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Abstract: This editorial introduces the latest research advances in the special issue on catchment
management and reservoir operations. River catchments and reservoirs play a central role in water
security, community wellbeing and social-economic prosperity, but their operators and managers
are under increasing pressures to meet the challenges from population growth, economic activities
and changing climates in many parts of the world. This challenge is tackled from various aspects in
the 27 papers included in this special issue. A synthesis of these papers is provided, focusing
on four themes: reservoir dynamics and impacts, optimal reservoir operation, climate change
impacts, and integrated modelling and management. The contributions are discussed in the broader
context of the field and future research directions are identified to achieve sustainable and resilient
catchment management.

Keywords: adaptive management; catchment modelling; integrated management; reservoir operation

1. Introduction

Catchment management and reservoir operation play a central role in water security, community
wellbeing and social-economic prosperity. Building reservoirs, which can store water during wet
periods and release it during dry periods, is an ancient approach to supply water to meet the ever
growing municipal, industrial and agricultural demands and to protect communities and cities from
flooding. Reservoirs are estimated to contribute directly to 12-16% of global food production as
they provide irrigation for 30-40% of a total of 268 million hectares of irrigated lands worldwide [1].
Nowadays, however, many reservoirs have to meet new demands in hydropower generation and
environmental flow regulation. For example, hydropower from reservoirs is the main source of
renewable, clean energy, and it accounts for about 19% of the world’s electricity supply and 97% of all
electricity generated from renewable sources [1,2]. Reservoir operation and management have to be
considered in the context of a system of systems to address the different, often conflicting, needs of
various stakeholders and their interdependency in the catchment and beyond.

The management of river catchments and reservoirs is now under increasing pressure from
population growth, economic activities and changing climate means and extremes in many parts
of the world. By the year 2050, the world population is expected to increase to nine billion and
agricultural production will need to increase by 70% to cope with the population increase and rising
food consumption [3]. This poses a huge challenge for land expansion and water withdrawals for
irrigation from reservoirs. Further, the total world energy consumption has been projected to rise from
549 quadrillion British thermal units (Btu) in 2012 to 815 quadrillion Btu in 2040, an increase of 48% [4],
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of which an increasing proportion will be generated from renewable sources, including hydropower.
According to the United Nations estimates, climate change could lead to an increase of 20% in water
scarcity in the coming decades [5]. The above-mentioned factors place an increasing pressure on the
effective management of surface water resources and environments. Adaptive management of river
catchments and reservoirs is crucial to guarantee sustainability in the water-energy-food-environment
nexus, which may become a major problem for sustainable development by 2050 [6,7].

Adaptive management of river catchments and reservoirs requires an in-depth understanding of
the various hydrological processes and the impacts of future uncertainties, and then the development of
robust, sustainable solutions to meet the needs of various stakeholders and the environment. Research
shows that small perturbations in precipitation frequency and/or quantity can result in significant
impacts on the discharge [8], and modest changes in natural inflows result in large changes in reservoir
storage [9]. Further, the changes in the hydrologic cycle will affect energy production and water
management adaptation strategies should be developed [10]. Climate change may confound water
resources planning because of the deep uncertainty in the local effects [11] and the system robustness
and resilience need to be fully understood [12]. Under deep uncertainty, the adaptive operational
approach may prove a reliable and sustainable overall management strategy [13].

To tackle the huge challenges in moving towards adaptive catchment management, a special
issue on adaptive catchment management and reservoir operation was proposed to review the latest
developments in cutting-edge knowledge, novel methodologies, innovative management options
and case studies in the field of water resources and catchment management. The main research
of the special issues focuses on the following four themes: reservoir dynamics and their impacts
on the sediment concentration in the reservoir and river, optimal operation of reservoirs, climate
change impacts and integrated catchment modelling and management. These themes are covered by
the 27 papers included in this special issue, as introduced in Section 2. This special issue will help
researchers and practical engineers understand the current challenges in catchment and reservoir
management and the current state-of-the-art knowledge and technologies employed to tackle these
challenges. It will encourage managers and operators to use advanced tools for better planning and
management of catchments and reservoirs, and thus improve the sustainability and resilience of water
resources systems.

2. Overview of The Special Issue

2.1. Reservoir Dynamics and Impacts

The construction of dams interrupts the natural continuity of rivers; this not only alters river
hydrology, hydraulics and aquatic ecology in the catchment, but also makes the reservoir itself a
complex system in which various processes need to be better understood. The studies in this special
issue provide an enhanced understanding of the processes within a reservoir and at the catchment
scale that could be used to improve catchment and reservoir management.

The sediment deposition within reservoirs has been a key issue that affects reservoir capacity
during the design life time. In China, 8 billion m® of storage capacity of 20 large reservoirs has been lost
due to sedimentation, which is 66% of the total reservoir capacity of these reservoirs [14]. The research
topics in this special issue range from the loads of the sediments and the distribution of sediments in the
reservoir to the sediment flushing efficiency of the reservoir. Ezz-Aldeen et al. [15] assessed the annual
runoff and sediment loads of the Dokan Dam watershed using the Soil and Water Assessment Tool
(SWAT) and identified the basins with a high sediment load per unit area. Chen and Tsai [16] proposed
a two-dimensional bed evolution model to estimate the sediment distribution, bed evolution within
a reservoir. He [17] and He et al. [18] quantified the effects of near-bed concentration on sediment
flux after the construction of the reservoir. To reduce the sediments, Esmaeili et al. [19] studied the
effects of water and discharge manipulation and the construction of an auxiliary channel on sediment
flushing efficiency with a three-dimensional numerical analysis.
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The construction of dams poses risks to the deterioration of upstream and downstream riverine
and riparian ecosystems as they can affect the flow regimes, sediment transport, biogeochemical cycle,
and downstream water temperature. Marcinkowski et al. [20] quantified the long-term downstream
effects of the Siemiandwka Reservoir on the river’s flow regime, including the flow duration and
recurrence of floods and droughts, and concluded that the upstream dam is the main driver inducing
the deterioration of the anastomosing stretch of downstream. Jiang et al. [21] investigated the effects
of the impoundment and the operation of the Jinghong Reservoir on downstream thermal regimes
through a three-dimensional hydro- and thermodynamic model. Yang et al. [22] evaluated the impacts
of water transfers on nitrogen (N) and phosphorus (P) uptake in the inner protection zone of the
receiving reservoir of the largest inter-basin water transfer project in China, i.e., the South-to-North
Water Transfer Project in China.

