 increased on May and October 16, and 2 hour of dust events, compering with 2007 to 2022 average these months were 15, and 1 hour of dust events respectively.

3.2.3	Dust and sandstorms and rising dust (blowing dust/ blowing sand) occurrences and their seasonal distribution

Dust and sandstorms and blowing dust are caused by the suspension of fine particles of soil due to wind speeds exceeding 33 km/h, resulting in horizontal visibility dropping to less than 1 km (Khalil, Y., 2018). Based on the visibility range during dust storm events in Riyadh from 2007 to 2023, the severity of dust and sandstorms was classified into four categories as follows: a group with visibility less than 0.1 km (very severe), less than 0.6 km (severe), less than 1 km (moderate), and less than 5 km (light).

Group 1: This group includes very severe dust and sandstorms with visibility less than 0.1 km. During the study period, there were 39 storms, accounting for 1.15% of the total number of dust storm cases. Most of these storms occurred in the spring season, particularly in April, with an average of 22 storms, and the fewest occurred in winter with only 4 storms.

Group 2: This group includes severe storms with visibility less than 0.6 km. There were approximately 30 storms in this category, accounting for 0.2% of the total number of dust storm cases. Most of these storms occurred in the spring season, especially in April, while they were less frequent in other seasons.
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Fig. 9. Annually frequency of blowing dust particles (Hourly) during the Period 2007 to 2023
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Fig. 10. Monthly frequency of blowing dust particles (Hourly) during the Period 2007 to 2022 comparing with 2023
Table 1. Correlation coefficients between dust events and climate elements during the period from 2007 to 2023

	Independent Variable
	Coefficient (β)
	p-value (Sig)
	Standard Error

	Air Pressure (X₁)
	-0.099
	0.004
	0.075

	Air Temperature (X₂)
	0.169
	0.045
	0.065

	Precipitation (X₃)
	-0.352
	0.002
	0.110

	Wind Speed (X₄)
	0.457-
	<0.001
	0.125

	Intercept
	28.197
	-
	2.345

	R² (Coefficient of Determination)
	0.058
	-
	-
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Fig. 11. Correlation Coefficients between Types of Dust Events and Climate Elements during the Period 2007 to 2023
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[bookmark: _Hlk193283774]Fig. 12. Simple Scatter with Fit Line between Types of Dust Events and Climate Elements during the Period 2007 to 2023


Group 3: This group includes moderate dust and sandstorms with visibility less than 1 km. There were 36 storms in this category representing 1.06% of the total. Most of these storms occurred in the spring season, with around 14 storms, while they were less common in the autumn and winter seasons.

Group 4: This group includes light blowing dust with visibility less than 5 km. The total number of storms in this category was approximately 208, accounting for 6.16% of the total number of dust storm cases. These storms were concentrated in the spring season, with an average of 92 storms, while they were less frequent in the autumn season (6 storms), followed by the winter season (52 storms), and the summer season (58 storms).

3.2.4	The relationship between climate elements and dust and sandstorms and rising dust (blowing dust and blowing sand)

The climatic factors such as temperature (T), precipitation (P), wind speed (WS, and atmospheric pressure (AP) contribute significantly to the formation of dust and sandstorm events. Table 1 and Figs.11, and 12 demonstrate the correlation between climate elements and dust events in Riyadh during the study period from 2007 to 2023. This is done by applying the Multiple linear regression to clarify the nature and strength of the relationship between the studied phenomena and the independent variables that influence them. It is evident that one of the most suitable statistical equations for measuring the strength of the correlation between the climate elements and rising dust, dust and sandstorm events is derived. 

As in the Table 1 and Fig. 11 in the context of studying the impact of climatic variables on dust events levels, a multiple linear regression model was applied. The data collected from National Centre of Meteorology included independent variables: air pressure, air temperature, precipitation, and wind speed. The results of the regression analysis indicated that the studied independent variables play a crucial role in explaining the variance in dust events levels. For air pressure, the regression coefficient was -0.099, with a p-value of 0.004. This means that an increase in air pressure by one unit leads to a decrease in airborne dust levels by 0.099. The p-value being less than 0.05 indicates that the effect of air pressure on dust levels is statistically significant, suggesting that more stable weather conditions may reduce the likelihood of dust and sand particles.

