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Abstract

Accurate modeling of dam reservoir sedimentation is crucial for effective reservoir man-
agement. Traditional approaches for estimating sedimentation include the Hydraulic
Approach (HA) and the Empirical Approach (EA). HA involves complex computations
and requires substantial data, while the EA relies on equations like the Universal Soil Loss
Equation (USLE) and the Revised Universal Soil Loss Equation (RUSLE), which use subjec-
tive parameters and lead to inaccurate estimations. This study introduces a novel approach
called the hydrological approach, which integrates the sediment rating curve (SRC) and
the dam reservoir elevation-capacity curve (ECC) to estimate reservoir sedimentation and
evolution of the ECC. This HA leads to a newly developed equation for the estimation
of the sediment rise and the corresponding sediment volume. The approach is applied
to the Wadi Fatimah Dam in Saudi Arabia. By combining rainfall data from 1985 to 2022
and performing rainfall-runoff hydrological modeling combined with the proposed HA,
sediment accumulation trends and reservoir capacity reductions are estimated from past to
present. Validation through ground survey and geophysical investigations in 2008 confirms
model accuracy. Findings reveal significant sediment buildup, with an estimated average
of 7.5 m rise from 1985 to 2008. The study’s main findings highlighted the urgent need for
effective sediment management strategies in arid regions, where sedimentation rates are
notably higher than in other regions.

Keywords: dam reservoir sedimentation; hydrological modeling; elevation—capacity curve;
sediment rating curve; Wadi Fatimah dam

1. Introduction

Reservoir sedimentation is a critical issue that affects the functionality and lifespan of
man-made reservoirs [1-3]. This occurs when sediment, such as sand, silt, and clay, accumu-
lates within a reservoir, gradually reducing storage capacity and impacting water supply,
hydropower generation, and flood management [4]. Globally, sedimentation accounts
for the loss of 1-2% of total reservoir storage each year [5,6]. Without mitigation, one-
fourth of existing dams may lose their effective capacity within the next 25-50 years [7,8].
Alarmingly, annual global storage losses already exceed the gains from constructing new
reservoirs [5,9].

The problem is especially pronounced in arid and semi-arid regions, including the
Middle East, Australia, and Africa. In these areas, sparse vegetation and intense erosion
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significantly accelerate sediment delivery to reservoirs [5,10]. In the Middle East, for
example, the average annual sedimentation rate reaches 1.02% [5,11], one of the highest
globally. This highlights the urgency of adopting effective management and modeling
approaches to extend reservoir lifespans.

Against this backdrop, two broad categories of models have traditionally been applied
to estimate reservoir sedimentation: physically based (hydraulic) models and empirical
models. Hydraulic models rely on detailed hydrodynamic and sediment transport parame-
ters, often requiring extensive datasets [12-15]. Empirical models, such as the USLE and its
derivatives [16-19], extrapolate sediment yields from observed data but can over- or under-
estimate outside their calibration domains. Each approach has limitations, particularly in
data-scarce arid environments.

Several studies have been conducted for estimating soil erosion and siltation of reser-
voirs using models like USLE, RUSLE by integrating them with GIS [20-23]. For instance,
ref. [20] studied impacts of soil erosion on dam siltation in the semi-arid K’sob watershed,
Algeria, using a geospatial methodology. By integrating the RUSLE with GIS and remote
sensing data, the research identifies critical erosion zones and estimates average annual soil
loss at 7.83 t/ha. The study by ref. [21] investigates soil erosion and sediment retention in
Wadi Baysh, Saudi Arabia, using the RUSLE model integrated with remote sensing and GIS
within the TerrSet platform. The research identifies significant erosion zones, highlighting
an annual soil loss of 57.91 million tons, primarily concentrated in mountainous areas.

This study introduces a novel approach to reservoir sedimentation known as the
hydrological model. The hydrological model bridges the gap between physical (hydraulic)
models and empirical models by integrating hydrological inputs into its framework. This
methodology offers a more comprehensive and easier understanding of sedimentation
processes. While hydraulic models often rely on intricate physical measurements and
detailed data, which can be challenging to obtain, especially in arid regions, empirical
models based on historical or observational data may not capture the complex dynamics of
sedimentation, leading to potential over- or under-estimation. The hydrological model ad-
dresses these limitations by integrating hydrological factors such as precipitation patterns,
runoff characteristics, and sediment transport mechanisms.

The background behind this novel approach consists of two steps. First, it integrates
the flood hydrograph generated from a rainstorm with the SRC developed from some
gauged basins to develop the sediment hydrograph of the storm. In the second step, an
ordinary differential equation is developed that relates the sediment discharge to the ECC
developed by ref. [24] to estimate the sediment rise that corresponds to the loss of the
reservoir volume over time. The developed differential equation is solved numerically
using the explicit Euler method. To the best of our knowledge, no previous research has
been conducted on the developed approach. Given the significant issue of dam reservoir
sedimentation in arid regions, the proposed novel approach aims to achieve the following
objectives: (1) propose a new model that establishes a relationship between sediment depth
and runoff volume, (2) estimate the loss in dam height resulting from sedimentation, (3)
estimate the temporal evolution of ECC, and (4) provide reservoir sedimentation scenarios
under rainfall variability and sediment management operations.