Recent research has confirmed that reservoirs emit a significant amount of greenhouse gas
emissions, but one of the challenges is how to accurately quantify greenhouse gas emissions from
individual reservoirs. Chen et al. [23] used two artificial neutral networks to estimate the total carbon
dioxide emissions from the world’s reservoirs and concluded that the models can be used to predict
CO, emissions from new reservoirs.

2.2. Optimal Reservoir Operation

The optimal design and operation of reservoirs has long been studied, but challenges remain
in many areas, such as improving the search efficiency, balancing objectives and increasing system
resilience, which are addressed in this special issue.

In addition to reliability and risk, there is a need to consider the performance of reservoirs from
other aspects, such as vulnerability and resilience [24]. Paseka et al. [25] considered the resilience
and robustness of the reservoir as key criteria to address the uncertainties from a range of future
climate scenarios, and demonstrated an optimal design approach using a multipurpose reservoir with
a number of objectives, including downstream environmental flow, water supply and hydropower
generation. Chen et al. [26] suggested that vulnerability, which is quantified as the expected violation
of the generation yield, should be considered in the optimal scheduling of hydropower generation.

In order to restore the natural stream flows and reduce the negative impacts of reservoirs,
the optimal operation of the reservoirs should consider social-economic and ecological objectives.
Liu et al. [27] developed the hedging rules to consider economic and ecologic objectives during
reservoir operation. Zhou et al. [28] demonstrated how the joint operation of several reservoirs
can effectively reduce the flood damage in several areas downstream.

New optimisation algorithms have been developed to improve the search efficiency and solution
quality when optimising complex, large water resources systems. Wen et al. [29] proposed an improved
differential evolution algorithm to solve the optimal operation model of the long-term scheduling
of large-scale cascade hydropower stations. Uysal et al. [30] used probabilistic streamflow forecasts
with a lead time of 48 hours to improve real-time flood control solutions. In the short-term operation
of hydropower plants, Ji et al. [31] proposed a new progressive optimality algorithm to consider the
interactions between two cascaded reservoirs. Bhatia et al. [32] used time-varying hedging policies
to improve the reservoir performance, which significantly reduced the water shortage ratio and
vulnerability in the case of Hemavathy Reservoir in Southern India.

2.3. Climate Change Impacts

Understanding the river runoff uncertainty is essential for the better adaptive management
of water resources under changing environments. For the changes of historical runoff,
Ye et al. [33] proposed two methods to study the quantitative relationship between daily and monthly
flow duration curves. Kinouchi et al. [34] quantified the basin-scale seasonal rainfall and elucidated
the quantitative relationship with existing climate indices. For the change of runoff in the future,
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Zhu et al. [35] investigated the variations of future climate and water resources availability in the Biliu
River basin in the northeast China based on the downscaled climate data.

The impacts of climate change on water systems have gained a lot of attention in the past
decades [36]. Abera et al. [37] assessed existing and future hydropower operation at the Tekeze
Reservoir in the face of climate change. Jiang et al. [38] built a system dynamics model to simulate the
evolution of the land and water resource systems in Heilongjiang Province under different climate,
economic and policy scenarios.

2.4. Integrated Modelling and Management

Integrated catchment management has long been promoted for sustainable resource management.
It recognises the complex relationships between hydrological, ecological and socio-economic systems
within a catchment, and seeks to integrate different systems, models and stakeholders for water
management. Zhao et al. [39] integrated a 1D water quality model and an environmental fluid
dynamics model to assess the environmental capacity in the Huangshi Reservoir basin, which helped
to determine the reduction targets to achieve the water quality requirements in the reservoir.
An integrated model was also developed to investigate the flood risk of a key water infrastructure—the
South-to-North Water Diversion project in China—and key model parameters were identified by
Jin et al. [40]. Tian et al. [41] revealed that the joint operation of surface water and groundwater
reservoirs is key to achieve balance among the agricultural water demand, ecological water demand
and groundwater sustainability.

The impact of flooding has to be considered from an integrated perspective.
Choi et al. [42] conducted a multi-scale analysis to investigate the relationships among the
bitterling and mussel communities, lentic habitat structures and channel characteristics, and provided
new insights into flood and sediment management at the catchment scale. The integration is also
required at the stakeholder level. Indeed, effective cooperation among stakeholders was demonstrated
to have a significant impact on water resource allocation in the Hanjiang River Basin through a game
theory-based bi-level optimisation model [43].

3. Conclusions

The research articles included in this special issue addressed the challenges in catchment and
reservoir management and proposed new methods, models and tools for a wide range of contemporary
issues in the following themes: reservoir dynamics and impact analysis of dam construction, optimal
reservoir operation, climate change impacts on hydrological processes and water management,
and integrated catchment management.

