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INTRODUCTION

The global energy landscape is undergoing 
significant transformation, with renewable energy 
sources, particularly solar power, playing an in-
creasingly prominent role. This shift is driven by 
the urgent need to address climate change, reduce 
greenhouse gas emissions, and ensure energy se-
curity (REN21, 2023). Saudi Arabia, traditionally 
known for its oil-based economy, has embarked 
on an ambitious energy transformation plan as 
part of its Vision 2030 initiative (VAR23, 2023). 
This plan aims to diversify the country’s energy 

mix and reduce its dependence on fossil fuels by 
significantly increasing the share of renewable 
energy in its power generation portfolio (IRENA, 
2023). The Sakaka Solar Power Plant, with a ca-
pacity of 300 MW, represents a cornerstone of 
this transformation, marking Saudi Arabia’s first 
utility-scale solar project (ACWA Power, n.d.; 
Imam et al., 2024). However, the deployment of 
large-scale solar facilities in arid regions like Sau-
di Arabia presents unique challenges that require 
careful consideration and innovative solutions.

While arid regions often offer abundant solar 
resources, they also present severe environmental 
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conditions that can impact the performance and 
longevity of solar energy facilities. Two primary 
challenges in these environments are sand en-
croachment and dust soiling. In desert environ-
ments, the movement of sand dunes and the trans-
port of sand particles by wind pose significant 
risks to solar installations. Sand encroachment can 
lead to physical damage to solar panels, abrasion 
of protective surfaces, and even structural instabil-
ity of mounting systems (Labiadh et al., 2024; Yao 
et al., 2022). The dynamic nature of sand move-
ment in these regions necessitates a thorough un-
derstanding of local aeolian processes and imple-
mentation of effective mitigation strategies. 

Dust soiling is the second challenge for large-
scale solar plants. In recent studies investigating 
the impact of dust accumulation on photovoltaic 
(PV) module performance, researchers have em-
ployed experimental methodologies under both 
controlled and real-world conditions. A study fo-
cusing on monocrystalline and polycrystalline PV 
modules found that a dust density of 4.6 g/m² led to 
output power reductions of 16% and 11%, respec-
tively (Majeed et al., 2020). Similarly, research 
conducted in a Saharan environment revealed that 
after 8 weeks of outdoor exposure, 4.36 g/m² of 
dust accumulation resulted in an 8.41% drop in 
maximum power output, with a single sandstorm 
causing a 32% reduction in energy generation for 
a 30 MW grid-connected PV power plant (Dida 
et al., 2020). The composition, size distribution, 
and deposition rates of dust particles vary sig-
nificantly across different arid regions, making 
site-specific studies crucial for developing effec-
tive cleaning and maintenance protocols. A study 
on dust deposition effects on solar panels under 
desert conditions found that dust particles ranged 
from 0.4 μm to 31 μm in size. As dust density 
increased 3.3 times from 0.001 g/cm2, photovol-
taic normalized maximum power decreased by 
98.13% (Sadat et al., 2021). Under similar condi-
tions to Saudia Arabia, a study on a large-scale 2 
GW photovoltaic (PV) plant revealed significant 
seasonal variations in energy production, with 
annual generation ranging from 2.96 to 3.11 mil-
lion MWh (Alshawaf et al., 2020). Notably, the 
study observed that solar variability in winter was 
twice that of demand variability, and prolonged 
sandstorms (12 hours or more) could reduce daily 
solar irradiance by up to 60%.

Over the last decade, a much research work 
was devoted to PV monitoring programs of dust 
accumulation and aeolian sand transport and 

highlighted the importance of monitoring dust ac-
cumulation and cleaning the panels regularly to 
maintain their performance (Said et al., 2024; Zhao 
et al., 2021). The authors have proposed different 
monitoring techniques for detecting dust accumu-
lation on PV panels, including using cameras and 
imaging sensors, measuring changes in current-
voltage characteristics, and analyzing the spectral 
reflectance of the panels. These monitoring tech-
niques can provide real-time data on the amount 
and type of dust accumulation on PV panels, en-
abling prompt cleaning and maintenance. Nev-
ertheless, they often rely on complex, expensive 
instrumentation that can be challenging to deploy 
and maintain in remote or harsh environments. 

