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Abstract

This article discusses the current obstacles associated with dam sedimentation and in overcoming these obstacles to ensure the sustainable
management of sediments and water in arid reservoirs for the long term. Consequently, the Revised Universal Soil Loss Equation (RUSLE)
model is used to quantify the soil loss in the catchment region in conjunction with terrestrial observations, remote sensing data, and geographic
information systems (GIS). The projected annual soil loss in the study area, ranges from 0 to 50 tons per hectare per year (t ha! yr'). The findings
indicated that 83% of the study area has a low erosion risk, primarily because of the predominance of precipitous terrain and minimal land use.
The 14% of the area has a medium erosion risk, while the remaining 3% has a high erosion risk. The wedge method has been used to determine
the volume of sediment that was deposited in three major dams: Wadi Hayl Dam, Wadi Ham South Dam, and Wadi Safad Dam. The volume of
sediment in Wadi Hayl Dam is 11,570m?, the volume in Wadi Ham South Dam is 15,540m?, and the volume in Wadi Safad Dam is 12,586m?>.
Sediment and water samples from these reservoirs have undergone examination. In comparison to Wadi Hayl, the Wadi Safad and Wadi Ham
sites exhibited significantly higher levels of chemical components in their water samples. The measured variables had a major effect, which
are influenced by soil depths, with the 0-25cm range exhibiting more substantial values than the 0-50cm range. Throughout the investigation,
the concentrations of heavy metals in the sediment were significantly higher than those in the water samples. The policymakers can utilize
the results of this study to implement suitable soil conservation measures in the high and medium-risk soil erosion zones, in addition to the
regular maintenance of reservoirs and the utilization of reservoir water and sediment for the benefit of society. The techniques described in this
document are therefore applicable to similar environments in arid regions.
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Introduction
rainfall events attributed to recent fluctuations in weather

Soil erosion is regarded as one of the most critical . .
! ton- 1 8 n m H patterns and the escalating impacts of climate change [5,6]. The

environmental issues. Soil erosion is a natural phenomenon that . . . .

i ) precise measurement of soil loss in a watershed, essential for
depletes the uppermost layer of soil due to the effects of wind and
water erosion [1,2]. Soil erosion diminishes soil fertility, impairs
soil conservation methods,and compromises urban infrastructure,
hence affecting the sustainability of land and ecosystems [3,4].

The issue is exacerbated by the rising frequency of extreme

effective water and soil management, relies on understanding
its influencing elements, including human activities, climatic
variability, topography, and soil characteristics [7,8]. In recent
decades, it has become evident that soil erosion presents a
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substantial threat to long-term soil sustainability, necessitating
soil management strategies and effective conservation methods
to protect soil from erosive pressures [9-11]. Moreover,
anthropogenic soil erosion adversely affects both the environment
and the economy [12]. The expansion of agricultural land, linked to
population growth, contributes to erosion through deforestation
and overgrazing [13]. Erosion can devastate the land, potentially
eliminating vegetation that absorbs carbon dioxide, a greenhouse
gas that contributes to climate warming [12]. Eroded soil would
significantly diminish its carbon concentration, releasing carbon
into the atmosphere [14].

It is estimated that 75 billion tons of arable land are lost
globally each year [15]. Rainfall is recognized for its extreme
spatiotemporal unpredictability and torrentiality in dry regions
with limited soil and water supplies. Runoff and sediment load
variations are influenced by both human activity and climate
variability. It is still very difficult to pinpoint exactly which portion
of the observed changes climatic variability and which caused by
human activity, though, because the effects of both are integrated
at the watershed size [16].

In the Middle East and North Africa (MENA), flash floods
are extremely destructive natural disasters even though they
are vital sources of groundwater recharge [17]. These MENA
countries are deeply concerned about soil erosion and land
degradation. Extreme rainfall events induced flash floods as
mentioned earlier, cause soil erosion, which is very complex,
widespread and dynamic process. Numerous things influence it,
including soil type, vegetation, and topography. Construction of
water retention/check dams (locally known as breaker dams) is
a common procedure in many arid regions, in order to stop these
surface flows from emptying into the sea or the desert. Reservoir
sedimentation is a major problem at such check dams globally, and
it lowers the volume of water that can be stored, putting human
and agricultural water supplies at risk. Furthermore, increased
water turbidity, clogged hydraulic infrastructure and decreased
safety for flood retention are also possible consequences of the
soil accumulation at these check dams.

Numerous models, including the Universal Loss Equation
(USLE) [19], the revised universal soil loss equation (RUSLE)
[20], the Soil and Water Assessment Tool (SWAT) [21,22], the Soil
Erosion Model for Mediterranean Regions and the Water Erosion
prediction project (WEPP) have been developed and put to use.
The widely used empirical model for estimating soil erosion has
multiple layers of complexity [18]. RUSLE that is frequently used
to forecast soil erosion was created by digitizing and revising the
USLEmodelintheearly 1990’s [23,24]. Among the three categories
of erosion model: conceptual, empirical and physical, USLE and
RUSLE are categorized as empirical and conceptual models [25].
Because of its strong dependability, high degree of flexibility, ease
of application, accuracy and data accessibility, the RUSLE model
has been in use for more than 80 years [26-28]. A number of
researchers [29,30] integrated erosion models with the modern

technologies of remote sensing and geographical information
systems (GIS) to enhance the precision of erosion estimation and
to prepare accurate soil erosion risk maps. Therefore, we used a
multiproxy analysis by integrating the remote sensing, GIS and
RUSLE model for areas such as Fujairah City, which is taken as a
case study, where data on various parameters such as topography,
soils, land use are to be generated and modelled to estimate the
soil loss.

Keeping view of the above mentioned, satellite remote
sensing offers a practical solution. With the ability to explore the
same land area on a frequent basis, remote sensing delivers data
over large territories. Additionally, by quickly deriving suitable
indicators, it can significantly aid in the assessment of regional
soil erosion risk [31-33]. Extreme hydrological events cause soil
erosion and sediment movement, which is directly related to soil
erosion. GIS and remote sensing are widely used in various study
areas, primarily in flood risk assessment [34]. [33] (Tzioutzios
& Kastridis) states that this work can be accelerated to produce
faster, more accurate, efficient, and less time-consuming findings
and decisions by utilizing the additional capabilities provided
by GIS. Through the application of basic spatial approaches to
the datasets and their combination with the RUSLE model, the
utilization of GIS and spatial data plays a leading role in this field.
GIS and remote sensing make various kinds of spatial data usable.
This is supported by recently made accessible remote sensing
datasets and GIS technologies, which offer sufficient temporal
and spatial accuracy and, in turn, improve flood risk reduction
[34]. Furthermore, a few published studies on the use of GIS and
remote sensing technologies for soil erosion modeling have been
conducted in other regions of the world [35].

As far as the author is aware, no prior work has looked into soil
erosion and its deposition in breaker dams, while using the RUSLE
model, remote sensing, and GIS analysis in the study region. Also,
the dam'’s sediment and water analysis is not carried out for prior
investigations. Therefore, the purpose of this study were: a) To
estimate soil erosion in Fujairah City and propose remedies; b) As
all three main dams (Wadi Hayl Dam, Wadi Ham Dam, and Wadi
Safad Dam) are completely filled with sediment, it is imperative
to estimate the amount of sediment (silt) present in the Dams;
¢) Analyzing the dams sediments and water to determine their
physical, chemical, nutrients, and heavy metals present in them.
Finally, using the water for irrigation and sediment for agricultural
purposes, which will benefit the society.