With a better understanding of the interdependency and complexity of various processes and
systems in a catchment, the utilization of water resources must be considered from an integrated
perspective, including the integration of physical, chemical and ecological processes; integration of
information and communications technology (ICT) and infrastructure [44]; and cooperation between
institutions and stakeholders. Meanwhile, growing populations and economic activities increase
the demands on food, energy and water, and their nexus needs to be addressed in the context of
deep uncertainty arising from climate change [7,45]. To achieve sustainable and resilient catchment
management, significant efforts are required from the research and practical communities to develop
integrated models, new artificial intelligence tools, and robust and adaptive management options to
meet the needs of various stakeholders and the environment.
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Abstract: Dokan is a multipurpose dam located on the Lesser Zab River in the Iraq/Kurdistan region.
The dam has operated since 1959, and it drains an area of 11,690 km?2. All reservoirs in the world suffer
from sediment deposition. It is one of the main problems for reservoir life sustainability. Sustainable
reservoir sediment-management practices enable the reservoir to function for a longer period of time
by reducing reservoir sedimentation. This study aims to assess the annual runoff and sediment loads
of the Dokan Dam watershed using the soil and water assessment tool (SWAT) model to evaluate
the relative contributions in comparison with the total values delivered from both watershed and
Lesser Zab River and to identify the basins with a high sediment load per unit area. These help in the
process of developing a plan and strategy to manage sediment inflow and deposition. The SUFI-2
program was applied for a model calibrated based on the available field measurements of the adjacent
Derbendekhan Dam watershed, which has similar geological formations, characteristics and weather.
For the calibration period (1961-1968), the considered statistical criteria of determination coefficients
and Nash-Sutcliffe model efficiency were 0.75 and 0.64 for runoff while the coefficients were 0.65
and 0.63 for sediment load, respectively. The regionalization technique for parameter transformation
from Derbendekhan to Dokan watershed was applied. Furthermore, the model was validated based
on transformed parameters and the available observed flow at the Dokan watershed for the period
(1961-1964); they gave reasonable results for the determination coefficients and Nash-Sutcliffe model
efficiency, which were 0.68 and 0.64, respectively. The results of SWAT project simulation for Dokan
watershed for the period (1959-2014) indicated that the average annual runoff volume which entered
the reservoir was about 2100 million cubic meters (MCM). The total sediment delivered to the
reservoir was about 72 MCM over the 56 years of dam life, which is equivalent to 10% of the reservoir
dead storage. Two regression formulas were presented to correlate the annual runoff volume and
sediment load with annual rain depth for the studied area. In addition, a spatial distribution of
average annual sediment load was constructed to identify the sub basin of the high contribution of
sediment load.

Keywords: Dokan Dam; runoff; sediment load; SWAT

1. Introduction

Most of the dams, storage schemes, and different hydraulic structures around the world suffer
from sedimentation problems. For dams and reservoirs, this effect is mainly concerned with the design
capacity and operation schedule. The main source of reservoir sediments is the main river flow in
addition to the runoff water, carrying the sediment load from watersheds and valleys surrounding
the reservoir.

Water 2018, 10, 858; d0i:10.3390/w10070858 8 www.mdpi.com/journal/ water
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After a long period of dam operation, it is usually necessary to evaluate the current storage
capacity of the reservoir relative to that in the design stage. The runoff and sediment load delivered to
the reservoir could be estimated based on measured values of continuous river flow. Schleiss et al. [1]
highlights and discusses the main matters concerning reservoir sedimentation. The reservoir
sedimentation problem should be considered from the early stages of planning design and operation.
In addition, the sedimentation process can create problems downstream from the dam which should
also be considered in the planning and design stages.

Physically based models are usually used in cases where runoff and sediment load data records
are not available. These models are of two types, which are referred to as single storm models
and continuous simulation models. The Areal Non-Point Source Watershed Environment Response
Simulation (ANSWERS) is developed by Beasley et al. [2]; and the European Soil Erosion Model
(EUROSEM) was improved by Morgan et al. [3]; all of those models mentioned are examples
of the former models. Examples of the latter are the spatially distributed erosion and sediment
yield component, chemicals, runoff and erosion from agricultural management systems CREAMS
(Science and Education Administration; Department of Agriculture, Washington, WA, USA) which
are proposed by Knisel [4]; the SHESED model (the hydrologic and sediment transportation model
of hydrological modeling system (SHE)) which is proposed by Wicks and Bathurst [5]; and the soil
and water assessment model (SWAT) that was developed by Arnold et al. [6]. The SWAT model is
the most commonly used model and, for this reason, a number of researchers have modified this
model for different purposes (see [7,8]). Durao et al. [9] estimates the transported nutrient load in the
Ardila River watershed in Spain by applying the SWAT model in order to identify the contribution
of this load to the whole watershed. The model is applied to simulate long-period data; the real
daily precipitation data is considered for the period 1930-2000. The considered flow data for model
calibration and validation extend from 1950 to 2000, and nutrient data stretch from 1981 to 1999.
The results indicate that the main source of diffusion prolusion comes from the main tributaries of
Spain. Wang et al. [10] tests the possible conservation practices within a rangeland watershed using
the agricultural policy/environmental extender (APEX). The model is calibrated and validated for
both flow and sediment yield for the Cowhouse Creek watershed in north Texas. The analysis of the
scenario extends from 1951 to 2008. It shows that a significant reduction reaches to 58.8% of overland
sediment losses from the area covered by a range brush to range grass. This reduction is due to the
replacement of shrub species with herbaceous species within the subareas. Samaras and Koutitas [11]
evaluates the effect of land-use changes in a watershed on coastal erosion for a selected area in north
Greece. They apply both the SWAT model and a shoreline evolution model, a shoreline evolution
model, for this purpose. The simulation is applied before and after land use change using three
formulas of sediment transportation. The result indicates that a reduction in crop/land use cover from
23.3% to 5.1% leads to a reduction in both watershed sediment yield and sediment discharge at the
outlet by (56.4%) and (26.4 to 12.8%), respectively. This study can be considered as a suitable tool and
guide for future work in the same field. Samaras and Koutitas [12] studies the effect of climate change
on sediment transport and morphology. The study is applied to a selected sandy coast area and its
watershed in North Greece. Both SWAT models are implemented for the watershed and PELNCON-M
is implemented for the coastal area to achieve the study aims. Two scenarios are employed; the first
one is considered to be an extreme rise in the precipitation depth on the watershed, and the second
one is considered to be an extreme rise in waves in the coastal area. Results of the first scenario shows
a significant effect on erosion, sediment transport, sediment yield and discharge at the watershed
outlet, while the second scenario indicates a lower effect on the coastline variation. Arnold [13]
developed the SWAT + CUP model ( SWAT Calibration and Uncertainty Programs, Swiss Federal
Institute of Aquatic Science and Technology, Zurich, Switzerland), which provides a semi-automatic
tool for decision-making for the SWAT model by applying both manual and automated calibration
and incorporating both sensitivity and uncertainty analysis. A number of previous studies [14-17]
were applied using the SWAT model to estimate runoff, sediment yield and/or other soluble materials
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for ungagged watersheds based on neighboring or similar property watersheds. Another technique is
used for flow and erosion, and sediment transport is the distributed mode. Juez et al. [18] simulates
the hydro-sedimentary response of the Western Mediterranean catchment to a representative rainfall
storm. The simulation combines the distributed flow surface model with the empirical model for
infiltration, the Soil Conservation Services Model (SCS), and the erosion model, which is the Hillslope
Erosion Model (HEM), considering water depth and flow as a 2D model. The present model is a tool
for analyzing the hydro-sedimentary process at a temporal and special scale.