2. Model Development

In 2009, ref. [24] introduced a semi-empirical and dimensionless equation that es-
tablishes the connection between water depth and storage capacity. This equation was
formulated based on the resemblance between the natural logarithmic function curve and
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the stage-storage capacity curve. It relies on a single dimensionless variable known as the
reservoir coefficient “N”. )
Vi Y N
= {elnz(ym)—l}N (1)
Vin
where V}, is the reservoir storage capacity at depth y and V), is the reservoir storage capacity
at maximum depth and N is the reservoir coefficient derived from fitting.
From Equation (1), the dimensionless depth of the reservoir will be given as:

Z = 2
A 6 @
The dimensionless water surface area derived from Equation (1) will be given
as follows.
In2x L %
A [ T g T
Y ")
A 2 {e ! 1} ®)

where Ay, surface area of the water at depth y and Ay, is the surface area of the water that
corresponds to the maximum elevation.

To develop our model, we started by developing SRC, which is an equation that relates
the stormwater discharge to the sediment mass discharge. For this purpose, we have used
seven gauging stations in southwestern Saudi Arabia, specifically from Wadi Yiba and
Liyyah. The SRC typically is expressed in power format, and a logarithm can be introduced
to linearize the equation [22,25,26].

Qs = aQy, @)
log Qs = loga + blog Qy (5)

where Q; is sediment mass discharge in [M/T], Qy, is storm water discharge in [L3/T], and
a and b are the fitting parameters for the sediment transport.

Research on sediment transport dynamics in southwestern Saudi Arabia has been
reported [27]. Through their research, ref. [27] did validation and cross-validation in the
region and concluded that it is possible to apply a sediment rating curve (SRC) to estimate
sediment transport in ungauged basins within the same geographical area, provided
that runoff or streamflow data is available for the area under study. Table 1 depicts the
parameters a and b of Equations (4) and (5) obtained from ref. [27] for each sub-basin and
the general equation for the Yiba basin. Before applying the developed SRC equations for
the dam reservoir sedimentation study, the performance of the equations was checked by
reconstructing the sediment discharge hydrographs from the water discharge hydrographs
at several stations in the basins and some rainfall-runoff events via applying the developed
SRC general equation for the Yiba basin, as shown in Figure 1a,b. This hydrologically
controlled behavior is also supported by findings from other arid-region studies. For
example, ref. [28] demonstrated that sedimentation rates in Lake Urmia (Iran) are primarily
governed by water volume and sediment inputs from contributing rivers. Their study
further showed long-term stability of sedimentation processes from the early Holocene
to the present, indicating that sedimentation dynamics in arid environments are largely
controlled by hydrological inputs rather than short-term climatic variability alone [28].

By combining the available runoff or streamflow data with SRC equations, it becomes
possible to estimate sediment discharge in the ungauged basins within southwestern Saudi
Arabia, like Wadi Fatimah Dam (the current case study). The SRC provides a means to
relate the measured streamflow to sediment concentration, enabling the estimation of
sediment discharge or concentration.
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(b) Scatter plot between estimated and measured sediment discharge and the coefficient of determination
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Figure 1. Performance of SRC equations: (a) measured water, sediment and estimated sediment
hydrographs in Wadi Yiba using the generalized SRC equations with parameters given in Table 1, and
(b) scatter plot and coefficient of determination for the measured and estimated sediment discharges.
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Table 1. The fitting parameters (2 and b) of the SRC equations of the Yiba basin [27].

. Parameters
Basin Subbasin R?
a b

SA 422 0.0033 1.4343 091
SA 401 0.0088 1.3753 0.94

Yiba SA 423 0.0043 1.406 0.98
Sa 424 0.0025 1.6007 0.87
Generalized Equation 0.005 1.3853 0.98

The ECC (Equation (2)) can be rearranged as follows,

ln{(“,/fl)N—i—l}

y= ymW (6)

where y is the reservoir depth in m, y,; is the maximum dam height, Vy is the dam reservoir
volume that corresponds to y, Vj,; is the maximum capacity of the dam and N is a reservoir
coefficient specific to the dam.

Differentiating Equation (6) with respect to time, f, one gets the temporal evolution of
the ECC as follows,

R U A
dt  In2 [(://:1)1\74_1] dt

avy . . . . o .
The term — is the volumetric rate of change in the reservoir volume in time, which

)

in our case is the volumetric sediment discharge.
By introducing the average sediment density (ps), which represents the mass of sedi-
ment per unit volume [M/ L3], the SRC can be expressed as:

v, 1
I ®

where Qs (t) is sediment discharge at time ¢ in [M/T], ps is average sediment density [M/L3],
and t%y is in [L3/T].
Introducing the SRC equation, one can have a sediment discharge as a function of

stormwater discharge as,
avy 1

b
it gaQw (t) )

Qu(t) is the storm water discharge at time .
By substituting Equation (9) into Equation (7), one gets,

Vy N
dy _ Ym N(w) 1o
i i e P (10)
Vy[(vi) +1] ;
Rearranging Equation (6) to read,
y N
V, = Vi [e’"z%) - 1} 11)
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Then, substituting Equation (11) into Equation (10), one gets,

N-1

N(el“(yy(fn)) - 1> o
dy _ Ym

B 0]
dt  In2 v, (eznz(%))

Equation (12) is a differential equation that relates the sediment rise in the reservoir to

;aQ$u> (12)

the water hydrograph. This equation can be solved numerically using the explicit Euler
method with a selected time step (At) to read,

v )

e m p—

Ym L b

t) =y(t — At — — t— At) p At 13
S " In Vin (elnz(y(tymm))> PsaQW( ) (49

where y(t) is the sediment buildup height at time ¢, y(t — At) is the sediment buildup
height at time t — At, y;, is the maximum dam height, V}, is the maximum dam storage
capacity, At is the time step, Qq, (t) is water discharge, ps is average sediment density, N is
the reservoir coefficient specific to the dam and a2 and b are SRC parameters.