Regarding air temperature, the regression coefficient was 0.169, with a p-value of 0.045, indicating that an increase in air temperature by one unit leads to an increase in dust levels by 0.169. Since the p-value is less than 0.05, this suggests that the effect of temperature on dust levels is statistically significant, indicating that rising temperatures increase the likelihood of dust occurrences. Concerning precipitation, the regression coefficient was -0.352, with a p-value of 0.002. This indicates that an increase in precipitation by one unit leads to a decrease in dust levels by 0.352. The p-value being less than 0.05 indicates that the effect of precipitation on dust levels is statistically significant, meaning that increased precipitation helps stabilize soil and reduce dust. Wind speed had a regression coefficient of -0.457 and a p-value of less than 0.001, suggesting that an increase in wind speed by one-unit results in a significant decrease in dust events by 0.457, highlighting the strong impact of wind on dust occurrences. The coefficient of determination (R²) was 0.058, meaning that 5.8% of the variance in dust events occurrences can be explained by the independent variables. 

The results of the multiple linear regression model show that increases in temperature are associated with higher levels of rising dust, dust and sandstorm events occurrences, while increases in air pressure and precipitation lead to decreases in these events. Furthermore, wind speed significantly impacts the occurrence of sandstorms, highlighting the importance of climatic factors in understanding and predicting these phenomena. From the data analysis, it can be concluded that improving environmental resource management and implementing effective strategies to combat desertification can help mitigate the negative impacts of rising dust, dust and sandstorm events. Raising awareness about the effects of climate change on environmental health and populations is essential to ensure the sustainability of life in regions prone to these phenomena.
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The occurrence of dust and sandstorms and blowing dust in Riyadh is most common during the spring and summer months (March, April, May, June, and July), where their frequency and intensity increase. Most of these storms occur due to strong winds, low rainfall, limited vegetation cover, soil dryness, and lack of cohesion. The study found that the highest frequency of dust and sandstorm occurrences during the study period from 2007 to 2023 was the average in the months of April and June, with approximately 23 and 29 cases respectively, comparing with the total cases in the same months in 2023 were reaching around 6, 0 cases respectively. This was attributed to high wind speeds, high temperatures, soil dryness, and lack of rainfall during these months. Dust and sandstorms are not limited to the spring and summer seasons but can also occur during the autumn and winter seasons. The average frequency of dust and sandstorms in 2007 to 2022 at September, October, November, and December were approximately 2 cases in these months, and in 2023 the total frequency of dust and sandstorms were around 0 in tat months just October had 2 cases. 

June recorded the highest frequency of dust storm occurrences during the study period 2007 to 2022, the average with around 29 cases, and in June 2023 wasn’t recorded any dust events, followed by April (2007 to 2022) with average 23 cases, and in April (2023) was the total around 6 cases. The rate decreases during the autumn season in September and October, with an average of about 1 case in (2007 to 2022), and the total in (2023) at the same month reached 2, and 1 respectively. The study showed that the frequency of dust storm occurrences varies from month to month. The study also found a strong positive correlation of 95 between wind speed and the frequency of dust and sandstorms, as well as a correlation of 56 between wind speed and the occurrence of airborne dust. The study revealed that dust and sandstorms cause visibility to drop to less than 5 kilometers in an average of 20 storms during the study period from 2007 to 2022. And in April 2023 had 1 dust storm the horizontal visibility drops down 800 m. The study showed that the horizontal visibility also decreased to less than 5 kilometers in an average of 240 cases.

The analysis indicates a strong relationship between climatic elements and the occurrence of rising dust, dust, and sandstorm events in Riyadh from 2007 to 2023. Specifically, the results from the multiple linear regression model reveal that temperature is a significant factor, with an increase of one unit leading to a rise in dust and sandstorm events by 0.186. This underscores the direct correlation between higher temperatures and increased dust occurrences. Conversely, air pressure and precipitation have opposing effects; an increase in air pressure results in a decrease in dust events by 0.099, while an increase in precipitation decreases dust events by 0.253, highlighting the stabilizing effects of these variables on soil and air quality. Wind speed also plays a crucial role, with an increase leading to a significant rise in dust and sandstorms by 0.457, emphasizing the dynamic nature of wind in influencing dust dispersal. Overall, these findings suggest that effective climate management strategies, including improving environmental resource management and addressing climate change impacts, are essential for mitigating the adverse effects of dust and sandstorm events. Raising awareness of these issues is crucial for ensuring the sustainability of life in regions prone to such climatic phenomena. In conclusion, the climatic factors studied are vital in shaping the dynamics of dust and sandstorm occurrences in Riyadh. The insights gained from this research can inform policymakers and stakeholders in developing strategies to combat desertification and enhance environmental resilience in affected regions.
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