Most countries in the Middle East suffer from water shortage problems, where the annual
allocation per capita does not exceed 500 m?® [19]. For this reason, water is essential to life,
socioeconomic development, and political stability in this region. Future prospects are negative;
therefore, this problem is expected to be more chronic and severe in future [20]. Iraq used to be
considered to be a relatively rich country in terms of its water resources, until the mid-1970s, because
of the presence of the Tigris and Euphrates Rivers [21]. Due to regional and internal problems in Iraq,
the estimation of the overall water required is about 75-81 billion cubic meters (BCM) [22], while the
available quantity is 59-75 BCM and will drop to 17.61 BCM in 2025 [23]. In view of this situation, it is
very important to know the actual storage capacity of the reservoirs—which are unknown now—so
that prudent water resources planning can be done. The sedimentation rate of several reservoirs was
recently investigated in Mosul and Dohuk. This is the third reservoir to be dealt with in Iraq. The bed
of the Dokan Dam reservoir (located in the northeast of Iraq) is surveyed by Hassan et al. [24], and this
studied the bed sediment using 32-bed samples distributed spatially over the reservoir. The results
indicate that the bed sediments of the reservoir are composed of silt (48%), clay (23%), gravel (15%)
and sand (14%).

All reservoirs in the world suffer from sediment deposition. This is one of the main problems for
reservoir life sustainability. Sustainable reservoir sediment-management practices enable continued
reservoir functioning for a longer period by reducing reservoir sedimentation. Iraq suffers from water
shortage problems, especially after the construction of a series of storage reservoirs in source countries
(Turkey, Syria and Iran), so the evaluation of the actual live storage capacity of dams is important
for the prudent management of the operation schedule. The aim of this study is to assess the annual
runoff and sediment loads of the Dokan Dam watershed (ungagged area) using a SWAT model set-up
based on the parameter transformation technique of the modeling-gauged Derbendekhan watershed
to learn the hydrological behavior of the area and to assess its contribution to the total values pouring
into the reservoir. Moreover, the set-up model helps us to find the spatial distribution of erosion and
annual sediment yield for the sub basins. This will help us to find the sub basins with a high sediment
yield and evaluate effective factors for them. These assessments help in the process of developing a
plan and a strategy for managing the sediment inflow and deposition.

2. Study Area

2.1. Location and Topography

The considered study area is the watershed of the Dokan Dam reservoir, situated in the northeast
of Iraq (Figure 1). Dokan dam is a concrete arch dam located in the Lower Zab River, about 65 km
southeast of Sulaimaniyah city and 295 km north of Baghdad, the capital city of Iraq. The dam height
is about 116 m at maximum river depth, having a total storage capacity of 6.87 x 10° m3 (6.14 x 10° m?
live storage and 0.73 x 10° m® dead storage) at normal operation level of 511 m.a.s.l. [22]. The dam
has been built to serve irrigation, power generation, water supply and flood control needs. Due to the
limited observed data of flow at the Dokan Dam watershed and the unavailability of sediments load
data, the second watershed considered for this research is the Derbendekhan Dam watershed; it is the
nearest watershed to the study area. The properties of the Dokan and Derbendikhan watersheds are
shown in Table 1. The digital elevation model (DEM) with 30 m resolution is considered to identify the
watershed boundary, classification of overland and channel flow, slopes and other properties.
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Figure 1. Topographic map of the watershed areas of the Dokan and Derbendekhan Dams and their
locations in Iraq.

Table 1. Properties of the Dokan and Derbendekhan watersheds.

A Max. Min. A Maximum  Minimum
Watershed (kreza) Elevation Elevation sl Vera(%/e) Annual Annual
o (m.a.s.l) (m.a.s.l) OPeY) " Rain (mm)  Rain (mm)
Dokan Dam 11,690 3557 489 26.5 1125 182
Derbendekhan Dam 15,280 3332 375 233 970 174

2.2. Soil Type and Land Use

The exposed rocks at the Dokan and Derbendekhan watershed areas are mainly limestone
and minor exposures of dolomitic limestone, dolomite, and Quaternary alluvial deposits [25,26].
Based on the Reconnaissance Soil Map of the three Northern Governorates, Iraq [26] and the Food and
Agriculture Organization of the United Nations (FAO) soil map [27], both watersheds are located on a
common extended type of soil classification. Samples for different soil classes were taken depending
on the soil map of the study area. A map of soil types is prepared for this study as a shape file for
each watershed to be used in the SWAT model (see below for model details). The soil samples analysis
includes grain size distribution in different types, organic matter content and hydraulic conductivity.
The analysis of soil samples indicates that the area generally consists of four major soil types. Most of
the area (85.6%) is covered by gravelly sandy mud; 6.9% is gravelly mud; and 7.5% of two types of
muddy gravel (the main differences between the two types are the percent of gravel, which is 74% and
56% for types 1 and 2, respectively). Figure 2 shows the shape file of soil type considered in the SWAT
model for the Dokan watershed.