Once the sediment depth is estimated from Equation (13), the reservoir volume at a
specific time t is calculated by,

1

(1) N
Vy(t) = Vi [e’”wyi) - 1} A (14)

After applying the aforementioned model and completing the necessary data prepa-
ration, modeling, and analysis, the following outlines how the model is implemented to
estimate the evolution of the ECC.

(1) Estimating the sediment rise each year by incorporating the proposed equation.

J
y =) vi (15)
i=0

where | is the number of years, y; is the sediment rise at year i, which is estimated by
Equation (16), and y; is sediment rise after | years.
(2) Estimating the volume reduction in the dam.

]
Vi=Vp—-)YV (16)
i=0

where V; sediment volume at year i, V is the design capacity and V] is the reservoir
capacity after | years.
(3) Estimating the effective dam height by subtracting the total sediment rise from the
reservoir design height.
J
h]:hD_Zyi (17)
i=0
where hip is the reservoir design height, y; is the sediment rise every year and £ is
the effective reservoir height after | years.
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Figure 2 presents a conceptual model for the temporal evolution of the dam capacity
curve due to the accumulation of sediments and the corresponding reduction in reser-
Voir capacity.
Cloud-rain
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Figure 2. Conceptual model showing the sediment rise and the resulting reduction in storage capacity

of the dam.

3. Wadi Fatimah Dam as a Case Study

3.1. Study Area
3.1.1. Wadi Fatimah Watershed

Wadi Fatimah is located in the Makkah region of Saudi Arabia, on the western coast
of the country (Figure 3). The wadi is found between the latitudes of 21°16’ and 22°15' N
and longitudes of 39°15" and 40°30" E (Figure 3). The recharge areas of the wadi are near
Taif province, and some urban areas are located on the side of the wadi, such as Al-Jumum
and Bahrah [29,30].

Rainfall events in arid Saudi Arabia, in general, and the study area in particular, are
characterized by their sporadic nature and high variability. Wadi Fatimah is an integral
component of the Yemeni-Az Zibarah-Fatimah drainage system, stretching from As Sayl Al
Kabir, located 125 km east of Jeddah in western Saudi Arabia. Al-Jumum city is positioned
approximately 55 km to the east of Jeddah and 30 km northwest of Makkah. Within the
Western Region of Saudi Arabia, Wadi Fatimah is recognized as a significant drainage basin,
serving as the primary source of groundwater for the cities of Makkah and Jeddah.

The upper reaches of the wadi receive an average annual rainfall of around 280 mm,
with more than 70% of this precipitation occurring during the rainy season from December
to May. For the remainder of the year, rainfall is scarce. The lower areas of the basin are
among the driest in the region, with an average annual rainfall of less than 70 mm [31-34].
The region experiences substantial evaporation, exceeding 1000 mm per year, significantly
impacting the overall water balance and quality.
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Figure 3. General location of Wadi Fatimah (left map), Wadi Fatimah watershed, dam location, stream
networks, and DEM (right map).

Wadi Fatimah displays typical wadi characteristics in terms of geomorphology, origi-
nating from the western part of the Arabian shield’s escarpment ridge. It starts from an
elevated mountain range in the east, which has a steep slope, and gradually descends
towards the coastal plain of the Tihama region in the west. Wadi Fatimah has an altitude
ranging from 10 to 2314 m and an average elevation of 753 m above sea level (amsl). The
region surrounding Wadi Fatimah has diverse geomorphologic characteristics, which can
be classified as: (1) high-elevation mountain regions primarily composed of Proterozoic
rocks with peaks as high as 2314 m (amsl), which cover the majority of the basin’s catchment
area. The region’s topography has a significant impact on rainfall patterns, particularly
in the highly elevated areas, which have an orographic influence. (2) A hilly area occupy-
ing the eastern and middle parts of the wadi consists of dissected and weathered rocks.
(3) Piedmont plains are located in the low-lying areas between the highlands and the
Red Sea. These plains include morphotectonic depressions as well as the basin’s primary
tributaries [35-38].

3.1.2. Wadi Fatimah Dam

Wadi Fatimah Dam is one of the biggest dams in the Makkah region of Saudi Ara-
bia. This Dam was built in 1985 to recharge groundwater, as Saudi Arabia is one of the
freshwater-scarce regions.

The Wadi Fatimah dam (Figure 4) comprises four primary elements [36]:

e The dam structure is constructed using concrete, which is designed as a gravity-
type dam.
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The dam spillway is responsible for safeguarding the dam and facilitating the safe
release of excess floodwater over the spillway crest.

The dam outlet, located near the bottom of the dam, aids in the controlled drainage of
the dam reservoir when it reaches its maximum capacity.

The dam stilling basin, situated downstream of the dam, serves the purpose of dissi-
pating the energy of water discharged from either the spillway or the dam outlets. Its
role is to shield the downstream channel from erosion and, consequently, prevent the
dam from experiencing overturning failure (Figure 4).