While the techniques above are being in-
creasingly used, standard techniques using aeo-
lian sand sampling methods are still in place due 
to their relative accuracy and reliability. For in-
stance, the big spring number eight (BSNE) sam-
pler offers a cost-effective and efficient alterna-
tive for monitoring aeolian sediment transport 
and dust deposition and still widely used in such 
research purposes (Meng et al., 2024; Ren et al., 
2024; Vickery and Eckardt, 2021). This passive 
sampling device requires no power source, has 
no moving parts, and can be easily installed and 
maintained in harsh environments. BSNE sam-
plers enable extended deployment periods and fa-
cilitate comprehensive spatial and temporal dust 
monitoring without the need for sophisticated 
equipment. This approach reduces financial bar-
riers and contributes to a better understanding of 
dust dynamics and their impacts on solar energy 
systems and the environment. 

A quick bibliometric analysis for the last four 
year reveals numerous studies having investi-
gated the impacts of dust soiling and soil aeolian 
transport on solar panels in arid environments 
in China (Tang et al., 2021; Wang et al., 2021; 
Wang et al., 2024), while scarce research work 
was identified on other geographic locations 
with similar challenges (Al-Dousari et al., 2020; 
Labiadh et al., 2023). The reason for extensive 
research work in China, less observed in other 
countries, may be explained by the proliferation 
of power energy facilities which enables the re-
searcher to conduct case-based investigation. In 
Saudi Arabia, the first utility-scale solar power 
plant has been constructed very recently near 
Sakaka city. To the best of authors knowledge, the 
present study is the first case-based investigation 
of wind-induced sediment transport conducted at 
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an operating power plant and aimed to contrib-
ute in bridging the notable gap in the literature 
regarding the comprehensive characterization of 
soil particle distributions and their relationship to 
wind erosion patterns, specifically in the context 
of large-scale solar installations in Saudi Arabia.

The current research aimed to bridge this 
knowledge gap by:
1.	Analyzing the particle size distribution of soil 

samples from various locations within the 
Sakaka Solar Power Plant site.

2.	Quantifying wind erosion rates and patterns 
using strategically placed sediment samplers.

3.	Evaluating the effectiveness of existing erosion 
control measures.

4.	Providing insights into the spatial and temporal 
variations of erosion risks across the site.

To achieve these objectives, the study em-
ployed a multi-faceted approach combining field 
measurements, laboratory analysis, and statistical 
modeling:
	• particle size analysis – soil samples were ana-

lyzed using a sieve-based method, with the re-
sulting data fitted to log-normal distributions. 
This approach allows for the characterization 
of distinct particle size modes and their relative 
contributions to the overall soil composition.

	• wind erosion monitoring – BSNE sediment 
samplers were deployed across the site to cap-
ture wind-blown particles. This method pro-
vides quantitative data on sediment fluxes and 
their spatial variability.

	• temporal analysis – the study examined sea-
sonal variations in erosion rates, particularly 
focusing on the summer months (May to Au-
gust) when wind activity is typically highest 
in the region.

	• spatial pattern analysis – by comparing sedi-
ment fluxes at different locations within the 
site, the research aimed to identify the areas 
of high erosion risk and evaluate the effective-
ness of existing protective measures.

The findings of this study have significant 
implications for the design, operation, and main-
tenance of solar energy facilities in arid environ-
ments. By providing a detailed characterization of 
soil properties and erosion patterns specific to the 
Sakaka site, the research contributes to the devel-
opment of more effective erosion control strate-
gies and maintenance protocols. Furthermore, the 
methodologies employed in this study can serve 
as a template for similar assessments at other solar 

installations in development and commissioning 
phases similar various several geographical and 
climatic contexts in Saudi Arabia. As the global 
deployment of solar energy continues to acceler-
ate, particularly in desert environments, such site-
specific studies will be crucial for optimizing the 
performance and ensuring the long-term sustain-
ability of these facilities.