Study area

The Emirate of Fujairah is the fifth-largest of the seven
emirates that make up the United Arab Emirates (UAE). Fujairah,
covering over 1450km? is unique in that it is the only emirate
having its 90km-long coastline dotted with several rocky
headlands jutting into the Gulf of Oman [36,37]. The current
research area is a portion of the Fujairah emirate, which has an
area of approximately 560km? between 25°17’ 31.63” N/25°01’
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49.39” N and 56°08’ 50.73” E/56°22’ 29.12” E (Figure 1a). It is
mostly composed of the Fujairah City region, a piece of the Kalba
and Khor Fakkan districts of the Sharjah Emirate, and a 77km?
area of Oman. The study region exhibits three physiographic zones
- arelatively narrow coastal plain and the Hajar/Oman mountain
terrain with gently rolling piedmont plain in between. The study
area’s highest point is 1103m above mean sea level (Figure 1b).
Traversed by wadis that originate in the Hajar mountains, they
provide substantial amounts of floodwater into the piedmont and
coastal plains. Seven wadis, namely, Wadi Hayl, Wadi Saham, Wadi
Farfar, Wadi Ham, Wadi Yabsah, Wadi Madhab, and Wadi Safad,
run into Fujairah City, along with three main dams, namely Wadi
hayl, Wadi ham south dam and Wadi safad dam, apart from several

small breaker dams (Figure 1c) [34]. Of these, Wadi Ham is the
longest and the largest wadi in the UAE. It stretches over 30km
from Masafi in the northwest to the Wadi Ham Dam in Fujairah City
in the southeast and drains an area of 192km? [34]. Wadi Saham,
Wadi Farfar,and Wadi Yabsah join Wadi Ham atits dam site (Figure
1c). The Wadi Ham lower plains consist of recent Pleistocene wadi
gravels. The consolidated rocks of the Semail formation (Ophiolite
sequence) underlie this layer [34]. These wadi beds range from
silt to boulders, which are dry for most parts of the year, but when
it rains, these become swiftly flowing and roaring rivers carrying
huge quantities of sediments washed down from the weathered
mountain slopes, thereby getting deposited near the dams.
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Figure 1: Map of the study area, Inset (a) geographical location of Fujairah City, where study area exists, Inset (b): Elevation of the
study area. Inset (c) showing the total catchment areas of seven Wadis, main Dams and Breaker Dams in Fujairah City.

The Fujairah Statistics Center (FSC) for 2023 reports that the
population of Fujairah is 318,325; over 77% of this population
resides in Fujairah City, the study area [38]. The Fujairah city area
is characterized by narrow coastal plains that vary in width from
1 to 3km near central part of the study area and have the widest
widths in the northern and southern regions of the research area.
Hajar mountains are comprised of Jurassic to Cretaceous igneous
and metamorphic rocks in the north and west of the study area,
as well as by alluvial deposits at the base of the mountains [39].
The research area has a hyper-arid environment and enjoys a

variety of weather patterns, with summers being hot and muggy
and winters being cool to mild. Rainfall in the study area is
characterized as erratic and unpredictable and is influenced by
orographic effects. The yearly rainfall in the mountainous regions
of the west is between 80 and 160mm, which is about 97% of
the total yearly rainfall in the northern half of the country [40].
Fujairah often experiences temperatures from 15°C and 47°C in
the winter and summer months. A land-sea breeze circulation
characterizes the prevailing wind pattern for most of the year,
bringing cool sea air to the land. In addition, the average monthly
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humidity levels fluctuate between 57% and 78%.

Factors leading to study and map the probable soil
erosion areas in the Fujairah City

In arid regions, wadi systems face extreme disasters,
including flash floods and droughts, in addition to a lack of
comprehensive water and sediment management strategies and
monitoring networks. Flash floods are happening more frequently
in the northern Emirates, especially in Fujairah City. Convective
clouds, local cloud seeding operations, and climate change are all
responsible for this. With an average of 160mm in the UAE, the
yearly precipitation in Fujairah ranges from 80 to 325mm [41].
Notably, (Figure 2) from CHRS (Center for Hydrometeorology and
Remote Sensing) Rainsphere, it shows that the months with the
most rainfall in this region are October through April. Figure 3
elucidates yearly average rainfall, and the number on the top of
the bar graph indicates the rainy days from (2000-2023), with red

asterisks on top of the bar graph specifying flash flooding events in
thatyear in the Fujairah City region. The graph clearly indicates an
increasing trend in the number of rainy days, along with the rise in
flooding occurrences, which mostly contributes to soil degradation
caused by the rushing waters from the mountains. This increase
in the number of rainy days is mostly due to climate change and
the UAE’s cloud seeding operations, which significantly began in
2010. Itis unavoidable for a hyper-arid nation like the UAE, where
rainfall is less than 160mm and high evaporation rates result in a
lack of surface water [42]. The Hajar mountains in the eastern part
of the UAE were specifically identified as having an apparent rise
in rainfall intensities after comparing the pre-cloud seeding era
and after [43]. Figure 4 illustrates the number of rainfall days in
the region, indicating that the majority of significant high rainfall
occurs within a short timeframe, which consequently contributes
to soil erosion and the accumulation of sediments in reservoirs.
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Figure 2: Average monthly rainfall in Fujairah City from 2000-2023.
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The most notable flash flood was in July 2022. This flash flood
damaged many homes, farms, and infrastructure in the research
area. With the aid of 1638 personnel who got impacted by the
water, 4225 people in total were evacuated. In addition, more
people were given refuge, and 870 more people were rescued. The
widespread flooding also affected the third-biggest petroleum
bunker canter in the world, Fujairah Port [44]. Fujairah has
implemented flood control and groundwater recharge structures
as part of its mitigating efforts. Nevertheless, the significance
of sedimentation in the dams was undervalued, resulting in
complications arising from the accumulation of sediment at the
top of the dam in the reservoir as shown in (Figure 5), by our on-

site field visits subsequent to the flood incident in July-August
2022 & Mar-May 2024. For instance, at the Wadi Hayl dam, the
water level in the reservoir attained 4.5m, resulting in over flow
owing to sediment accumulation at the dam. A similar scenario
is noted at the Wadi Ham dam as well. Nevertheless, the United
Arab Emirates (UAE) is projected to encounter significant levels
of sedimentation by the year 2050, which is equal to 1.33% (%/
year), which is in the second position in the Middle East; also
the highest rate of sedimentation in the Middle East is in IRAN
with 1.65% (%/year), and the lowest rate is in Tajikistan having
0.64% (%/year) as indicated by the data from the International
Commission on Large Dams [45].

Before Rain

Wadi Hayl Dam

Wadi Safad
Breaker Dam

Wadi Safad Dam

After Rain (March 9%, April 16", May 2%, 2024)

After the recent incessant
rainfall (During  Mar-May
2024) = All the Dams in
Fujairah City are over
flowing due to the
Sedimentation of Dams.

Figure 5: Water spilled over the Fujairah City Dams due to the Sedimentation upto the top of the Dam.
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Sedimentation is a significant challenge in reservoir
management, particularly in the Fujairah city area, as it is
experiencing a rise in intense flash floods. What is the significance
of sedimentation in wadi basins in Fujairah? The potential

responses are provided below:

a) The absence of prior research, particularly concerning
their effects on reservoirs and infiltration.

b)  The decline in the dam’s capacity to retain water has a
direct impact on its ability to serve as a flood prevention measure.

c¢) Reducing the infiltration and thereby affecting the
replenishment of groundwater.

d) Enhancing the potential consequences of flash floods in
wadis.

e) Inarid environments, particularly in the wadi basins of
Fujairah, the aforementioned issues are to be more severe and
detrimental compared to perennial rivers due to the influence of
climate change.

Hence, it is imperative to evaluate and plot the areas of soil
erosion and its detrimental effects of sedimentation in the wadi

Table 1: Data utilized and description of the data sources.

basins of Fujairah in order to establish a comprehensive and safe
system for managing water and sediment.

Materials and Methods

The methodology combined different approaches from field
measurements, geospatial analysis, hydrology and the RUSLE
model to assess soil erosion in the catchment areas of seven wadis
and to estimate the volume of sediment deposited in the three
main dams of Fujairah City, along with analyzing the water and
sediments present there. Further, each approach is described in
the following sections. For instance, section 4.1, the parameters
required for modeling soil erosion, namely rainfall erosivity
(R), soil erodibility (K), slope length and steepness (LS), cover
management (C), and conservation support practice (P), are
introduced to estimate the average annual soil erosion in the
catchment area. Table 1 lists the details of the parameters used.
After preparing all the parameters, we resample them to a single
resolution to facilitate the overlay analysis and ensure accurate
results. Additionally, a field investigation on the sediment and
water present in the three dams of the Fujairah city area has been
analyzed and quantified the volume of the sediment deposited in
these dams.