21°43'45"N

21°43'30"N

39749457

39"a9'45"F

39°50°0"E

Figure 4. Wadi Fatimah dam images: (a) satellite imagery, (b) dam spillway, (c¢) dam deck,
(d) dam meter bar for measuring water level /sedimentation, (e) dam outlet mechanical part, (f) dam

baffle/chute blocks for dissipation of energy.
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The dam properties are described as follows in Table 2.

Table 2. Wadi Fatimah dam properties.

Parameters Description

Length (m) 600

height (m) 15

Maximum storage capacity (m?) 20 million

Type of dam Concrete

Spillway type Ogee spillway
Purpose Groundwater recharge

3.2. Methodology for Model Application
3.2.1. Data Collection

Hydrological investigations in arid and semi-arid regions are frequently constrained
by sparse, discontinuous, or entirely absent long-term monitoring records, particularly for
streamflow and sediment transport. In Saudi Arabia, this limitation is pronounced due
to the ephemeral nature of wadis, high transmission losses, and the limited number of
operational gauging stations. Consequently, direct discharge and sediment measurements
are unavailable for many basins, including Wadi Fatimah. To overcome these constraints,
regionalization approaches that utilize data from nearby gauged basins with comparable
climatic, geological, and physiographic characteristics are commonly adopted and widely
accepted in arid-zone hydrological studies.

The hydrological data, specifically rainfall data for the Wadi Fatimah Dam, were
sourced from the Saudi Arabian Ministry of Environment, Water, and Agriculture. This
dataset spans from 1985 to 2022, providing a comprehensive view of precipitation trends in
the study area. To address the absence of discharge records in Wadi Fatimah, hydrological
parameters were calibrated using data from the Wadi Al-Lith Basin, a gauged watershed in
the southwestern region of Saudi Arabia. Wadi Al-Lith was selected due to its geological
and climatic similarity to Wadi Fatimah, making it an appropriate proxy for estimating
runoff in the ungauged Wadi Fatimah basin.

The sediment data were derived from measurements taken at seven gauging stations
in southwestern Saudi Arabia, specifically within the Wadi Yiba and Wadi Liyyah basins.
These gauging stations were instrumental in developing SRCs, which relate storm discharge
to sediment discharge. The parameters of these SRCs were validated and applied to
ungauged basins within the same geographical region, including Wadi Fatimah.

The topographic data, particularly those related to the ECC, were based on the original
design data from 1985, the year of the dam’s construction. To validate the ECC and sedimen-
tation results, ground survey data collected in 2008 by the Ministry of Environment, Water,
and Agriculture were utilized. Additionally, geophysical investigations employing resistiv-
ity methods were conducted upstream and downstream of the dam to further substantiate
the findings on sediment accumulation and reservoir capacity changes over time.

3.2.2. Estimation of Wadi Fatimah Basin Hydrograph from a Gauged Basin in the Vicinity
(Al-Lith Basin)

Estimating runoff for watersheds without discharge records is a significant concern.
In the absence of data, hydrological model parameters can be estimated using regional
information. The assumption is that watersheds with similar characteristics exhibit similar
hydrological behavior and can be modeled using similar parameter values. Therefore,
it is reasonable to regionalize the hydrological model parameters based on watershed
characteristics [39,40].

https:/ /doi.org/10.3390/hydrology13030093


https://doi.org/10.3390/hydrology13030093

Hydrology 2026, 13, 93 11 of 26

In the southwestern region of Saudi Arabia, only five gauged wadis exist, and Wadi
Fatimah is one of the ungagged wadis. Due to this limitation, we selected a gauged wadi
(Al-Lith basin) that shares similar morphometric characteristics, geological features typical
of the Arabian Shield, climatic conditions, and a comparable drainage area of approximately
3000 km? with Wadi Fatimah (Table 3). The locations of both wadis are presented in Figure 5.
This choice allowed us to calibrate hydrological parameters and estimate reasonable values.

Table 3. Morphometric parameters of Wadi Fatimah dam and Wadi Al-Lith.

Length of Longest

. 2 .
Wadi Area (Km?) Flow Path (Km) Slope 10-85 Slope
Al-Lith 2724 153 0.0148 0.0123
Fatimah dam 3100 164 0.0107 0.0102
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Figure 5. Comparative locations of the basins: (a) general location of the study area, (b) location map
of Wadi Fatimah and (c) location map of Wadi Al-Lith.

The Natural Resources Conservation Services Curve Number (NRCS-CN), formerly
known as the Soil Conservation Service (SCS) method, is widely used to estimate surface
runoff in both gaged and ungagged watersheds. It is commonly referred to as the NRCS
Runoff Equation or NRCS Curve Number method (Equations (18) and (19)).

% , if P> AS
R= . (18)
0, if P<AS
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where R denotes the quantity of surface runoff, P denotes rainfall, A represents the initial
abstraction ratio traditionally assumed to be 0.2, and the variable S represents the quantity
of potential maximum retention. S is estimated by the hydrological parameter CN.

100
S-254<CN—1>...

where CN is the curve number and S is the potential maximum retention.

A total of 161 rainfall-runoff events from five basins (19 sub-basins) in southwestern
Saudi Arabia were analyzed [41]. They used the least squares method to identify the
optimal range of values for A and CN based on three estimation methods. The analysis
revealed that CN values varied between 45 and 85 at A = 0.2. Lower CN values were
attributed to transmission losses, which are common in arid regions. The study also found
that an initial abstraction ratio of A = 0.01 was more representative of arid basins compared
toA =0.2[41].