In conclusion, this research bridged a critical 
knowledge gap in the local deployment of large-
scale solar energy facilities in arid environments 
in Saudi Arabia and similarly climatic environ-
ments. By providing detailed insights into the 
soil characteristics and erosion dynamics at the 
Sakaka Solar Power Plant, this study delivered 
critical field-based evidence of sediment trans-
port patterns and rates, bridging a knowledge gap 
in the design and optimization of sand mitigation 
measures for utility-scale solar facilities in desert 
environments.

MATERIALS AND METHODS

Study area

The research was conducted in the periphery 
of the Sakaka solar farm, located in the Al Jouf 
region of Saudi Arabia (Figure 1). The solar park 
has an installed capacity of 405 MWp and spans 
an area of approximately 6.3 km². The facility is 
situated on a perfectly flat terrain. The solar farm 
comprises photovoltaic (PV) modules mounted on 
structures, inverter stations, and is enclosed by a 
10 km long security fence. During the construc-
tion phase of the solar park, significant quantities 
of construction solid waste (CSW). This waste 
consisted of sand, stones, and rock debris resulting 
from full mass and trench excavation work. CSW 
was deposited randomly in stockpiles around the 
close vicinity of the plant, particularly along por-
tions of the west, south, and east boundaries. The 
southern and western boundaries were notably af-
fected, with large quantities of sand dumped with-
in the plant berms. These deposits altered the local 
topography and increased the susceptibility of the 
area to wind erosion as well as sand encroachment. 

To mitigate sand encroachment, artificial 
sand ridges (counter dunes) are being installed 
perpendicular to the prevailing westerly winds. 
This common protective measure for desert in-
stallations spans 2050 m along the site’s western 
boundary, with 50 m extensions at right angles on 
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the Northwest and Southwest ends. The trapezoi-
dal ridges are positioned 30–50 m from the solar 
plant’s fence line. A top each ridge, a 120 cm po-
rous fence will be installed, with 40 cm anchored 
in the sand. These fences will be constructed 
using local materials such as palm leaves, plant 

boughs, or manufactured materials like corrugat-
ed cement or metal plates, or plastic fillets (Figure 
2). The interim sand mitigation system comprises 
a counter dune structure fabricated from excava-
tion-derived CDW. While this provisional mea-
sure provides basic protection against probable 

Figure 1. Sakaka solar farm and surrounding area (a) Photo taken from the West towards the NW fence corner 
(b) Aerial view of the Sakaka solar farm and surrounding area, captured in February 2021 (Source: Google Earth 

©), (c) Southern border: Ground-level photograph illustrating the contrast between disturbed and undisturbed 
soil surfaces at the study site

Figure 2. Mechanical SMM consisted of artificial sand ridge: (a) layout with annotation of key components, 
(b) photo from construction site showing SMM earthmoving work in progress
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operational disruptions caused by aeolian sedi-
ment transport, the permanent design will be op-
timized using the data from ongoing quantitative 
assessments of windblown sediment dynamics.

Historical weather data analysis

To determine the episodes of soiling and 
erosion, a comprehensive analysis of historical 
meteorological data was conducted. Data span-
ning 20 years (1999–2018) were obtained from a 
weather station located approximately 6 km from 
the Sakaka solar farm. The data included continu-
ous measurements of wind speed and direction, 
air temperature, relative humidity, and rainfall. 
Statistical processing of the weather data series 
was performed to derive key parameters influenc-
ing wind erosion processes. The analysis focused 
on identifying wind regimes, prevailing wind di-
rections, and periods with wind speeds exceed-
ing the threshold required to initiate soil particle 
movement. Wind rose diagrams and frequency 
distributions were generated to visualize wind 
patterns, which were critical for designing the 
layout of soil samplers around the solar plant.