The land use map for the years (1976-1979) [28] and available satellite image (NASA’s Landsat
GeoCover, 2007, with a spatial resolution of 14.25 m) indicates that the winter plants and pastures
represent the main part of the land use map of the studied area. This depends on rainfall as a main
source of irrigation water. The other parts are forests, vegetables and urban areas (villages). The land
use change is limited (see Table 2). This is mainly due to the geological nature of both watersheds.
In addition, the topography of the area does not enhance any changes. It is noteworthy to mention that
rain is the main source of irrigation. For these reasons, the land cover did not change widely through
the study period since the operation of the dam from the year 1959 to the year 2014. The Dam and the
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studied watershed are located away from the main cities, so changes in the urban and rural areas are
limited. Table 2 shows the percentage of different land use cover for the two periods of the available

land use map.
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Figure 2. Soil type classification of the Dokan Reservoir watershed.

Table 2. Percentages of different land use types for two years of the studied period.

Year Winter Plant and Pasture Forest Vegetables Urban Area (Village)
1976-1979 77.3 22.0 0.5 0.2
2007 82.7 15.6 1.6 0.1

Due to the small difference between the percentage of land cover for the two available years,
a map of land use for the study area is prepared as a shape file (Figure 3). The area consists of four
types of land use/cover. Winter plants (pasture) and forests of different types of trees cover the main
part of the study area, while the remaining small area is planted with vegetables near the reservoir
boundary and/or in urban areas (villages).

45007 46°00°F

0N 300N

300N 600N

Land Use Map

W Forest

[ Vegetables

3500°N [l Urban Area 0125325 50 Kilometers
Winter Plants

350N

4500 46°00°F

Figure 3. Land use and land cover classification of the Dokan Reservoir watershed.

3. Applied Model

The soil and water assessment tool (SWAT) is a physically based continuous simulation model for
short or long times that can be applied to large river basins and complex watersheds. It was developed

12
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by the US Department of Agriculture, Agricultural Research Service [6]. The model is an efficient
tool to estimate the flow and sediment load in addition to different chemical and nutrient materials.
The model divides the watershed into sub basins based on their DEM date and hydrological response
units (HRU); each unit has the same soil type, land use and land slope.

The hydrological simulation is based on the topographical terrain, soil type, land use and
hydrological data of daily precipitation, maximum and minimum temperature, wind speed,
relative humidity and solar radiation. The flow can be estimated based on a water balance equation;
this equation is simulated in the SWAT model by different modular: the land phase and routing
phase [14]. For the land phase, the soil water balance calculation is based on the following form [29]:

t

SWy = SWp + Z(Rday = Qsur — Eq — Wseep — qu) 1)
i=1

where,

SWi: Water content of the soil (mm);

SWp: Initial water content (mm);

Riqy: Depth of precipitation (mm);

Qsur: Equivalent depth of surface runoff (mm);

E,: Evapotranspiration depth (mm);

wseep: Depth of water seepage out of considered surface profile (mm);
Qgqw: Equivalent depth of return flow (mm).

The Penman-Monteith method is considered for potential evapotranspiration estimation.
The required input data to estimate the potential evapotranspiration (PET) using the Penman-Monteith
method are daily solar radiation, air temperature, relative humidity and wind speed. The formula of
this method considers three effective factors for evapotranspiration, which are the required energy to
sustain evaporation, the required strength to remove the water vapor and the aerodynamic in addition
to resistance of the surface. The Penman-Monteith method is in the following form [29]:

A(Hpet — G) +puir'cp'[eg —e]/ra

= A+7-<1+%>

@

where,

AE: Latent heat flux density (M]/ m2/ day);

E: Evaporation rate (mm/day);

A: Saturation vapor pressure-temperature slope (de/dt) (kPa/Co);
Hyer: Net radiation (MJ/m?2/ day);

G: Density of heat flux to the ground (MJ/m?/day);
0qir: Density of the air (kg/ m?);

cp: Specific heat at constant pressure (M]/kg/day);
ey: Saturated vapor pressure of air at height z, (kPa);
e;: Water vapor pressure of air at height z (kPa);

A: Psychrometric constant (kPa/Co);

rc: Resistance of plant canopy (s/m);

74 Diffusion resistance of the air layer (s/m).

Also, the different parameters of land management are recognized based on soil type, land use
and land cover. The soil water content and soil infiltration can be estimated by two methods based
on the available data, either by the Green—Ampt infiltration equation or curve number methods.
The Green—Ampt equation requires rainfall data of a sub daily interval, which is not available in Iraqi
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weather stations, so the curve number method is utilized throughout this work using the following
form [29]:

(R,W - 0.25)2

qurf = <Rd”y L 0.85) 3)

where,

Qsurs: Equivalent depth of surface runoff (mm);
Ray+ Rainfall depth of the considered day (mm);
S: Retention parameter (mm).

The value of S can be estimated by the following equation [29]:

1000 ) @)

§=1254 (W —10
where, CN is the curve number of that considered day.

The second process includes the estimation of soil erosion from the overland due to rainfall
detachment and surface runoff in addition to channel erosion and deposition. The sediments, routing in
both the overland and channel flow, are estimated based on rainfall data, soil properties, land use/land
cover and topography. The maps of soil type and land use are required with the digital elevation model
(DEM) data to identify the topography of the watershed and to classify it into overland and channel
sediment flow. The modified universal soil loss equation (MUSLE) is considered in the following
form [29]:

0.56
sed =11.8 x (stf'qpeuk'afehm> Kusre-Cusie-Pusie-LSusLe-CFRG ®)
where,

sed: Yield of sediment for the considered storm or day (ton.);

Qsurg: Volume of surface runoff (mm/ha);

Jpeak: Greatest surface runoff rate (m3/s);

arey,,: Hydrologic response unit area (ha);

Kyspe: Soil erodibility factor of Universal Soil Loss Equation (USLE);
Cusire: Cover and management factor of USLE;

Pyyspe: Soli practice factor of USLE;

LSyspi: Topographic factor of USLE;

CFRG: Factor of coarse fragment.

4. Model Calibration and Validation

4.1. Runoff and Sediment Load Calibration

Although the mathematical and conceptual models are considered widely in hydrological studies
to simulate different events, such as runoff flow, sediment and both suspended and dissolved
material transport, they still require calibration with measured values to ensure the accuracy of
the model outputs.