Figure 6 below shows some of the measured hydrographs from Wadi Al-Lith, and
Figure 6 illustrates the calibration of hydrological parameters respectively.
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Figure 6. Some of the observed rainfall-runoff events at Wadi Al-Lith basin at the outlet station J418.
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The hydrological parameters have been calibrated using the software Hydrological
Modeling System (HEC-HMS) version 4.10, and the outcome is illustrated in the following
Table 4. The hydrographs in Figure 7 depict very good agreement between observed and
simulated hydrographs and the average Nash-Sutcliffe coefficient of the five events is 0.75,
which is relatively high. The important parameter in the calibration is the NRCS-CN, which
is about 50 on average, indicating the effect of transmission losses in the basin, which has
been supported by earlier studies, [41]. Therefore, the NRCS-CN = 50 is used to estimate
the flood hydrograph in Wadi Fatimah from the rainfall events recorded in the stations in
the vicinity of Wadi Fatimah dam, since there are no runoff stations available in the vicinity
of the dam.

Table 4.
Sutcliffe coefficient.

Summary of the calibrated parameters and model performance based on Nash-

Calibrated Events

Parameters

25-Nov-84

Average

19-Dec-85 9-Dec-85 11-Apr-85 22-Apr-85

CN

Storage coefficient
Ratio to peak
Recession constant
Nash-Sutcliffe

61

0.02
0.23
0.12
0.96

55.9
0.037
0.117
0.146
0.7

35

1.156
0.0906
0.051964
0.93

44

4
0.063
0.026
0.9

50
1.3626
0.12212
0.09079
0.85

54
1.6
0.11
0.11
0.76
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Figure 7. Observed and simulated rainfall-runoff events during the calibration of hydrological
parameters of Al-Lith basin based on HEC-HMS software.

Rainfall data for Wadi Fatimah Dam, spanning the period from 1985 to 2022 were
obtained from the Saudi Arabian Ministry of Environment, Water and Agriculture. The
stations used are illustrated below in Figure 8.
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Figure 8. Locations of rainfall stations (a), and average daily rainfall over the study area from 1966 to
2022 (b).

By conducting statistical analysis on the rainfall data gathered during the study period
spanning from 1966 to 2022, we have employed the calibrated parameters, obtained in
Table 3, to develop a rainfall-runoff model of the Wadi Fatimah basin at the dam site using
HEC-HMS 4.10 from the recorded events from 1966 to 2022.
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3.3. Validation

The model performance was validated by using field measurements, ground survey
data collected in 2008 by the Ministry of Environment, Water and Agriculture of Saudi Ara-
bia, geophysical investigations, and observation of some dam reservoirs in Saudi Arabia.

The general framework summary of the methodology of this study is illustrated below
(Figure 9).
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Figure 9. The general methodological framework of the study.

4. Results and Discussions
4.1. Estimation of Dam Sedimentation

The following Figure (Figure 10) provides insights into the relationship between
sedimentation, rainfall patterns, and the impact of the dam on sediment accumulation
throughout the study period.

Figure 10 presents the daily average rainfall per year and the sedimentation data
from 1966 to 2022. It reveals that from 1965 to 1980, known as the pre-dam phase, no
sediment accumulation occurred due to the absence of the dam. However, in 1985, when
the dam became operational, there was no sediment accumulation initially because of the
excavation carried out during the dam construction. From 1985 onwards, sediment began
to accumulate as a direct consequence of the presence of the dam.
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Figure 10. Time series of the average daily rainfall, 10%, 50%, and 90% rainfall per year, and the
corresponding sedimentation rise.

Figure 10 also illustrates the sediment height and average daily rainfall data for
different percentiles (10th, 50th, and 90th) for the study period of 1965-2022. This figure
provides a comprehensive view of the sediment height and rainfall patterns throughout
the entire study period, capturing the variability across different percentile values. The
sediment height estimates obtained from the model revealed about 11 m of depth of
sediments that accumulated over the dam from 1985 to 2022. The 50th percentile sediment
height was calculated to be 9.64 m, indicating that this value represents the median or
central tendency of the sediment height distribution. Furthermore, the 10th percentile
sediment height was estimated to be 6.66 m, and the upper-bound (90th percentile) scenario
produced a higher simulated sediment rise, which was limited to the spillway elevation
(13 m) to reflect the physical storage constraint of the reservoir (Figure 10). These results
demonstrate the variability and uncertainty associated with sediment deposition within
the study area.

The variability in sediment yield is directly linked to rainfall fluctuations, as sedi-
ment transport in arid environments is strongly event-driven. Not all eroded sediments
necessarily reach the reservoir during low-rainfall years. Conversely, extreme rainfall
events may generate disproportionately high sediment inflow. For this reason, uncer-
tainty bounds were incorporated into simulations to reflect the variability in rainfall-driven
sediment generation and transport processes. These bounds are intended to represent
climatic uncertainty.

It should also be noted that several simplifying assumptions were adopted in the
present analysis, including uniform sediment bulk density and the use of generalized
SRC and regionalized hydrological parameters. While the SRC formulation employed
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herein has been previously subjected to sensitivity analysis, cross-catchment validation,
and statistical significance testing [27], the present study does not explicitly propagate
parameter uncertainty into sediment height or reservoir capacity loss estimates. Variations
in sediment density and SRC coefficients may influence absolute sediment accumulation
volumes; however, the proposed conceptual-mathematical integration framework remains
structurally valid under parameter variability. A comprehensive uncertainty propagation
analysis (e.g., Monte Carlo simulation or stochastic parameterization) is recommended as a
valuable extension of this work to further quantify confidence bounds around predicted
sediment rise and storage loss.