Soil grain size analysis

Sieve analysis was conducted according to 
standard test methods for particle-size distribution 
(gradation) of soils using sieve analysis (ASTM 
D6913/D6913M-17). The samples were collected 
during the field campaign: one from within the 
solar plant and two from outside the fence line 
(west and south boundaries). Each sample con-
sisted of soil collected from various locations of 
the selected area to ensure representativeness. 
Understanding the soil grain size distribution is 
critical, as it influences both the threshold wind 
velocity required for particle movement and the 
rate of soil transport. 

Field measurements of soil fluxes – the hori-
zontal soil flux was measured using BSNE sam-
plers, known for their efficiency in collecting 
wind-transported sediments (Figure 3). 

The BSNE samplers feature extended mouths 
aligned into the wind by a vane, allowing airborne 
particles to enter the collection chamber while the 
wind exits through a fine steel mesh. This design 
enables the sampling of materials to move near 
the soil surface at different heights.

Figure 3b shows three vertically aligned 
sediment catchers mounted on a pole at different 

heights. An operator is seen conducting a func-
tionality check by holding a tissue paper strip near 
the samplers, visually confirming proper airflow 
essential for accurate sediment collection dur-
ing wind erosion events. The field measurements 
were conducted between July 21st, 2020, and 
August 5th, 2020. To capture wind erosion fluxes 
event by event, the layout of the BSNE samplers 
was optimized based on prevailing wind direc-
tions identified from historical data. Given the 
extent of the area affected by delta oiling effects, 
particularly along the west and south borders (up 
to approximately 800 m), it was determined that 
the samplers should be installed at the edges of 
the west and south fence lines of the solar plant 
(Figure 2). This placement ensured that the sam-
plers were within the stabilized saltation layer 
where soil particle movement is most significant.

A total of five stations, labeled A through E, 
were established, each equipped with a pole sup-
porting three BSNE samplers at varying heights 
to capture vertical profiles of sediment flux. The 
installation heights ranged from approximately 
10.5 cm to 66 cm above ground, which is appro-
priate given that the saltation layer under natural 
conditions typically extends to less than 1 meter.

Computational analysis of horizontal flux

Wind erosion is a complex process involving 
the detachment, transport, and deposition of soil 
particles by wind action. Accurate measurement 
and modeling of wind erosion fluxes are essential 
for understanding sediment transport dynamics and 
for developing effective soil conservation strategies. 
BSNE samplers are used to measure wind erosion 
fluxes at different heights. The heights were mea-
sured at the time of installation and re-measured af-
ter each erosion event to account for any changes in 
ground level due to sediment deposition or erosion. 
Measurements were taken along the axis of the pre-
vailing wind direction to capture any topographi-
cal variations influencing the flux. Following each 
wind erosion event, the sediment collected in the 
BSNE samplers was retrieved and weighed. The 
horizontal mass flux q(z) at each sampling height 
was calculated using (Ma et al., 2010):

	 𝑞𝑞(𝑧𝑧) =  𝑚𝑚(𝑧𝑧)
𝐴𝐴(𝑧𝑧).𝑡𝑡   (1) 

 
𝑞𝑞(𝑧𝑧) = 𝑎𝑎1𝑒𝑒−𝑎𝑎2𝑧𝑧   (2) 
 
𝑄𝑄 = ∫ 𝑞𝑞(𝑧𝑧)𝑑𝑑𝑑𝑑 =  [− 𝑎𝑎1

𝑎𝑎2
𝑒𝑒−𝑎𝑎2𝑧𝑧]

𝑧𝑧1

𝑧𝑧2𝑧𝑧2
𝑧𝑧1

 (3) 

 

	 (1)

where:	m – mass of trapped soil (g), A – inlet area 
of the BSNE sampler (cm²), t – duration 
of the sampling period (s), z – height of 
the sampler above the ground (cm).
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The horizontal mass flux of wind-eroded par-
ticles decreases exponentially with height above 
the soil surface. This approach offers high-reso-
lution data on sediment transport during specific 
wind events, which is valuable for understanding 
erosion processes and for developing targeted soil 
conservation measures. 