Two types of dataset are prepared to be applied to SWAT model. The metrological (climate) data
include daily precipitation, maximum and minimum temperature, wind speed, relative humidity
and solar radiation; hydrometric data are also present. The second dataset is the topography data,
which includes the DEM map.

In view of the limited available measurements of flow and unavailable sediment records of the
Dokan Dam watershed, the available data of the Derbendekhan Dam watershed (the adjacent watershed
to Dokan, Figure 1), were considered for both flow and sediment model calibration. Due to the similarity
in the geological formation, soil type, land use, topographical and watershed characteristics (Table 1),
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the parameters of the calibrated watershed can be transformed to an ungauged watershed model [17].
To calibrate the results of the SWAT model for both runoff and sediment, the SWAT-CUP software
is applied. It is an efficient tool to adjust different parameters of the SWAT model to obtain optimal
local results and create an uncertainty analysis of SWAT model parameters to provide an easy and
quick method of calibration and standardized calibration [30]. The considered software for the model
is the Sequential Uncertainly Fitting version 2 (SUFI-2, Swiss Federal Institute of Aquatic Science and
Technology, Zurich, Switzerland). In this program, all the uncertainty parameters can be used in the model
calibration, including uncertainly in driving variables, parameters of the conceptual model and considered
data [30]. Different statistical criteria can be considered in the model objective function to evaluate model
performance, such as the determination coefficient, Nash-Sutcliff model efficiency, root mean square error
and Chi-square. The determination coefficient is considered to be effective criteria to obtain the optimal
values of flow and sediment concentration between the observed and measured data.

The SWAT project for the Derbendekhan watershed is set-up including the required DEM data,
soil type land use, as shown in Figures 1-3, respectively, and meteorological data based on the nearest
stations to the area as shown in Figure 1. The monthly average flow rate data at Derbendekhan station
are considered for model calibration. To obtain an enhanced calibration of the model and for more
understanding of the model’s performance, the monthly recorded flow data are separated into base flow
and surface runoff [14]. The recursive digital filter technique [31] is used to obtain a monthly separation
based on the original daily separation technique. The separated monthly runoff from the total flow as
measured values is applied in SUFI-2 to calibrate the model parameters. The statistical criterion of the
determination coefficient is used as an objective function criterion. Besides this, the Nash-Sutcliffe model is
employed to evaluate the model performance. For monthly runoff flow, the highest obtained values are 0.75
and 0.64 for the coefficient of determination and Nash—-Sutcliffe model, respectively. The model uncertainty
was measured using two factors: the P-factor reflects the percentage of measured data bracketed by 95%
prediction uncertainty (95PPU). This means that one minus the P-factor represents the presence of poorly
simulated values. The R-factor is another measurement of model uncertainly equal to the average thickness
of the 95PPU band divided by the standard deviation of measured data. For the runoff calibration period,
the P-factor is 0.78 and the R-factor is 1.27. Figure 4 shows the observed and simulated runoff at the
Derbendekhan watershed outlet and the uncertainty band (95PPU) for the period (1961-1968).
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Figure 4. Monthly observed and simulated runoff at the Derbendekhan outlet and 95PPU for the
period 1961-1968.

The available measured sediment concentration data of the Diyala River at Derbendekhan station,
as presented by Assad [32], were utilized to calibrate the SWAT model parameters for the same period
of runoff flow calibration. Figure 5 shows the measured and optimal simulated values of sediment
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load concentration at Derbendekhan outlet. The same statistical criteria are implemented, and the
optimal resultant values are 0.65 and 0.63 for determination coefficient and Nash-Sutcliffe model
efficiency, respectively, while the P-factor and R-factor equal to 0.68 and 2.27 respectively.

g B % g

E

Observed sediment concentration (mg/()
& g
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Figure 5. Observed and simulated sediment concentration for period (1961-1968) at the Derbendekhan watershed.

The most effective parameters are selected for the runoff and sediment model calibration as
proposed by [28] in addition to other parameters. The resultant best-fitted values (optimal values) of
the parameters and the considered range are shown in Table 3. Parameters listed in Table 3 are also
mentioned in other previous literature [14,33].

Table 3. The range, optimal (fitted) values and sensitivity analysis of considered parameters.

Parameter Description Min_Value Max_Value Fitted_Value
V_GWQMN.gw Threshold depth in shallow aquifer (mm). 0 2 1.698
V_CH_COVl.rte Channel erodibility factor. 0.05 0.6 0.38715
R_USLE_K(..).sol USLE, equation soil erodibility (k) factor. —-0.8 0.8 —0.1168
R_LAT_SED.hru Sediment conc. In lateral and ground flow. 0 5000 2525

Linear par. for calculating max. amount of
R_SPCON.bsn sediment that can be re-entrained during 0.0001 0.01 0.008743
channel sediment routing.
Exponential Par. for calculating max. amount
V_SPEXPbsn of sediment that can be re-entrained during 1 2 1.549
channel sediment routing.
V_GW_REVAP.gw Groundwater “revap” coefficient. 0.02 0.2 0.07166
V_ALPHA_BF.gw Base flow alpha factor (days). 0 1 0.555
V__CH_COV2.rte Channel cover factor. 0.001 1 0.281719
V_GW_DELAY.gw Groundwater delay (days). 0.02 0.2 0.07166
R_SOL_BD(..).sol Moist bulk density. —-0.5 1 —0.3755
R_USLE_C(plantdat  in value of USLE-C factor for land ~05 05 0151000
cover/plant.
R_CH_N2.rte Manning’s “n” value for the main channel. —0.5 0.5 —0.279
R_USLE_P.mgt USLE, support practice parameter. 0 1 0.941
R_SOL_K(..).sol Saturated hydraulic conductivity. —0.5 0.5 0.177
R_CN2.mgt SCS runoff curve number. —-0.2 0.2 0.198
R_SOL_AWC(..).sol Available water content of the soil layer. —0.5 1 0.5005

Note: R: Relative, V: Replace. (..) for different soil or plant type.