The relatively widespread range between the 10th and 90th percentile sediment heights
reflects the inherent hydrological variability of ephemeral stream systems, where a limited
number of high-magnitude flood events can contribute disproportionately to long-term
sediment accumulation. Field observations from several dams in the region indicate
that extreme sediment deposition is physically plausible, with some reservoirs nearly or
completely filled up to the dam crest. Such high sediment levels may occur in the absence of
sediment removal or active reservoir management. Therefore, the percentile range should
be interpreted as an uncertainty envelope rather than deterministic outcomes. The median
(50th percentile) represents the most representative long-term estimate, while the upper
percentile provides a conservative scenario useful for risk-informed reservoir design and
sediment management planning.

4.2. Scenarios of Sediment Remouval and Its Effects on Sediment Buildup Around the Dam

While comprehensive official maintenance records are not publicly accessible, the
study incorporates available documented data and expert judgment to contextualize sedi-
ment management at the site. A local report by Okaz [42] documented that approximately
135,000 m? of sediment was removed from the Wadi Fatimah Dam in 2020. This documented
figure is further supported by expert judgment provided by a dam management engineer
from the Ministry of Environment, Water and Agriculture. According to this expert input,
removal activities are periodically conducted and primarily focus on the upstream side of
the dam outlet to maintain water release functionality. Due to the lack of long-term quanti-
tative records, the sediment management scenarios in this study are framed as exploratory
simulations. They assess the potential influence of periodic cleaning on reservoir capacity
rather than attempting to reconstruct precise historical operational practices.

To assess the impact of sediment removal, we have devised two scenarios:

1.  In the first scenario, sediment removal is conducted annually, ensuring that the
sediment accumulation is limited to a maximum height of 5 m from the reservoir
bottom. This approach involves regular cleaning activities to prevent excessive sedi-
ment buildup.

2. Similarly, the second scenario involves sediment removal every 5 years (Figure 11).
It is worth noting that the outlet of the dam is situated at a height of approximately
5 m, and the cleaning efforts are concentrated in this specific area. In both cases,
maintenance starts once sediment accumulation reaches above the height of 5 m
from the reservoir bottom to keep the outlet opening clear to allow the water from
the reservoir.

An animation illustrating the simulated reservoir sedimentation and the evolution
of the elevation—capacity curve is available at Temporal Evolution of Elevation Capacity
Curve and Simulation of Reservoir Sedimentation for Dams.
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Figure 11. Scenarios of sediment removal after sediment buildup reaches the height of the bottom of

the outlet (i.e., above 5 m from the reservoir bottom).

4.3. Prediction of the Temporal Evolution of the Elevation—Capacity Curve

As mentioned in the methodology, parameter N can be estimated both numerically
and analytically. This is achieved by fitting the measured dimensionless elevation—capacity
curve to the model elevation—capacity curve [43].

Two recorded measurements of the elevation—capacity curve for Wadi Fatimah dam
were found, the first was in the design of the dam in 1985 and the other was the resurvey
data in 2008. By utilizing these measurements and assuming a linear sedimentation rate
and capacity reduction, we can forecast the elevation—capacity curve for the dam by using
the proposed equations in the model development sections. Figure 12 depicts the predicted
elevation—capacity curve from the initiation of dam operation and extends up until the
year 2022.

As depicted in the following figure, the storage capacity of the dam was at its maxi-
mum level in 1985, with 20 million cubic meters. However, over time, the capacity gradually
decreased to 19.56 million cubic meters by 1990. In 2008, the measured live storage capacity
was approximately 11.5 million cubic meters, while the model’s estimation of live storage
capacity was around 14.5 million cubic meters. By 2022, the capacity had further dimin-
ished to about 8.9 million cubic meters, indicating a reduction of approximately 55% of the
overall dam capacity.
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Figure 12. Estimated temporal evolution of the elevation—capacity curve from 1985 until 2022, passing
through 2008, where we have a ground survey.

4.4. Validation of the Capacity-Elevation Curve and the Sediment Rise

Validation of the model sediment height was performed based on (1) the ground
survey in 2008, (2) geophysical investigation upstream and downstream of the dam, and
(3) comparison with some observed sediments in dams in Saudi Arabia.

From ground survey data in 2008: The capacity curve measured in 2008 can also
serve as a validation reference for sedimentation between 1985 and 2008. In 2008, the
model estimated a sediment height of approximately 7.5 m (based on the annual average
daily rainfall over the basin), whereas the ground survey conducted in the same year
reported a sediment height of about 5 m [44]. It is important to note, however, that the
measured ground survey does not account for periodic sediment removal or cleaning
activities carried out by the ministry, which can contribute to discrepancies between the
modeled and observed values. This interpretation is further supported by Figure 13, which
illustrates sediment accumulation: one showing deposits below the outlet (~5 m) and
another showing additional accumulation above it [44].

A geophysical investigation based on the resistivity method: A geophysical study
is performed on the upstream and downstream sides of the dam. The downstream part
is designated by Section 1 (profile 1), and the upstream part is designated by Section 2
(profile 2) as depicted in Figure 14a.