S. No. Map Layer Data Used - Source
1 Rainfall CHRS (Center for Hydrometeorology and Remote Sensing) RainSphere (http://chrs.web.uci.edu)
(2000-2023) (0.25°x 0.25° resolution)
2 DEM USGS-Earth Explorer website, 30m resolution, (https ://earth explorer.usgs.gov/)
3 Slope Derived from DEM, 30m resolution
4 Land use / Land cover Sentinnel-2 Satellite Image, 20m spatial resolution, 8 Mar 2023
5 Soil The World Soil Information - International Soil Reference and Information Centre (ISRIC), resolution
of 250m

By calculating the soil erosion parameters, the most often-
used erosion model is the RUSLE, which predicts the average
yearly soil loss [46]. The RUSLE model, an improved version of
the USLE model [47], has been the subject of extensive study and
use for many years. Based on the following five parameters, the
RUSLE determines the average annual soil loss in tons per hectare
per year:

A=RxK xLS xC xP @

Where A is the average annual soil loss (t/ha/yr), R is the
rainfall erosivity parameter (M] mm/ha/h/year), K is the soil
erodibility parameter (ton h /M]J/mm), L is the slope length
parameter, S is the slope steepness parameter, C is for the cover
and management parameters, and P is for the conservation
support practices parameter. Dimensionless parameters are the
LS, C, and P (Figure 6). The “Raster Calculator,” a tool found under
“Spatial Analyst Tools” in ArcGIS 10.4, was used to prepare the soil
erosion map after computing the RUSLE parameters and creating

araster format for each parameter.
Parameters required for modelling soil erosion
Rainfall erosivity factor (R Factor)

The capacity of rainfall to separate and move soil and small
rock particles, so causing soil erosion, is what determines
rainfall erosivity (R). R computation requires continuous and
comprehensive rainfall data [18]. The length, volume, energy,
intensity, and size of raindrops, as well as the pattern of
precipitation and the runoff rates that follow, play a big role in the
computation of R-factor [48]. The R factor measures the impact of
precipitation on the quantity and rate of the runoff factor [33]. The
mean yearly rainfall data for the Fujairah city region is used from
https://chrs.web.uci.edu/. and calculated the rainfall erosivity in
the current analysis. CHRS Rainsphere is a comprehensive system
that integrates global satellite precipitation data and information.
However, we used CHRS data, which covers the whole research
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area [34], and an equation from [49] that only required annual
precipitation data because there were no precipitation data
available for the high terrain regions. This equation produced
R-values that were compatible with the equation used in the
previously described investigations, i.e., [50,51].

Rainfall erodibility can be computed using the intensity of
the rain [52]. However, the lack of high-resolution rainfall data
makes calculating the R-factor difficult in most parts of the world
[53]. We utilized the equation by Allafta & Christian [54] from the
Middle East arid region, which only required annual precipitation
data. There were no monthly rainfall data available throughout
the study area, especially in the mountainous areas.

R=79+0363xX, (2

The variable X represents the mean annual precipitation.
The CHRS (accessed on 18 April 2024) data was used to retrieve
the annual precipitation of the study region from 2000 to 2023.

Table 2: Soil features and the corresponding K Factor.

The yearly rainfall data were converted to point data, and then
the Kriging interpolation method was applied to create the
precipitation map. The R factor map was computed based on
Equation (2) in ArcGIS 10.4 using the Map Algebra tool in the
Spatial Analyst tool, and the R values are cross-verified from
other studies in Saudi Arabia [55] and are quite matching.

Soil erodibility factor (K Factor)

Some of the things that make soils in arid regions unique
are their poor water-holding capacity, low clay content, high
erodibility, high propensity for runoff, hardening, low activity
clay, and high summertime surface temperatures [56]. Complex
characteristics of arid soils are a reflection of the long-term
dynamics and shifting interactions between dissolved ions and
water [57]. Mesophytic plant growth and soil formation requires
very little water in arid soils [58].

S.No Textural Class K Factor Values
1 Clay loam 0.6
2 Fine Sand 0.04
3 Sandy clay loam 0.18
4 Loamy Sand 0.4

The inherent ability of soil to withstand erosion from
precipitation and runoff is known as soil erodibility, and it is
a result of the interactions between the physical and chemical
characteristics of the soil that affect detachment, transportation,
and infiltration capacity. Among the most significant factors
influencing erodibility are the soil’s permeability, organic matter
content, iron, aluminum, and salt concentrations, as well as its
texture and structure [59]. The soil map pertaining to the study
area has obtained from The International Soil Reference and
Information Center (ISRIC) [60] as a raster image. The study
area’s soil texture image revealed that loamy sand, clay loam,
and sandy clay loam are the most common soil types. Table 2,
provided by Stone & Hill Borne [61], has utilized to ascertain
their suitable K values. The downloaded image was reclassified
in the ArcGIS reclassify tool, using the new K-factor values from
Table 2; therefore, the final K- factor raster image is prepared. The
distribution of grain sizes in a soil determines its texture.

The K-factor represents a soil’s sensitivity to the separation
and transfer of soil particles. It illustrates the overall propensity
for erosion of a specific soil type and reflects the combined effect
of the soil’s characteristics [62]. The resistance of soils to erosion
varies depending on their qualities. As a result, erodibility varies
depending on the physical and biological characteristics of the
soil, including its chemical composition, shear strength, aggregate
stability, texture, and structure. Based on the current soil types in

the study area, the corresponding k-factor values for each kind of
soil has allocated [63].

Slope length (L) and Slope steepness (S) factor (LS Factor)

The LS factor illustrates how topography impacts erosion and
is closely connected to the slope’s gradient and length. The Digital
Elevation Model (DEM) was utilized in the ArcGIS environment
to create the LS factor map [64]. The LS parameter, which is the
product of the slope length (L) and slope steepness (slope angle)
S, is used to evaluate the impacts of the topography on erosion. As
the slope length (L) increases, the overall amount of soil erosion
rises due to the increasing runoff buildup on the downslope.
Similarly, an increase in the slope steepness was supplemented
by an increase in runoff velocity and erosivity [65,66]. The ArcGIS
Spatial Analyst plugin calculated the combined LS factor. The SRTM
30m DEM is used to prepare the LS factor raster image, as it is a
higher resolution (1 arc-second) of 30m, which is better for local
hydrology and terrain analysis. Whereas Aster DEM has a higher
vertical error and cannot be used for this analysis. Therefore, the
following formula, proposed by the authors of [67,68], was used
in the current investigation with an SRTM 30m DEM:

LS = (Flow Accumulation x Cell Size+22.13)"*x (sin slope+ 0.896)  (3)

Where cell size equals the size of the grid cell, sine slope equals
the sine of the slope angle in degrees, flow accumulation denotes
the cumulative upslope contributing region for a given cell, and LS
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equals the merged slope length and slope gradient parameters.
We estimated the flow accumulation and slope steepness from the
DEM using ArcGIS Spatial Analyst and the Arc Hydro extension. By
defining the research region, the DEM data is available at (https://
earthexplorer.usgs.gov/). After importing the DEM in ArcGIS, UTM

projection zone 40 was assigned.
Cover and management (C Factor)

Various soil management techniques can significantly reduce
the rate of soil erosion by reducing the velocity of surface runoff,
reducing the force of raindrops striking the soil surface, and
avoiding the disruptive influence of the rain [69]. Equation (4)
was utilized to compute the values of the C factor, which were
based on the normalized vegetation cover index values (NDVI)
obtained from the Sentinel 2 image [70].

C = (1-NDVI)/2 (4

Sentinel 2 satellite images of ESA (European Space Agency)
provide high temporal resolution and rich multispectral
configuration, including 13 spectral bands. It has 4 bands at 10m
spatial resolution and six land monitoring bands having a spatial
resolution of 20m (blue: 490nm, green: 560nm, red: 665nm,
NIR: 842nm, SWIR1: 1910nm, and SWIR2: 2190nm) and three
additional bands having 60m spatial resolution covering the red-
edge part of the spectrum, which are centered at 705nm, 740nm,
and 783nm, and a NIR narrow band at 865nm; therefore, the
Sentinel 2 image from March 8, 2023, has been used to extract
the NDVI values. The NDVI was derived using the 842nm (NIR)
and 665nm (RED) wavelength bands used to show the regional
variance in plant cover because it captured both the natural and
human-induced conditions of the study area. Equation (5) of NDVI
was calculated using the raster calculator tool in ArcTools (ArcGIS
10.4).