4.2. Runoff Validation

A SWAT model project is set-up for the Dokan Dam watershed, the main part of the study area.
The limited recorded data of the monthly flow rate at the outlet of the Dokan watershed and the
absence of any sediment load measurements leads to utilizing the regionalization technique to transfer
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the effective parameters from the adjacent gauged (Derbendekhan) watershed. Due to its similarity
in geological formation, soil type, land use, watershed characteristics and weather data, the effective
hydrological parameters obtained from the Derbendekhan (gauged) watershed can be transformed to
the Dokan (ungauged) watershed. The process of parameter transformation is called regionalization.
There are a number of presented methods for the regionalization of the watershed hydrological
parameters: Kokkonen [34] applies the regression approach, while Parajka et al. [35] employs kringing
and a similarity approach and Heuvelmans et al. [36] investigates the application of artificial neural
nets and other methods. Since the Derbendekhan watershed is adjacent to the Dokan watershed
(Figure 1), and the physical, topographical properties and rainfall are similar (Table 1) along with
the geological formation, land use/land cover, and soil type, both watersheds have similar flow and
sediment parameters. In this case, the effective parameters can be transformed from a donor watershed
to an ungauged watershed. The fitted values of the Derbendekhan parameters calibrated by the SUFI-2
program are transferred to the Dokan watershed SWAT project. The SUFI-2 program is implemented
for the calibration, uncertainly analysis and regionalization of the considered parameters of the SWAT
model for the Debendekhan watershed for runoff and sediment load of concentration. Here, the SUFI-2
algorithm is used for the calibration, validation and measurement of the uncertainty for input data,
model and sensitive parameters. The degree of uncertainty is measured by two values: P-factor and
R-factor. The percent of measured values bracketed by 95% prediction uncertainly represent (95PPU),
which is the P-factor while the ratio of 95PPU thickness divided by standard deviation of measured
values is equal to the R-factor. When the simulated values are exactly the measured ones, the value of
P-factor equals 1 and the value of R-factor equals zero [37].

Based on the transformed parameters, the simulated runoff flows are compared with measured
values at the Dokan watershed outlet after the separation of the base flow for the period 1961-1964
(Figure 6) to evaluate the effectiveness of the transformation of the hydrological parameters. For the
validation period of runoff, the obtained values of the determination coefficient and Nash-Sutcliffe
model efficiency are 0.68 and 0.64, respectively, indicating that the transformation process is successful.
The P-factor and R-factor for the model uncertainty also indicate a reasonable model performance:
the P-factor is 0.71 and R-factor is 0.97.
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Figure 6. Monthly observed and simulated runoff at the Dokan outlet and 95PPU for the
period 1962-1965.

5. Results and Discussion

After Durbendekhan SWAT project calibration for runoff and sediment data, the best-fitted values
of the hydrological watershed parameters are transformed by the regionalization technique to the
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Dokan SWAT project, the main project of the study. The sensitivity analysis is also studied for the
most effective parameters on both the runoff and sediment load. The sensitivities are accomplished to
identify the effective parameters on runoff and sediment load values for the watershed. The parameter
sensitivity is estimated in the SUFI-2 model based on the multiple regression system presented by
Abbaspour [38] to evaluate the effect of the considered parameter value (b;) on the objective function
(8); its sensitivity is in the following form:

g=a+Y Bibi ©)
i

This formula calculates the average changes in the objective function due to the change in a given
parameter while other parameters are changing. The comparative significance and sensitivity of each
parameter are estimated based on the statistical criteria of the f-stat and p-value. The f-stat value is
obtained from the coefficient of a parameter in the multiple regression analysis divided by its standard
error. If the coefficient value is large in comparison to the standard errors, this mean that the parameter
is sensitive. The p-value can be obtained by comparing the t-stat value with the student’s distribution
table [37]. The p-value of each term test is the null hypothesis, in which the coefficient is not affected.
If the p-value is less than 0.05, it indicates that the null hypothesis can be rejected. The t-stat and
p-values of different effective parameters are shown in Table 4. The parameters are arranged from low
to high sensitivity, i.e., from low t-stat value or high p-value. The result of the test indicates that the
soil water content, soil curve number at normal conditions (CN2) and the soil saturated hydraulic
conductivity are the most effective parameters while threshold depth in a shallow aquifer, the channel
erodibility factor and soil erodibility (k) factor in USLE have the lowest effect on runoff and sediment
load simulation.

Table 4. Effective parameters arranged from low to high sensitivity based on t-stat and p-value.

Parameter Absolute ¢-Stat p-Value
GWQMN.gw 0.61 0.54
CH_COVLl.rte 0.62 0.54
USLE_K(..).sol 0.77 0.44
LAT_SED.hru 0.78 0.43
SPCON.bsn 0.92 0.36
SPEXPbsn 0.97 0.33
GW_REVAP.gw 0.98 0.33
ALPHA_BE.gw 1.20 0.23
CH_COV2.rte 1.25 0.21
GW_DELAY.gw 1.25 0.21
SOL_BD(..).sol 1.34 0.18
USLE_C(.)plant.dat 1.96 0.05
CH_N2.rte 2.08 0.04
USLE_P.mgt 3.69 0.03
SOL_K(..).sol 9.34 0.02
CN2.mgt 11.57 0.01
SOL_AWCC(..).s0l 16.05 0.00

Note: (..) for different soil or plant type.

The model is applied for the study period to estimate the runoff and sediment load reaching
the Dokan Reservoir. The considered years of simulation have begun since the operation of the dam
in 1959 to the year of the bathometry survey (2014) carried out by [39]. The resultant annual runoff
volume that enters the Dukan Reservoir from the HRUs ranges from 300 to 4600 MCM (Figure 7),
depending on rainfall intensity, depth and distribution through the rainy season. The runoff average
volume from the watershed represents 35% of the live storage capacity of the dam, indicating that
watershed runoff makes a significant contribution to reservoir inflow.
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The SWAT model is an efficient tool to estimate the runoff hydrograph, but, in some hydrological
studies, such as scheduling reservoir operations to supply the demand rate, the assessment of water
resource income only is required. A regression formula is determined based upon the input—output
data of SWAT model of the study area. This is a simple and quick tool to correlate the annual runoff
depth with annual rainfall with good correlation (R? = 0.9) results without the need for more detailed
input data as required in SWAT projects. The relationship used is in the following form:

Run gy = 0.075 x RY2L —1.92, R? = 0.90 (for Rany > 16 mm) 7)

where

Run ay,,,: Annual runoff depth mm);
R gpp: Annual rainfall depth (mm).
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Figure 7. Annual runoff volume and sediment load delivered to the Dokan Reservoir for the
period 1959-2014.