The three models (Figure 14b) represent stages of processing and interpreting geo-
electric data for the first section. The blue color indicates low resistance values due to
the presence of clay or water saturation, while the green color represents moderate re-
sistance values, mostly indicating clay and limestone deposits relatively saturated with
water. The brown and red colors indicate high resistance values, indicating the presence of
granite bedrock.

The subsurface electrical sections of the first section (Figure 14b) revealed varying
electrical resistance values due to the diverse nature and geology of the area. The high
resistance values, depicted in dark red and brown (greater than 2000 (2 m), mostly represent
the upper part of the section (up to a depth of 2 m), where the sediments are dry due to
evaporation or the high resistance of exposed surface bedrock due to weathering. The deep
high resistance values are attributed to the presence of granite bedrock. The low resistance
values (ranging from 45 to 90 () m), depicted in blue, may indicate a water-bearing layer
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or water-saturated clay zone. The yellow and green colors indicate moderate resistance
values due to the presence of clay deposits.

Figure 13. Sediment accumulation below (a) and above (b) the outlet, highlighting the influence of
periodic sediment removal on discrepancies between modeled and surveyed sediment heights.

The saturated mud and clay extend across the section at various depths and may
contain fractures in different directions. The section illustrates an irregular boundary
between the bedrock and the overlying rocks. The three models in Figure 13 represent
stages of processing and interpreting geoelectric data for the second section, with similar
color gradations and resistance values as mentioned in the first section (Figure 14b).

The data from the second section (Figure 14c) indicate low resistance values depicted
in blue, which may indicate a water-bearing layer or water-saturated clay zone. The high
resistance values (greater than 2000 (2 m) are attributed to granite bedrock. The layer above
this granite rock is about 5 m thick and has low resistivity. This layer is attributed to the
sediment accumulation due to the dam, as it is found on the upstream part of the dam
(Section 2).

During the survey conducted in 2008, the measured height was around 5 m, while our
model projected it to be around 7.5 m based on the average annual rainfall, with the 10%
and 90% corresponding to about 3 m and 40 m sediment buildup. These inconsistencies
can be attributed to the irregular sediment removal activities performed by the Ministry of
Environment, Water, and Agriculture. Furthermore, because individual rainstorms may not
cover the entire watershed, the model may occasionally overestimate sediment rise. Since
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the frequency and quantity of sediment removal are unknown, accurately predicting the

sediment levels in the dam remains challenging. The amount of reservoir volume reduction
in the Wadi Fatimah dam reservoir is 42% in 2008 and it is expected to be 55% in 2022
according to the proposed model; however, due to cleaning and sediment removal, it goes
to a height of 5 m.
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Figure 14. (a) The two locations of geophysical investigation (Section 1, downstream, and Section 2,
upstream of the dam), (b) resistivity analysis for Section 1 and (c) resistivity analysis for Section 2 [44].

It is important to acknowledge that model validation in this study relies primarily
on a single ground survey conducted in 2008, supported by qualitative interpretation of
geophysical evidence. While the 2008 survey provides a critical benchmark for assessing
sediment elevation and reservoir capacity loss, the absence of repeated temporal surveys
limits the ability to fully constrain interannual variability and long-term sedimentation
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dynamics over the 1985-2022 period. Consequently, uncertainty increases when model pre-
dictions are extrapolated across extended time horizons with limited direct field verification.
The agreement between modeled sediment accumulation and the available survey data
supports the structural consistency of the proposed framework; however, future studies in-
corporating repeated bathymetric surveys, systematic sediment thickness measurements, or
time-lapse geophysical monitoring would substantially enhance model calibration, reduce
predictive uncertainty, and strengthen confidence in long-term sedimentation assessments.

Over a span of 29 years, the Hirakund Dam experienced a reduction in reservoir
capacity by 18.78%. The original capacity of the dam was 8144 million cubic meters (Mm?),
which decreased to 6614 Mm?®. Furthermore, when the dam was resurveyed in 2000, after an
additional 23 years, its capacity had further reduced by 27.6% [45]. Iradukunda’s research
on reservoir sedimentation in Kenya has revealed significant findings. In the case of the
Murera Reservoir, it was observed that approximately 14% of its total water storage capacity
was lost due to sedimentation, as indicated in Iradukunda’s study. Additionally, the author
identified a capacity loss of around 9% for Nakuru Lake in Kenya. These findings highlight
the substantial impact of sedimentation on the water storage capacity of these important
water bodies in Kenya [6,46].

Mane and Hangergkar studied the Ujjani dam reservoir in India and identified that the
reservoir’s design capacity of 7167.2 Mm3 decreased to 5467.5 Mm?> from 1976 to 2004. This
shows a total capacity loss of about 23.714% in a span of 28 years [47]. Wadi Fatimah Dam’s
reservoir storage capacity during the design of the dam was 20 Mm?, while its capacity
during 2008 and 2022 was about 11.5 Mm? and 8.94 Mm? respectively. This shows a total
storage capacity reduction of 42% in the span of 23 years and a total capacity reduction of
55% in 37 years.

The observed trends in sedimentation rate indicate that arid regions across the globe
face a more pronounced challenge of sediment accumulation compared to other geographi-
cal areas. Notably, research conducted by references [5] supports this finding, emphasizing
that the percentage of reservoir capacity lost to sedimentation annually in the arid Middle
East reaches a significant 1.02%. This percentage far exceeds the levels experienced in other
parts of the world, underscoring the severity of the issue.