NDVI = NIR — R/NIR + R (5)
Conservation support practice factor (P Factor)

The conservation factor, or P-factor, is the ratio of soil loss
in a field employing a certain conservation approach to that
of a field not using any conservation strategies. It is a gauge of
how well land management techniques are working to lessen
soil degradation in a given area [48,71]. Because runoff has the
capacity to erode, management practices work to slow down
soil erosion by adjusting the conditions, concentration, velocity,
and hydraulic forces of it [18]. Therefore, this study considers all
plantation and agricultural practices that prevent or lessen soil
erosion. The Sentinel 2 image was used for additional processing
to create the study area’s land use and land cover classes.

Volume estimation of sediment using wedge method in
the three main dams in Fujairah City

Watershed management seeks to control the movement of

sediments from various sources to downstream regions [72,73].
The management of watershed drainage systems, particularly
breaker dams, influences sediment transport and budgets [74-
76]. Breaker dams make it easier for sediment to build up in the
upstream along stable wadi beds, which slows the movement
of sediment downstream [78]. Shortly after the building of the
breaker dam, a sediment wedge begins to accumulate behind
the dam, causing the silting upstream to ascend toward the top
of the structure. This process typically occurs within a restricted
timeframe, frequently less than 30 years [77,78]. Consequently,
understanding the sediment wedge volumes retained by breaker
dams could effectively aid sediment management at the watershed
level.

Measurements of the geometric characteristics of the three
main breaker dams (Wadi Hayl, Wadi Ham south dam, and
Wadi Safad) and the corresponding wedge model is used for
the quantification of the retained sediment volumes V. To this
purpose, the prism method [79] (Castillo et al. 2007) was used.
This method considers the volume of a triangular prism (Figure
8). The volume ‘V’ is calculated using the following equation:

V o= 1/6%h*L (24+4") (6)

Where h and 4 are respectively, the height and the width of the
breaker dams, L and A’ are the length and the upstream width of
the sediment wedge.

Methodology for the Dams Soil and Water analysis

Watersamples were obtained from three dams in the Emirate of
Fujairah: Hayl, Safad, and Ham. The collection of samples occurred
one time at three distinct locations inside each water body during
the dry season (May-June). The obtained water samples were
stored in polyethylene bottles and subsequently transported to
the Fujairah Research Centre laboratories for chemical analysis.
Before collection, we rinsed each usable polyethylene bottle three
times with the sampling water to prevent contamination. One liter
of water sample was collected in a plastic bottle, carried in a cooler
to the laboratory, and thereafter stored at 4°C for future use.

The calibration process for the entire analysis involves
preparing standard solutions at specified concentrations of
0.5ppb, 1ppb, 5ppb, 10ppb, 20ppb, and 50ppb for heavy metals
and 0.5ppm, 1lppm, 5ppm, 10ppm, 20ppm, and 50ppm for
minerals. These calibration standards are used to generate a
calibration curve, which establishes the instrument’s response at
different concentration levels, allowing for precise determination
of unknown sample concentrations. To verify the accuracy
and reproducibility of the results, duplicate sample testing is
performed where the same sample is analyzed twice under
identical conditions. The agreement between duplicate results
helps assess method precision and detect any potential analytical
errors or instrument drift, ensuring data reliability.
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Water analysis

Chemical analysis was carried out on the water samples as
per the methodology described by Thillai et al. [80]. The collected
water samples have been analyzed for pH, electrical conductivity,
total dissolved solids, and salinity levels. The Aquasearcher
equipment measures these characteristics. According to the study
by Voica et al. [81], the water samples were tested for Ca, K, Mg,
Ba, Be, Cd, Cr, Pb, Sb, Sn, and Fe. Additionally, the water samples
from the three locations were analyzed for total nitrogen levels in
accordance with SOP-3090-003.

Soil analysis

All soil sample analysis followed in compliance with the
references [82-86]. To conduct the analysis of soil particle sizes,
firstly, the sieves were properly cleaned to eliminate any residual
particles and contaminants between the several examined
samples. Subsequently, 500g of each soil sample were, kept in
shaker sieves for 10 minutes. The sieve numbers were 6, 8, 10,
16, 30, 40, 50, 100, and 200, and the pan. We determined the
percentage of retained soil on each sieve and used it to estimate
the soil particle fractions.

Weight of ratained soil><
Total soil

100 (7)

Percentage retained soil =

Determination of soil organic matter and organic carbon: We
set a muffle furnace set at 550°C and placed a 5g dried soil sample
in it for 2 hours. Subsequently, then transferred the crucible
containing the ignited sample to a desiccator for cooling to room
temperature. Finally, calculated the proportion of organic matter
(OM) using the following formula:

(W2-W3)x100

OM =
(w2-w1)

(®)

W1 denotes the weight of the crucible; W2 represents the
weight of the crucible and sample prior to ignition; and W3
indicates the weight of the crucible and sample subsequent to
ignition. We subtracted the percentage of organic carbon from the
organic matter composition. Water retention capacity: The soil’s
water retention capacity got assessed using the droplet counting
method. In summary, 50 grams of dried soil sample were placed
in a beaker, followed by the addition of 25ml of water, which
was thoroughly mixed. Subsequently, the analyzed soil sample
was conveyed to the funnel containing filter paper, followed by
the careful addition of 25ml of water to the soil. The funnel was
affixed to the rubber hose, which had a stopper secured to its
neck. Thereafter, the examined sample was permitted to restin the
funnel for 30 minutes, after which the stopper was removed from
the rubber hose, allowing it to drain for a further 30 minutes. The
collected drop-off water was contained in a measuring tube. The
water retention capacity was determined based on the varying
volumes. Chemical analyses (pH, electrical conductivity, total
dissolved solids, and salinity): The chemical analyses conducted

were executed at a ratio of 1:5 (w/v). Five grams of dried dirt
were placed in a 50ml tube, followed by the addition of 25ml of
deionized water. Subsequently, the analyzed samples were left
to remain undisturbed for 24 hours. Subsequently, soil extract
was utilized to ascertain the values of pH, electrical conductivity
(EC), total dissolved solids (TDS), and salinity using the Ohaus
Aquasearcher equipment. Analyses of minerals and metals
(Ca, Mg, Ba, Be, Co, Cr, Ga, Hg, Li, Pb, Sn, and V) were conducted
in accordance with SOP, ICP-MS, 2005, and the research work
conducted by Aydemir et al. [87].

Data analysis

The gathered data were analyzed in triplet, and a one-
way ANOVA was performed to evaluate the impact on the
chemical analysis of the sampled water. Two-way ANOVAs were
conducted to evaluate the effects of location and soil depth on
the physicochemical parameters of the analyzed soil samples.
Pearson correlation was also conducted to ascertain the types
of correlations among the various examined variables in the soil
samples. All data analysis was performed using SYSTAT 13.0.

Limitations and uncertainties

This section addresses several critical limitations of our

research methods, including regional model

uncertainty, input data, and validation.

applicability,

The simple empirical nature of the model and its many
subcomponents, data availability concerns, and the model’'s
inability to account for soil loss due to gully erosion, mass sliding
events, or the prediction of potential sediment yields in streams
are just a few of the limitations and uncertainties in this study that
can be linked to the current RUSLE formulation.

The RUSLE model disregards gully erosion. Gully identification
and measurement within the watershed will increase the precision
of soil loss estimation for upcoming conservation planning and
management initiatives. It was also not done to ascertain the most
sensitive input characteristics that direct specific and focused
actions [71]. To demonstrate a connection between soil loss and
unsustainable soil management practices, more investigation is
required into the impact of soil loss on plantation productivity
and rural/urban lifestyles. Indeed, using the RUSLE model in
conjunction with local viewpoints allowed for the validation of the
study’s primary finding. Soil, land use/cover, rainfall, DEM, and
support practice data were used as input factors. After processing
the raster layers to show the pertinent input characteristics on
the ArcGIS platform, the inputs were multiplied to determine the
average annual rate of soil loss and provide intensity maps for the
study region.