The exponential decay function employed to 
model the horizontal flux of soil particles with 
height reads (Bauer and Davidson-Arnott, 2014; 
Ellis et al., 2009; Poortinga et al., 2014):
	

𝑞𝑞(𝑧𝑧) =  𝑚𝑚(𝑧𝑧)
𝐴𝐴(𝑧𝑧).𝑡𝑡   (1) 

 
𝑞𝑞(𝑧𝑧) = 𝑎𝑎1𝑒𝑒−𝑎𝑎2𝑧𝑧   (2) 
 
𝑄𝑄 = ∫ 𝑞𝑞(𝑧𝑧)𝑑𝑑𝑑𝑑 =  [− 𝑎𝑎1

𝑎𝑎2
𝑒𝑒−𝑎𝑎2𝑧𝑧]

𝑧𝑧1

𝑧𝑧2𝑧𝑧2
𝑧𝑧1

 (3) 

 

	 (2)

where:	q(z) – horizontal mass flux at height z (in 
g⋅cm−2⋅s−1); a1​, a2 – adjustment coeffi-
cients (with units g−1 and g⋅cm−2, respec-
tively) determined through least squares 
regression; z – height above the soil sur-
face (in cm).

The integration of this function over the mea-
sured height range allowed for the estimation of 
the total horizontal soil flux (Q):

	

𝑞𝑞(𝑧𝑧) =  𝑚𝑚(𝑧𝑧)
𝐴𝐴(𝑧𝑧).𝑡𝑡   (1) 

 
𝑞𝑞(𝑧𝑧) = 𝑎𝑎1𝑒𝑒−𝑎𝑎2𝑧𝑧   (2) 
 
𝑄𝑄 = ∫ 𝑞𝑞(𝑧𝑧)𝑑𝑑𝑑𝑑 =  [− 𝑎𝑎1

𝑎𝑎2
𝑒𝑒−𝑎𝑎2𝑧𝑧]

𝑧𝑧1

𝑧𝑧2𝑧𝑧2
𝑧𝑧1

 (3) 

 
	 (3)

Figure 3. Soil flux measurement setup at Sakala solar farm (a) aerial view (Google Earth©) showing the 
considered layout of BSNE sampling stations around the solar farm perimeter. Stations A-E are marked, 
illustrating the comprehensive coverage of potential sand encroachment areas, (b) close-up of Station A, 

demonstrating the BSNE sampler configuration

(b)

(a)
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where: 	z1 and z2 represent the minimum and max-
imum sample heights, respectively. 

Some comments on the exponential decay 
function include:
	• a1 – represents the horizontal flux at the soil 

surface (z = 0). It indicates the maximum flux,
	• a2 – describes the rate of decay of the flux with 

height. A larger a12 means a rapid decrease in 
flux with height,

	• near the soil surface, particle concentrations 
are highest due to direct training,

	• as height increases, the concentration of par-
ticles decreases exponentially because: 
−	 heavier particles (saltation and creep) can-

not be lifted to higher altitudes.
−	 finer particles (suspension) can reach 

higher altitudes but are present in lower 
concentrations.

Major wind erosion episodes

Wind erosion events were selected for soil 
flux measurements based on wind speed and di-
rection data, ensuring that the conditions were 
conducive to soil movement from specified direc-
tions relative to the solar plant. Three significant 
erosion events were identified during the moni-
toring campaign using the available online weath-
er forecasting sites (Weather Maps, Live Satellite 
and Weather Radar, n.d.; Windfinder.com, n.d.):
	• Event 1 – occurred on July 21st, 2020, with 

a maximum wind speed of 6.4 m/s from the 
northwesterly quadrant.

	• Event 2 – occurred on July 26th, 2020, with a 
maximum wind speed of 5 m/s from the south-
westerly quadrant.

	• Event 3 – spanned from August 1st to August 
5th, 2020, characterized by daytime wind 

erosion with intermittent pauses in the eve-
nings. The maximum recorded wind speed 
during this period was 7.1 m/s, primarily from 
the west (270°).