In this study, we focused on the specific case of the Wadi Fatimah dam, which serves as
a poignant example of the detrimental impact of sedimentation on reservoirs in arid regions.
Within a relatively short period of 23 years (1985-2008), this dam encountered a staggering
loss of approximately 42% of its storage capacity due to sedimentation. This finding is
alarming, as it showcases the rapid and substantial decline in the dam’s effectiveness in
storing water.

Comparatively, when evaluating other dam reservoirs, such as Ujjani and Hirakund
mentioned above, the level of sedimentation experienced is significantly lower. The Wadi
Fatimah dam’s sedimentation rate is approximately double that of these other reservoirs.
This discrepancy highlights the unique and intensified sedimentation challenges faced by
arid regions, emphasizing the urgent need for effective mitigation strategies.

These findings emphasize the critical importance of addressing sedimentation is-
sues in arid regions, as the loss of storage capacity directly affects water availability and
sustainability. By developing and implementing comprehensive sediment management
plans, it is possible to mitigate the adverse effects of sedimentation, safeguarding the
long-term viability of reservoirs and ensuring a stable water supply for arid regions and
their communities.
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4.5. Practical Implications, Significance, and Limitations

The findings on reservoir sedimentation have direct implications for dam safety, flood
risk, and water-supply reliability. Sediment accumulation reduces storage capacity and can
lead to overtopping during high-flow events, threatening dam stability and downstream
communities [48,49]. In arid regions like western Saudi Arabia, the rapid rise in sediment
height observed in the Wadi Fatimah Dam underscores the urgent need for proactive
sediment management to maintain safety and storage efficiency.

Sedimentation also exacerbates flood risks by reducing the reservoir’s ability to buffer
extreme inflows, thereby increasing downstream flood vulnerability [48]. Similarly, it
threatens water-supply reliability, particularly in arid zones where reservoirs are vital for
domestic and agricultural use [50]. The predicted reduction in Wadi Fatimah'’s capacity
aligns with recent national findings showing that Saudi Arabia’s cumulative reservoir
storage capacity has declined by about 32% relative to design capacity, emphasizing the
severity of sedimentation impacts [51].

This study advances hydrological modeling of sedimentation and highlights the im-
portance of integrating sediment dynamics into dam design and management frameworks.
However, the study is constrained by data scarcity, simplified modeling assumptions, and
the omission of climate-change effects, limitations consistent with ref. [52], who cautioned
that hydrological analyses based on rainfall records shorter than 20 years may produce
unreliable flood estimations. It should also be noted that sediment transport in arid envi-
ronments is highly episodic and typically dominated by a limited number of high-intensity
storm events. In the present study, annual average daily rainfall was used to represent long-
term hydrological forcing for cumulative sediment rise estimation. While the rainfall-runoff
modeling framework is event-based, the aggregation of rainfall data to annual averages
may smooth the influence of extreme storms that can disproportionately contribute to
sediment yield. Consequently, peak-driven sediment pulses may be underrepresented in
long-term sedimentation estimates. Future research incorporating high-resolution storm-
scale rainfall data and event-based sediment simulations would improve the representation
of extreme-event dominance in ephemeral basins. Despite these constraints, the results
provide a robust foundation for sustainable reservoir management, offering insights that
can inform desilting strategies, risk assessments, and long-term water-security planning
across arid regions.

5. Summary and Conclusions

The sediment rating curves (SRC) developed from gauged basins are used to model
the sediment transport towards a dam reservoir and consequently can be used to predict
the sediment rise in the reservoir and the temporal evolution of the reservoir capacity
elevation curve (ECC). The power equation in the following form Q; = awa , where Qq is
sediment discharge, Qy, is water discharge, a and b are the parameters of the rating curves,
was developed for estimating sediment discharge and sediment yield of the basins.

A newly developed model that combines the SRC and the ECC equations is applied to
a dam case study in Saudi Arabia. The developed model is solved numerically to estimate
the sediment rise as
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where y(t) is the sediment buildup height at time ¢, y(t — At) is the sediment buildup
height at time t — At, y;, is the maximum dam height, V,, is the maximum dam storage
capacity, At is the time step, Qq, (t) is water discharge, ps is average sediment density, N is
the reservoir coefficient specific to the dam and a2 and b are SRC parameters.

Once the sediment depth is estimated, the reservoir volume at a specific time ¢ is
calculated by,

1

() N
Vy(t) = Vi {e’ﬂ(yym) . 1}

Augmenting both equations with rainfall data from the start date of dam operation
in 1985 until 2022, one can predict the changes in the ECC and therefore estimate the
sediment rise and the reduction in the reservoir capacity. The results of the model have
been validated in Wadi Fatimah dam case study, which produced pretty good results. The
model was able to match the ECC measured from the ground survey at the reservoir dam
site in 2008.

The model has estimated a rise of 7.5 m of sediment at the dam from 1985 to 2008
based on annual average daily rainfall, assuming no maintenance or sediment removal
from the reservoir. This estimate is supported by validation against the 2008 ground survey
and geophysical investigations, which indicated a sediment height of approximately 5 m at
that time. The observed 5 m is mainly due to regular maintenance at the dam site to keep
the outlet opening always clean from sediments to be able to release the reservoir water
after each storm.
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