Using the raster calculator of the map algebra function and
related packages, each component layer was multiplied together
in a GIS framework, using the RUSLE formula, to estimate the mean
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yearly soil loss after data entry operations and layer organization ~Results

were completed [88].
In this study, we estimated the amount and spatial distribution

The water and sediment samples from the three locations of soil erosion in the study region using remote sensing, GIS
Wadi Ham south dam, Wadi Hayl, and Wadi Safad are collected methodologies, and the RUSLE model. In addition, five factors
once for the analysis as per the project scope. In the future, more  related to the risk of erosion were computed.
samples to be collected to understand the seasonal changes.
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Figure 6: Showing different RUSLE parameters
(a): Spatial distribution of R factor; (b): Spatial distribution of K factor; (c): Spatial distribution of LS factor; (d): Spatial distribution of
C factor; (e): Spatial distribution of P factor.
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Rainfall erosivity factor (R-Factor)

To calculate the rainfall erosivity (R factor), average rainfall
data is utilized. The R factor varied from 85 to 120M] mm/
ha/h/year. The study area’s average annual rainfall pattern has
a southerly gradient, and the greatest values are in the northern
regions. As a result, a high R factor is expected in the study
area’s northern regions because R rises there while falling in the
southern regions (Figure 6a). However, it did demonstrate that
evaluating soil erosion in light of future land use/cover changes
and climate change requires consideration of rainfall erosivity.
Therefore, the distribution and intensity of inter-annual rainfall,
as well as climatic variations, are to blame for this.

Soil erodibility (K factor)

Because clay-rich soils are difficult to separate, their K values
are low. Despite their easy disintegration, coarse-grained soils
like sand have a low K value because of their potential for runoff.
Because they break down more easily and produce more runoff,
medium-grained soils like loamy soils have higher Kvalues [89,90].
The K factor for the study area is separated into four groups.
The areas that these categories 0.04, 0.04, 0.08, and 0.08-0.3
occupy in the present study area are 413.16, 1.9, and 132.56km?,
respectively (Figure 6b). Coming to the western region, where the
majority of wadis originate, as well as in its eastern regions, where
sandy clay loam is represented, the K factor was elevated, and it’s
been validated from the field photographs showing considerable
erosion in these areas.

Slope length (L) and Slope steepness (S) (LS Factor)

Although it depends more on slope than flow accumulation,
the LS factor was computed by taking both flow accumulation
and slope into account as inputs (Equation 3). The impact of
the topography component on soil erosion is described by the
LS factor. It takes soil erosion into account with respect to a
certain area’s topography. In this case, the topographic aspect
represents the study area’s vulnerability to topographic erosion.
It illustrates how the length and steepness of the slope affect the
erosion mechanism (Figure 6c). The percentage slope and Wadi’s
accumulation were entered into the topographic component
estimation process. The study area’s western and northwest
regions have a steep slope. Additionally, the slope maps show
regions with significant potential runoff and, consequently, high
rates of erosion; these potentials diminish as the slope decreases
from a high to alow degree of slope (Figure 6¢). Additionally, the LS
factor varied from 0.01 to 181. In the western and north western
regions of the research area, higher LS factors were prevalent. The
phenomenon suggests that the length and steepness of the slope
will enhance the amount of soil loss. The calculation of total soil
loss in the study area is significantly impacted by the LS factor,
according to a comprehensive review of all soil loss components.

The low-lying eastern alluvial plains have the lowest LS values,
which is indicative of the influence of the slope on the LS results.

On the other hand, the study area’s steeply sloping, complicated
western and northwest regions are having the greatest LS values.

Land cover management factor (C factor)

The cumulative effects of trees, plantations, and other land
cover regions on land degradation are measured by the C-factor,
which has values ranging from 0.06 to 1, according to Molla et al.
[91]. There are no dimensions in the C-factor. As far as possible,
the C-factor must be calculated using data on land use and land
cover from the present, particularly the vegetation cover, which
captures the current state of the study area [92]. Coverage of
vegetation is thought to be essential for avoiding water erosion.
The Normalized Difference Vegetation Index (NDVI) is used to
assess the vegetation cover indices [93,94]. The NDVI established
the relationship between soil erosion under specific vegetation
and soil erosion on bare land. The eastern edge of the study area
is where the lower C-values are located, mostly around the city’s
plantation areas and the floodplains next to the wadis (Figure
6d). Since these locations are really well protected, there are
lower C-factor values and thus less erosion. Increased C factor
values are seen in the northwest and southwestern regions,
which correspond to Wadi Ham’s upstream and downstream
sections, respectively. These regions have a higher likelihood of
experiencing soil erosion. The C-factor is the most significant
element in crop management and maybe the most significant
factor in the RUSLE model. ArcGIS 10.4 was used to build the
C-factor map.

Conservation support practice factor (P factor)

According to the data collected from the field, especially on
the details around the coastal plain, the predominant land use is
various plantations and built-up areas. In the downslope areas of
the Hajar mountains, there were contouring, artificial lakes, and
areas of grass patches along the downstream areas. The purpose
of these efforts is to manage the excess rainwater. The LULC
thematic layer has been prepared by onscreen digitization, and
a slope map is generated using DEM, which is used to calculate
the P values, and a P factor raster image was prepared as per
Tariq & Qin [95]. Conservation practices (P-factor), is based on
the current land management practices used in the Fujairah
city region and its environs; the P-factor values varied from 0.2
to 1, as shown in (Figure 6e). Thus, 0.2 represents a very strong
facility for protection against erosion, like plantation areas, and
other land use areas and 1 represents no facility for protection
against soil erosion [96,97]. Based on the results, lower P-factor
values characterized the core area of the study area, and higher
P-factors characterized the upper and western parts of the study
area, comprising hilly terrain.

Estimation of potential soil erosion

To evaluate the amplitude and spatial distribution of soil
erosion, GIS, remote sensing, and erosion models were combined
for the research region. The primary causes of erosion include
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rainfall erosivity, slope steepness and length, soil erodibility, land
cover management, and soil conservation. Figures 6a-6e display
the modeling results of these factors. Rainfall erosivity modeling
shows that an area’s propensity for erosion increases with rainfall
intensity. The soil erodibility parameter, which shows the soil’s
susceptibility to erosion as well as the rate of runoff, indicates
that the soils with the highest K parameter values are the least
transport-resistant and produce the most runoff. The length and
gradient of the slope are modeled, and the results show that the
larger the runoff velocities and consequent erosion, the steeper
the slope. Barren lands have the highest values, while plantations
and built-up land use have the lowest, according to the cover and
management component [46], which shows how different LULC
types affect soil loss rates. The annual erosion map of the study
area is displayed in (Figure 7), which is a consequence of the
final soil loss model and aids in identifying the regions that are

vulnerable to soil erosion. This study found that the yearly erosion
rates in tons per hectare were as follows: high (3% of the area),
moderate (14% of the area), and low (83% of the land), covering
483km? Sandy clay loam regions, under development, and
sections of barren land are associated with significant rates of soil
loss. It is evident that there is a large potential for soil erosion in
the downstream portions of the study area, which corresponds to
the coastal plain. Most of the images taken in the field are in areas
of high soil erosion, which were used to authorize the accuracy
of the soil loss map. This also demonstrates that our GIS and
RUSLE model output exhibited a significant level of accuracy. The
findings of this study could therefore help with decision-making
for better soil management and land protection. The appropriate
actions should be taken by municipalities and urban development
organizations to carefully mitigate this impact.
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Figure 7: Soil loss distribution map in the Fujairah City Region.

The total annual soil loss estimated in the catchment area
is between 25t ha yr! to 50t ha® yr. The soil erosion map is
classified into five categories based on erosion risk. The dark
green color shows a very low and low potential for soil erosion
and is dominantly located in the hilly terrain areas that are mostly
towards the west of the study area. The yellow color shows
moderate erosion, which is concentrated in the northern and
southern parts of the study area. Similarly, the red color shows
the high erosion risk areas near the downstream areas of Wadi
Ham, Wadi Hayl, and Wadi Safad (25-50 t ha! yr). According to
the results, the basin is experiencing relatively significant spatial

variations in soil loss due to the major differences in topographical
conditions, plantation practices, and mainly increased rainfall
fluctuations.

Discussion
Discussion on the soil loss in the Fujairah City area

The LS factor map in this work was prepared using an SRTM
DEM with a resolution of 30 meters, which was utilized to identify
the catchment of seven wadis. The R factor for the study is
computed using rainfall data from the CHRS RainSphere during
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2000 to 2023. Additionally, the Sentinel-2 data was used to create
an LULC classification map and an NDVI map, and the World Soil
Information - International Soil Reference and Information Centre
(ISRIC) data was used to estimate the K factor.