RESULTS AND DISCUSSION

Weather data analysis

The statistical analysis of data aimed to draw 
relevant findings on the likelihood of weather 
conditions to contribute to the erosion transport 
events: wind regimes, air humidity and tempera-
ture variation trends should provide insightful in-
formation regarding the soiling effect. 

The prevailing wind direction at the Sakaka 
solar farm is Northwest (NW). This is evident 
from the highest percentage values across mul-
tiple speed classes for the NW direction, particu-
larly in the 3.0–4.4 m/s range (8.77%). The wind 
distribution reveals light winds (0–3.0 m/s) com-
mon from all directions, moderate winds (3.0–5.6 
m/s) most frequent from the NW, WNW, and E to 
SE sectors, and stronger winds (greater than 6.0 
m/s) which are relatively rare but occur most of-
ten from the W to NW sectors. After NW, the next 
most significant wind directions are WNW, E, 
and ESE, all showing notable frequencies in the 
moderate wind speed ranges. The highest average 
wind speeds (3.5 m/s) are observed from the ESE, 
W, WNW, and NW directions (Figure 4).

The temperature profile is characterized by a 
mean temperature of 23.15 °C, reflecting a gener-
ally warm climate, wide temperature range (SD 
9.04 °C) indicating significant seasonal variations, 
slightly left-skewed, suggesting a tendency towards 
cooler temperatures, platykurtic distribution points 
to more frequent temperature extremes (Figure 5). 

Figure 4. Wind speed analysis at Sakaka solar farm (a) wind direction and mean (b) windrose
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Figure 5. Air temperature analysis at Sakaka 
solar farm (a) frequency distribution of mean air 

temperatures (b) seasonal variation of air temperature 
(minimum, maximum, and mean)

Figure 6. Air temperature analysis at Sakaka 
solar farm (a) frequency distribution of mean air 

temperatures (b) seasonal variation of air temperature 
(minimum, maximum, and mean)

The relative humidity data for Sakaka solar 
farm reveals low average humidity: 29.4%, indi-
cating a dry climate, high variability: SD of 17.0% 
suggests significant fluctuations, right-skewed 
distribution (1.1): more frequent lower humidity 
with occasional higher values and slightly lep-
tokurtic (0.43): slightly more peaked than normal 
distribution. This profile depicts an arid environ-
ment with occasional periods of higher humidity, 
typical of a desert climate with potential seasonal 
moisture variations (Figure 6).

In conclusion, the climate profile presents a 
challenging environment for the solar farm, char-
acterized by warm temperatures with consider-
able fluctuations, moderate winds prone to occa-
sional intensification, and predominantly dry con-
ditions. These conditions likely influence sand 
movement patterns and solar panel efficiency, 
necessitating careful management strategies to 
optimize performance and mitigate the potential 
sand encroachment issues.

Soil grain size

Sieve analysis was conducted on three soil 
samples (Western Sample-WS, Southern Sample-
SS, Middle Sample-MS) from the Sakaka Solar 
Farm site. Figure 7 presents the particle size dis-
tribution curves. All samples showed predomi-
nantly sandy composition, with varying propor-
tions of fines (silt and clay). The WS and SS 
exhibited similar gradation characteristics, while 
MS displayed distinct differences. WS and SS 
samples depicts peak retention observed in me-
dium sand range (0.5–0.25 mm), well-graded dis-
tribution, and lower fines content (< 10% passing 
#200 sieve). However, MS sample reveals more 
uniform distribution across size ranges, higher 
fines content (> 25% passing #200 sieve), and 
poor gradation compared to WS and SS. 

A fitting procedure was employed as further 
statistical processing of sieve analysis data and 
to estimate the key statistical parameters (m and 
σ). For the samples in this study, a two-mode ap-
proach (i.e., two log-normal functions) was deter-
mined to be optimal based on predefined thresh-
old values for the minimization test.