Both natural and man-made factors contribute to soil erosion
[98]. Understanding soil erosion, estimating its magnitude and
underlying causes, and devising effective mitigation strategies
are essential. Globally, a number of models were created and
put forth to measure soil erosion at different spatial scales. For
estimating soil losses and sediment transport, RUSLE is a widely
recognized, trustworthy technique [99,100]. In arid places where
data is scarce, the model efficiently estimates soil erosion with
insufficient data [101, 102]. In many local and regional places,
erosion is a significant problem, especially in countries with large
desert and arid regions, like the United Arab Emirates, which
are distinguished by protracted dry seasons [103]. Soil loss is
influenced by erosivity, soil erodibility, slope length and direction,
and LULC factors—the main parameters used in the RUSLE model
to estimate the soil loss [104,105]. Several spatial maps of RUSLE
parameters for this study location and utilized to calculate the
amount of soil lost.

According to our research, the yearly soil loss in our study
region, Fujairah City, is between 25 and 50 t ha! yr! (Figure 7).
Areas of sandy clay loam, areas under development, and barren
lands are associated with significant rates of soil erosion. It is also
clear that the research areas in the downstream sections, which
correspond to the coastal plain, are also in the high soil erosion
zones. The foothill areas near the city are also in the moderate
erosion zones, where there are already control measures like
artificial lakes and terracing already implemented. The results
obtained in our study are comparable to many places in the world
and in the dry Arabian Gulf region of Saudi Arabia. Recent studies
by Elhag et al. [103] on the two dry basins of Yalamlam and Al-Lith
in the Kingdom of Saudi Arabia revealed that the annual soil losses
in both basins varied from 10t ha? yr'to 40t ha! yr. In Wadi El
Hayat in the Jizan region, Azaiez et al. [106] monitored soil loss
using the FAO and RUSLE models. They discovered that the soil
losses ranged from 36.1t ha! yr? for the FAO equation to 40t ha!
yrt for the RUSLE equation. In order to evaluate soil erosion in
the Wadi Yalamlam basin southeast of Jeddah, KSA, Bahrawi et
al. [107] employed the RUSLE, RS, and GIS methodologies. They
estimated the annual soil loss to be 40t ha yr™.

The results of our investigation are compared with those from
other global investigations. The comparison makes it evident
that different regions have different patterns of soil erosion. For
instance, the results of this study indicate that the average rate
of soil loss in the Fujairah City area is higher than the results of a
study by Wolka et al. [108], which found that the average rate of
erosion in the Chaleleka Wetland Watershed, Central Rift Valley of
Ethiopia, was greater than 50t ha! yr'’. However, compared to the
average erosion rate of 78t ha! yr? in Pakistan’s Chitral district,

the amount of soil erosion in the Fujairah catchment region is less
severe [100]. The Daltonganj Watershed in Jharkhand, India, has
an average erosion rate of 69t ha yr?, according to a different
study by Tirkey et al. [109]. In the arid and semi-arid basin of
the Oum Er Rbia River (Morocco), Jazouli et al. [110] assessed
the average annual soil loss of 58t ha! yr! in 2023, while the
forecasted annual soil loss average for 2030 will be 60t ha® yr.
Significant on and off-site effects of soil erosion include a notable
reduction in the land’s ability to produce and sedimentation. The
quantity of soil erosion, which is mostly influenced by a variety of
elements such as vegetation cover, terrain, soil type, and weather,
can be blamed for these effects [103,107].

The sediment load and dam management techniques affect
the lifespan and performance of the dam. Sedimentation of dams
decreases their capacity to hold water, which restricts their
usefulness. Thus, accurate sediment load estimation and prompt
silt clearance procedures are critical to effective dam management.
RUSLE equations have been shown to be effective in a number
of models that are presented to assess the sediment load. When
making decisions on routine maintenance, rehabilitation, and
sediment management strategies, dam operators can utilize this
information to evaluate the effects of changing land uses, such as
urbanization and deforestation, on soil erosion and sedimentation.
By using the suggested models, dam managers can evaluate the
sediment loads and improve the sustainability and efficiency of
the dam.

Discussion on the sediment wedge calculation in the
three main dams in Fujairah city

We have learned that Wadi Ham South Dam, Wadi Hayl Dam,
and Wadi Safad Dam experienced water overflowing during the
floods of July 2022 and 2024 (Figure 5), due to the sedimentation
in these dams. Therefore, in order to gain better understanding
of the efficiency of these dams on sediment retension, Diaz et al.
[111] presented a methodology based on a topographic survey
together with remote sensing and GIS analysis. This method
is based on a simple hypothesis since they associate the wedge
sediment volume behind these dams with a known geometry. This
method strongly relies on the accuracy of data collection, which is
only achievable on small scales.

The wedge method employed in this study has proven to
be an efficient and reliable approach in determining sediment
deposition in these three dams. The discussion below highlights
the key findings and implications for future research and sediment
management. Measurements of the geometric characteristics of
these dams and the corresponding sediment wedge were used for
the quantification of the retained sediment behind the dams. These
activities necessitate numerous field visits to conduct surveys and
determine various variables necessary for volume calculations, in
addition to utilizing satellite images and digital elevation models
(DEMs). For example, h (height of the dam), and A (width of the
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dam) are measured in the field, and L (slope length) is measured
from the satellite image, and A’ is the slope change length, which

is arrived using the DEM by drawing the vertical profile along the
dam and verifying it in the field.

Figure 8: Rough sketch of the sediment wedge volume retained behind the breaker dams.

The measurement values in meters pertaining to individual
dams are as follows:

Wadi Hayl dam, h: 4, L: 65, A: 100, and A: 67.
Wadi Ham south dam, h: 4, L: 63, A: 130, and A:110.
Wadi Safad dam: h: 4, L: 80, A: 93, A’: 50.

In all of the three dams, wadi Ham south dam has the longest

dam length, whereas Safad dam has the shortest. As per the length
of the wedge slope is concerned, Safad has the longest, wadi ham
south dam has the shortest. After using the above formula-6 using
these values, the volume of sediment desposited in the three dams
are calculated. Wadi Hayl dam has a volume of 11,570m?, Wadi
Ham south dam has a volume of 15,540m? and Wadi Safad dam
has a sediment volume of 12,586m?.
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Figure 9: Wadi bed elevations for (a) Wadi Ham, (b) Wadi Hayl, (c) Wadi Safad and the position of the dams analyzed in Fujairah

Apart from the calculation of the volume of the sediment
behind these dams, the position of these dams in this wadi network
is also equally important to understand. Wadi Hayl originated at
a height of 950 m above msl, has a total length of 17km before

reaching the coastal plains. Here, the Wadi Hayl dam is constructed
at an elevation of 180m and at a distance of approx. 6.8km from
its origin point. Whereas, Wadi Ham has started its journey at an
elevation of 460m above msl, has a total length of 26km before
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reaching the Wadi Ham Dam. Constructed at an elevation of 80m,
the Wadi Ham south dam spans 24km from its starting point.
Finally, Wadi Safad started its journey at an elevation of 480m
above msl, and has a total length of nearly 11km before reaching
the coastal plains. Wadi Safad dam is built at a distance of 5.5km
from its origin and at an elevation of 212m.

Moreover, after comprehensive field visits, these three
wadis have no breaker dams or artificial lakes, before these
analyzed dams except wadi Ham. Hence, due to their steep bed
slopes (Figure 9abc), the water gushes fast downstream, thereby
carrying huge amounts of sediment along with them. Also due
to this abrupt power of the water from upstream, there are a lot
of erosion areas, like destroyed roads, and culverts, seen in the
downstream areas of Wadi Safad and Wadi Hayl.

Discussion on the soil (silt) sedimentation and water
analysis in the three main storage Dams in the Fujairah
City area

In a world where the climate is changing, managing flood risk,
providing enough water, and sediment supply are becoming vital
issues. Adequate storage capacity is necessary for reservoirs to be
able to manage these hazards [112], and sedimentation gradually
reduces this capacity over time [113]. Major influences on surface
erosion, land surface stability, and river sediment movement
across temporal and geographical scales have been identified as
being related to topography, climate, land use, and soils [114].
Sedimentation rates may therefore alter as a result of shifting
land use and climate in a reservoir’s contributing watershed. This
could shorten the reservoir’s useful life and make it more difficult

for the reservoir to operate for its permitted uses, such as flood
risk management and water supply.