The analysis yielded two consistent size 
modes across all samples collected from various 
locations within the site (Table 1). The primary 
mode, generally dominant, centered around 524 
µm, while a secondary mode was observed at ap-
proximately 168 µm. 
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The primary mode, with median diameters 
ranging from 424 to 598.4 µm, suggests the pres-
ence of coarser aggregates at the soil surface. 
This coarser fraction could potentially increase 
the wind erosion threshold, thereby reducing the 
erodibility of these surfaces. The secondary mode, 
characterized by median diameters between 147 
and 195.3 µm, represents an intermediate popula-
tion contributing 35% to 50.4% of the total mass.

Of note is the presence of a fine sand popula-
tion, with diameters approximating 100 µm. This 
size fraction is significant, as it corresponds to the 
grain size range requiring minimum wind energy to 
initiate aeolian erosion. The consistent observation 
of this population across samples indicates a high 
potential for wind erosion in most soils at the site.

The particle size distribution analysis of the 
Sakaka solar plant soils has revealed essential 
commonalities and differences in erodible soil 
grain-size distributions. The quasi-systematic 
presence of a coarser mode (median ~524 µm) 
may provide some resistance to erosion. How-
ever, the significant contribution of finer modes, 
particularly the presence of easily erodible fine 
sand, suggests that most soils in this site have the 
potential to be readily eroded by wind. These find-
ings underscore the importance of considering 
soil texture in the assessment and management 

of wind erosion risks at solar power installations 
in arid environments. Further research into the 
spatial variability of these distributions and their 
relationship to local wind patterns could provide 
valuable insights for erosion mitigation strategies.

Soil flux measurement results

After wind erosion and soiling events, soil 
and dust storm samples were collected and ana-
lyzed. The samples were carefully collected in 
plastic bags and weighed, each identified by a 
unique box number corresponding to its BSNE 
station (Figure 8). 

The results of wind erosion and sediment 
flux computations are summarized (Table 2). The 
analysis revealed significant spatial and temporal 
variations. Indeed, the highest sediment fluxes 
were observed in the West (149.05 kg/m), South-
west (47.14 kg/m), and Northwest (9.42 kg/m) 
sectors, with a total drift of 205.61 kg/m. These 
patterns align with known wind characteristics in 
Saudi Arabia, where western and southern winds 
are typically strongest. Seasonal trends showed 
peak erosion from May to August, accounting 
for 66% of the annual total drift. Spatial analysis 
consistently identified the western quadrant (sta-
tions A, B, C) as the most susceptible to erosion. 

Figure 7. Grain size distribution of the samples collected at three locations of the study area

Table 1. Characteristics of mass size distribution modes for soil samples
Location Sample collected inside the site Sample from the west boundary Sample from the south boundary

Mode Mode 1 Mode 2 Mode 1 Mode 2 Mode 1 Mode 2

PI (MM) 65% 35% 49.6% 50.4% 62.9% 37.1%

Std 1.48 1.53 1.30 2.12 1.28 2.08

Median (µm) 424 147 548.9 195.3 598.4 169.4
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Figure 8. Sediment samples collected from BSNE stations, sorted by erosion event

During the most intense event (August 1–5, 2020), 
erosion fluxes in the western quadrant were 13 
times higher than in the southern quadrant (sta-
tions D, E). Similar patterns were observed in 
other events, such as those on July 21st and 26th. 
These findings, derived from BSNE measure-
ments, confirm the sensitivity of the landscape to 
wind erosion processes and highlight the need for 
targeted mitigation strategies, particularly in the 
western sectors of the site.

Analysis of the data in Table 2 reveals impor-
tant insights into the erosion patterns and effective-
ness of mitigation measures. Station A, benefiting 
from a sand ridge 180 meters upwind, collected 
only 42% of the sand flux observed at Station C 
during the third event. This indicates that while 
the sand ridge provides some shelter, its current 
distance from the project fence limits its effective-
ness as a protective measure. Station B, situated at 
the border between natural and disturbed zones, 
collected 83% of Station C sand flux, suggesting 
similar erosion vulnerability in both areas despite 
different land use. Notably, Station C, located at 
the western boundary, consistently collected the 
highest sand flux, comparable to Station B. This 
persistent high flux at Station C implies that the 
western boundary remains a significant source of 
sand drift hazard for the plant, even if sand waste 
is removed from the immediate vicinity. These 

findings underscore the need for more effective 
erosion control strategies, particularly along the 
western perimeter of the site.