Reservoir sedimentation is a problem, particularly in dry areas
where there is a lack of information, monitoring, and efficient
management practices. Flash floods are mostly responsible for
the formation of erosion and sediment yield in arid environments
[115]. However, the effects of flash floods on sedimentation are
rarely discussed in these areas, particularly in the Arab countries,
which have the highest levels of aridity. Sedimentation causes a
number of issues for dam reservoirs and downstream channels,
including decreased storage capacity, clogged reservoir beds,
and channel damage. Moreover, the conditions around dams
in arid locations are different from those in humid regions;
in particular, reservoir sedimentation is directly impacted by
weathering processes brought on by high temperatures, strong
winds, and the erosivity of rainfall and drought. As a result, when
infiltration decreases, soil bulk density rises [116]. Because of
the sedimentation, dams are unable to hold the floodwater in
the reservoir and overflow above the dams in the Fujairah City
region (Figure 5). The water is then released to groundwater
replenishment downstream of the dam without taking sediment
transport into account [117]. Wadi sediments, mainly of Hayl,
Ham, and Safad, are rich in nutrients, so it is crucial to understand
the nature of the water and silt deposited in the dams in order
to use them for domestic and agricultural purposes rather than
wasting them for nothing. Therefore, we have taken samples in
the three reservoirs and in three different locations (Figure 10) in
order to study the water’s and soil’s physical, chemical, and heavy
metal composition.

Dam, inset (c).

Figure 10: Showing the locations of Soil samples from Wadi Ham-south Dam, Inset (a), Wadi Hayl Dam, inset (b) and Wadi Safad

Water samples analysis

Chemical analysis of the dam’s water of Wadi Ham, Wadi
Hayl and Wadi Safad

The chemical analysis of the collected water indicated a
statistically significant difference (P < 0.001) among the various
locations (Figure S1 & Table S1). In summary, Hayl dam water
exhibited significantly higher values of pH (8.38), electrical
conductivity (0.76 mS/cm), total dissolved solids (0.37 g/L), and

sodium (0.00503%) compared to the water samples from Safad
and Ham dams. Conversely, nitrogen (0.38 ppm), calcium (18.6%),
and potassium (0.15%) concentrations were higher in Ham dam
water compared to Safad and Hayl. In contrast to Ham and Hayl,
water samples from the Safad dam displayed increased levels of
magnesium (5.70%). The water samples from the three locations
were analyzed for zinc and copper; however, the tested water
exhibited no presence of these chemical components.
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Heavy metal analyses of the dam water samples of Hayl,
Safad, and Ham in Fujairah after the rain

Locations of dam water samples had substantial effects (P <
0.05, P < 0.001) on the evaluated heavy metals (Figure S2 & Table
S2).Nonetheless, the impacts on beryllium and cadmium elements
were not statistically significant (P < 0.05). Overall, the water
from Ham dam had higher concentrations of Be (0.00669%), Cr
(0.0047%), Pb (0.0108%), Sb (0.0018%), and Ti (0.00465%)
compared to Safad and Hayl. Observed elevated concentrations of
barium (0.00453%) and iron (2.78%) in Safad compared to the
water samples from Hayl and Ham dams. Cadmium (0.00017%)
concentrations were uniformly distributed among the three
examined water sites. The three examined water sample locations
were also assessed for Al, As, Co, Mo, Ni, and Sn; nevertheless, the
chosen sites exhibited no presence of the analyzed variables.

Soil Samples analysis

To understand how chemical composition varies on each site
from water and soil, soil samples are also collected in the same
locations for the analyses. The collection was conducted at two
different depths that include 0-25cm and 25-50cm. The collection
points were distanced by 50m from each other, starting from
about 2m from the water body. The collected soil samples are
stored in labeled polyethylene bags and sent to the laboratory for
further analyses.

Effects of locations (Hayl, Safad, and Ham) and soil depth
(0-25 cm, and 25-50 cm) on the chemical analyses of the
tested soil samples.

Soil depth and sample collection locations had significant (P <
0.01 and P < 0.001) effects on the chemical analysis of the tested
soil samples (Figure S3 and Table S3). However, no significant
(P< 0.05) differences were observed on the organic matter and
organic carbon when considering the site location. Similarly, no
significant (P< 0.05) differences were noticeable in the EC, TDS,
salinity, organic matter, and organic carbon when emphasizing the
soil depths. The interactions between location and soil depths had
significant (P < 0.01 and P < 0.001) effects on pH, TDS, and salinity,
magnesium contents, but no significant (P < 0.05) differences
were recorded on calcium, organic matter, and organic carbon
levels. Overall, organic matter (3.605%), organic carbon (2.09%),
and pH (8.05) levels were greater in the Safad location between 0-
25 cm, and these values were comparably higher than those of 25
-50cm and the other locations. Oppositely, water holding capacity
(49.33%), calcium (22.5%), and magnesium (4.54%) levels were
more important in Ham location between 0-25cm than between
25-50cm, and these readings were higher than those of the other
locations. Surprisingly, Ham location exhibited elevated levels of
electrical conductivity (325.03uS/cm TDS (162mg/L) and salinity
(0.15psu) values than in between 0 -25cm and the other locations.

Impacts of the locations (Hayl, Safad, and Ham) and soil
depth (0-25 cm, and 25-50 cm) on the physical properties of
the tested soil in Fujairah

Soil sizes and collection locations had significant (P< 0.01

and P < 0.001) effects on the physical properties of the tested
soil samples regardless of the depth (Figure S4, Table S4). In sum,
the three tested locations, Hayl, Safad, and Ham, exhibited higher
levels of coarse sand than the other analyzed soil sizes, with Hayl
and Ham showing higher values between 25-50cm (= 22%).
Oppositely, more fine sand (12.12%) and silt and clay (9.58%)
amounts were found in Ham location compared with 25-50cm
soil depth.

Collection location and soil depths revealed significant (P <
0.01 and P < 0.001) effects on the water holding capacity (Figure
S4(c), Table S5). Nevertheless, the interactions between the two
factors had no significant (P< 0.05) effects on the assessable
variable. Overall, Ham soil sampling showed higher water holding
capacity between 0-25cm (49.33%) than 25-50 (47.33%), and
these values were greater than the other zones of collections.
The lower water holding capacity was noticeable in Hayl location
(39.33%).

Heavy metals analysis in the tested soil samples collected
in wadi Hayl Dam, Wadi Safad Dam, and Wadi Ham Dam
locations.

Soil depths and collection sites significantly influenced (P
< 0.05, P < 0.01, and P < 0.001) the heavy metal assessments of
the examined soil samples (Figure S5, Table S6). The interactions
between soil depths and the collection had substantial impacts
(P <0.01 and P < 0.001) on the concentrations of barium, cobalt,
gallium, lithium, lead, and vanadium, while no significant effects
were detected for beryllium, chromium, mercury, and tin. The
depth range of 0-25cm demonstrated a greater buildup of the
analyzed heavy metals compared to the 25-50cm range, with the
Hayl site exhibiting significantly higher concentrations than the
other evaluated locations. The concentrations of barium (5.65%),
beryllium (0.1%), gallium (3.33%), lithium (1.64%), lead (0.67%),
and vanadium (3.16%) were more significant at the Hayl site
within the 0-25cm depth compared to the 25-50 cm depth, and
these values surpassed those of other sites. The Safad site had
elevated tin levels (0.24%) in the 0-25cm depth range compared
to the 25-50cm depth and other locations. The concentrations of
cobalt (5.81%), chromium (25.5%), and mercury (1.67%) were
observed to be elevated at the Ham site inside the 0-25cm depth
compared to the 25-50cm depth, and these values surpassed
those recorded at other locations. The examined soil samples
are evaluated for silver, boron, bismuth, cadmium, and antimony;
however, none of these elements was visible in the sampled soils.