CONCLUSIONS

This comprehensive study of wind erosion 
and soil particle distribution at the Sakaka Solar 
Power Plant in Saudi Arabia has yielded several 
significant findings and highlighted important 
considerations for solar energy deployment in 
arid environments. The key findings of the inves-
tigation include:

Soil particle distribution: The analysis re-
vealed a consistent bimodal distribution of soil 
particles across the site, with a primary mode 
centered around 524 μm and a secondary mode 
at approximately 168 μm. The presence of a fine 
sand population (~ 100 μm) indicates a high sus-
ceptibility to wind erosion.

Spatial variation in erosion: The western, 
southwestern, and northwestern sectors of the 
site experienced the highest sediment fluxes, with 
rates of 149.05 kg/m, 47.14 kg/m, and 9.42 kg/m, 
respectively. This pattern aligns with the predom-
inant wind directions in the region.

Temporal patterns: A significant seasonal 
trend was observed, with 66% of the annual total 

Table 2. Characteristics of mass size distribution modes for soil samples
Events (Wind direction) Station A Station B Station C Station D Station E

7/21/2020 (NW) 0.18 4.34 0.97 2.29 1.64

7/26/2020 (SW) 0.04 0.52 0.06 0.33 0.05

08/01 through 05/2020 (W) 26.17 51.03 61.69 7.82 2.35
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drift occurring between May and August, coin-
ciding with periods of increased wind activity.

Effectiveness of erosion control measures: 
The existing sand ridge, located 180 meters up-
wind of the western boundary, showed limited ef-
fectiveness, reducing sand flux by only 58% at the 
nearest monitoring station.

Persistent western boundary risk: Despite 
mitigation efforts, the western boundary remains 
a significant source of sand drift hazard, with ero-
sion fluxes up to 13 times higher than in other ar-
eas during peak events.

These findings underscore the critical impor-
tance of site-specific assessments and tailored 
mitigation strategies for solar energy installations 
in desert environments. The persistent high ero-
sion rates, particularly along the western perim-
eter, highlight the need for more robust and in-
novative protective measures.

Building upon the findings of this study, sev-
eral key research directions emerge as promising 
avenues for further investigation:

Long-term monitoring: Establishing a con-
tinuous, long-term monitoring program would 
provide valuable insights into the evolution of 
erosion patterns over time and their correlation 
with climatic variables. This could involve the in-
tegration of automated sensors and remote sens-
ing technologies for more comprehensive spatial 
and temporal coverage.

Advanced erosion control strategies: Future 
research should focus on developing and test-
ing novel erosion control measures specifically 
designed for the conditions at Sakaka. This may 
include exploring advanced materials for sand 
barriers, optimizing the placement and design of 
protective structures, or investigating the poten-
tial of vegetation-based solutions adapted to arid 
environments.

Modeling and prediction: Developing predic-
tive models that integrate local meteorological 
data, soil characteristics, and topography could 
enhance the ability to forecast erosion events and 
optimize maintenance schedules.

Economic impact analysis: A detailed assess-
ment of the economic impacts of erosion and 
soiling on energy yield, equipment lifespan, and 
maintenance costs would provide valuable infor-
mation for project planning and risk management 
in similar environments.

In conclusion, this study has provided cru-
cial insights into the complex interplay between 
soil characteristics, wind patterns, and erosion 

dynamics at the Sakaka Solar Power Plant. These 
findings not only contribute to the optimization of 
this specific installation, but also offer valuable 
lessons for the broader deployment of solar en-
ergy in arid regions. As the global transition to 
renewable energy accelerates, such site-specific 
studies will play an increasingly important role 
in ensuring the efficiency, longevity, and sustain-
ability of solar power installations in challenging 
environments. The research outlined above pro-
vides a roadmap for future investigations that can 
further enhance the understanding and manage-
ment of these critical issues.
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