Chemical analysis of water and soil samples for the
selected locations in Wadi Ham Dam, Wadi Hayl Dam, and
Wadi Safad Dam

Sample types and locations had significant (P < 0.01 and P
< 0.001) effects on the tested chemical analyses (Figure S6 and
Table S7). However, no significant (P < 0.05) effects were recorded
on magnesium when considering the sample types variable.
Overall, the analyzed water samples exhibited significantly higher
levels of chemical elements than the sampling soils. pH (8.38), EC
(0.76mS/cm), TDS (0.37g/L), and salinity (0.36psu) were greater
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in the Hayl site compared with the other locations and the soil
samples. Reversely, magnesium (5.7%) amounts were higher in
the Safad location than Ham and Hayl, and the soil, while, calcium
(22.5%) levels were more important in the Safad soil compared to
the other locations and the water samples.

Overlap heavy metals analyses of water and soil samples
collected in Hayl, Safad, and Ham dam

Statistically, sample types and collection locations significantly
influenced the evaluated heavy metals (P < 0.05 and P < 0.001)

(Figure S7, Table S8). The gathered soil samples exceeded the
water samples in heavy metal accumulation. Barium (5.67%),
beryllium (0.103%), and lead (0.67%) were markedly elevated
in the Hayl site in comparison to the other locations and water
samples. Conversely, the Ham location demonstrated significantly
higher levels of chromium (24.46%) in the soil compared to the
other locations and the water samples.

Pearson correlation shows the relationship between the
different tested variables in Hayl, Safad, and Ham soil samples
(Table 3).

Table 3: Pearson correlation coefficient revealed different types of effects between the tested variables.

Analysis. Int J Environ Sci Nat Res. 2025; 35(2): 5564048. DOI: 10.19080/IJESNR.2025.35.556408

oM Carb. WHC pH EC TDS Sal. Ca Mg Ba BE Co Cr Ga Hg Li Pb
OM 1
Carb. 1 1
0.379 0.379
WHC 1
ns ns
0.342 0.342
pH 0.612** 1
ns ns
EC 0-348 0.348 0.8971*** 0.633** 1
ns ns
TDS 0-343 0.343 0.890*** 0.646%* 0.999*** 1
ns ns
0.312 0.312
Sal. 0.872%** 0.606** 0.991*** 0.990*** 1
ns ns
0.133 0.133
Ca 0.546* 0.011 ns 0.250 ns 0.245 ns 0.238ns 1
ns ns
0.283 0.283
Mg 0.801*** 0.512* 0.554* 0.555* 0.522*% 0.824%** 1
ns ns
-0.332 -0.332
Ba ns ns -0.717** -0.644** | -0.898*** | -0.901*** | -0.882*** 0.115ns | -0.304 ns 1
-0.338 | -0.338
Be ns ns -0.594* -0.637** | -0.805*** | -0.806*** -0.791** 0.254ns | -0.167 ns | 0.949*** 1
o 0280 | 0280 | oo cus | 0397ns | 0790 | 0.788% 0.775%* 0.771% | 0.878** | -0.536* | -0372ns 1
ns ns
Cr 0-204 0.204 0.796** | 0.130ns | 0.774** 0.763** 0.762** 0.658** 0.658** | -0.518* | -0.369ns | 0.905** 1
ns ns
Ga | 0267 | 0267 | co1xe | .0412ns | -0.879%* | -0874%* | 0860 | 0033ns | -0.286ns | 09417+ | 0875 | -0.577% | -0.678% 1
ns ns
Hg 0.112 0.112 0.577* 0.517* 0.323ns | 0.332ns | 0310ns 0.725* | 0.785**. | -0.035ns | 0.010ns | 0.622** | 0.338ns | 0.086ns 1
ns ns
Li | 0368 | 0368 | g3z | o788 | -0.899% | -0905% | 0878 | 0104ns | -0365ns | 09757 | 09367 | 0524% | 04s5ns | 0871 | OO0 1
ns ns ns
-0.201 -0.201 -0.023 0.359
Pb ns ns -0.265ns | -0.471ns | -0.497 ns -0.504* -0.479 ns 0.581* 0.145ns | 0.824** | 0.841%** s -0.012ns | 0.725** ns 0.779** 1
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Figure 11: Dredging and trucking of the silt from Ham (Inset a) and Safad reservoir (inset b).

Sediment removal options near the breaker dams

There are two main ways to regulate sedimentation in breaker
dams: mechanical methods and hydraulic methods. Mechanical
methods involve removing sediments from the reservoir. Currently,
Wadi Safad and the Main Wadi Ham Dam use mechanical methods
like dredging and trucking to remove the sediment (Figure 11).
Utilizing the force of flowing water, hydraulic techniques remove
siltdeposits [118,119]. The act of letting a water flow that contains
sediments to pass through a dam in order to remove accumulated
sediments is known as flushing [120]. Without requiring costly
dredging or other mechanical sediment removal techniques,
hydraulic flushing is a very practical method for restoring lost
reservoir storage. Two primary categories of flushing exist: First,
pressure washing; 2) putting in place drawdown flushing.

a) Pressure Flushing: The process of flushing a system
without lowering the water level in the reservoirs is known
as pressure flushing. Only a portion of the reservoir is emptied
during flushing, even if the water level remains constant. In the
lower output zone, where the flushing process is concentrated,
a conical shape is formed. This choice is only appropriate for
reservoirs with low water-intake capabilities.

b) Drawdown Flushing: With the use of low-level outlets
in a dam, drawdown flushing, also known as hydraulic flushing, is
a technique for scouring accumulated sediments out of reservoirs
either by lowering water levels or not. The bottom gates are used
to decrease the reservoir level and raise sediment velocities.
There are two types of flushing that fall under this category: free-
flow and under pressure. Water is released through the bottom
ports during pressure flushing, but the reservoir’s water surface
level is kept high. Free flow flushing is the process of emptying
the reservoir and rerouting the incoming water from upstream
through it to replicate the flow characteristics of a natural river.

Conclusion and Recommendation

This study assesses average soil loss on the catchment scale,
combining various methodological approaches based on advanced

geospatial technologies, monitoring techniques and empirical
models, and also assesses the amount of sediment deposited in the
dams, along with dam water and sediment analysis. The RUSLE
method has shown potential for predicting soil loss in the seven
catchment areas of wadis in Fujairah City using GIS environment
and satellite remote sensing data. The total estimated soil loss
according to RUSLE was 25-50t ha? yr’. The spatial variability in
rainfall patterns and the corresponding runoff discharges lead to
high sediment delivery at the three main dams (Wadi Hayl, Wadi
Ham south dam, and Wadi Safad) in Fujairah City. In addition,
we have calculated the volume of sediment trapped near the
three dams. The trapped sediment volume was estimated to be
approximately 11, 570m?, 15, 540m? and 12, 586m?® in Wadi Hayl
dam, Wadi Ham south dam, and Wadi Safad dam, respectively.

Overall, the research’s conclusions can help implement
appropriate erosion control methods in the areas that are severely
affected. The information gathered from this study could assist in
creating management scenarios and provide policymakers with
options for addressing the risks associated with soil erosion in
the Fujairah City area in the most efficient manner. These results
lead us to believe that this kind of silt needs to be removed or
redirected in order to prevent it from filling the dam reservoir,
which will happen very soon, if no maintenance is done with this
sediment load, the dam will eventually fail.

Significant differences were found both within and between
the examined areas in the water and soil samples that were
taken from the Wadi Hayl Dam, Safad Dam, and Ham Dam. The
chemical components found in the water samples from the dams
at Safad and Ham were much greater than those found in Hayl.
The soil analyses revealed the same tendencies. The depth of the
soil significantly impacted the measured variables, with 0-25cm
revealing higher significant values than 25-50cm. Analyses that
overlapped between the soil and water samples revealed the
possibility that some chemical components are environment-
dependent. Compared to the other elements we studied,
heavy metals showed higher in soil deposition than in water
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accumulation in our research. The opportunity to investigate the
Emirate of Fujairah’s environment, with a focus on soil and water
samples, was made possible by the current effort, but it would be
fascinating to do several further studies that would cover more
areas.

In the arid region of the Arabian Peninsula, most of the
basins are ungauged; therefore, it is imperative to start the future
research projects in the implementation of a statistical model
and on field investigations to understand the relation between
soil erosion and increase in the rainfall patterns mainly due to
climate change, cloud seeding, and assessing the sedimentation.
The next stage of the research would be quantifying the amount
of sediment deposited for every flash flood event at the major dam
areas using open pit, borehole data and drone survey.
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