The formula is suitable when the annual runoff depth is greater than 15 mm to avoid negative
runoff; this value is already much lower than the minimum historical recorded value.

The sediment load delivered to the Dokan reservoir is also estimated based on MUSLE
programmed into the SWAT model for each single storm. The results are presented here annually.
The average annual sediment load concentration is 650 mg/¢. This concentration can be considered
relatively low in comparison with other locations or measurements in the region as proposed by [40,41]
as well as the worldwide rate [42]. This is due to the nature of the rocks of the area and the effect
of plant cover, such as winter pasture and plants and some forest trees throughout the region which
reduce the detachment of soil particles transported with runoff flow. The estimated annual sediment
load delivered to the Dokan reservoir from the watershed ranges from 3.6 to 0.16 x 10° ton for studied
period, Figure 7. The average annual value is 1.63 x 10° ton.

The sediment trap efficiency of the reservoir is estimated based on the method presented by Garg
V. and Jothiprakash V. [43]. This depends on reservoir storage capacity and annual inflow. The trap
efficiency of the Dokan reservoir changes through the study period from 1 to 0.985.

Based on the results obtained from the simulation model, the estimated sediment load volume
deposited in the reservoir for the considered period is about 10% of the dead storage capacity.
This value is for the watershed only, which is considered a reasonable value and does not affect
the designed project life. However, the Lesser Zab load should be also considered to evaluate the total
amount of sediment load delivered and deposited within the reservoir. The total amount of sediment
deposited in the Dokan reservoir for the period (1959-2014) is 209 MCM [38]. This means that the
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sediment load delivered into the reservoir from the watershed based on simulated results is about
34% of the total sediments deposited within the reservoir, which mean that the watershed sediment
contribution is an effective value.

Due to the huge amount of data required, including topographical, metrological and hydrological
data, different maps of soil, and land use to estimate the sediment load based on the applied model,
a simple regression formula is used. It is based on simulated values to correlate the sediment load per
unit area of the Dokan watershed with annual runoff depth in the following form:

Sed gy = 0.056-R51%5 —7.33, RZ = 0.97 (for Ry, > 60mm) (8)

where

Sed oy Annual sediment load per unit area, (ton/ km?);
R gnn: Annual rainfall depth (mm).

The formula is suitable when the annual runoff depth is greater than 60 mm; this value is already
lower than the minimum historical recorded value in Dokan area.

A special distribution map of average annual sediment yield per unit area of sub basins is also
prepared (Figure 8a). It can be noticed that the annual sediment load contribution ranges from 13 to
950 ton/km? approximately. The rate of erosion and sediment yield depends on a number of factors:
topography, soil type, land cover and rainfall intensity. Comparing the sub basins of different soil
types and land uses, in both the annual sediment yield map (Figure 8a) and the sub basin slope map
(Figure 8b), it can be noticed that the most effective factor for the sediment yield is the land slope rather
than other factors. This can be clearly noticed in that some basins have the same soil type and land use
but a higher slope gives higher sediment yield. Sub basins having an average slope between 25 to 45%
represent the area of high sediment yields from 400 to 950 t/km?; however, when the sub basin slope
is less than 20%, the sediment yield per unit area is reduced to about 40 t/km?.
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Figure 8. (a) Spatial distribution of average annual sediment load for the Dokan watershed sub basins;
(b) average slope of sub basins.

This map is a tool that can enable decision-makers to apply a suitable method to reduce the
erosion load, especially from high erosion rate areas. Depending on the selected area, the treatment
may include practicing strip planting, terracing, or contour forming to reduce the effect of slope on
surface runoff flow velocity, erosion and sediment transport capacity.
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6. Conclusions

The soil and water assessment tool (SWAT) model is applied to assess the runoff and sediment
delivered from the Dokan Dam watershed. Due to the limited recorded flow data and the absence of
sediment measurements data at a station near the inlet of Dokan Reservoir, the model is calibrated
for both runoff and sediment load for the Derbendekhan watershed adjacent to the Dokan watershed.
The regionalization technique is employed to transfer the calibrated parameters of the SWAT project
from a gauged (Derbendekhan) to an ungauged (Dokan) watershed. The resultant monthly runoff
flow for the Dokan SWAT project is based on transformed parameters which were compared with
measured values to evaluate the regionalization technique and model performance. The determination
coefficient (R?) and Nash-Sutcliffe model efficiency (Eff.) are 0.68 and 0.64, respectively, indicating a
reasonable model performance with this technique. The average watershed contribution for annual
runoff represents 35% of the dam life storage; this percentage is considered effective in the dam
operation schedule. The total sediment load delivered to the Dokan reservoir from the watershed for
the studied period is about 72 MCM. This load forms about 10% of the dead storage capacity of the
reservoir. Generally, the total sediment load delivered and deposited in the reservoir for the period
of dam operation is considered acceptable within the allowed limits. The map of special distribution
of annual sediment load yield per unit area of each sub basins is presented; the average slopes map
reflects a good agreement with the map of annual sediment load yield in comparison to other effective
factors to be considered. This indicates that the land slope is the most effective factor on erosion and
sediment transport. This can be used for soil conservation treatment to reduce the erosion rate.
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Abstract: Control of reservoir sedimentation in order to ensure their sustainable use has drawn
attention among water engineers and water resource managers. Several methods have been proposed,
but most of the developed methodologies are incapable of modelling bed evolutions, while at the
same time, compute sediment flushing efficiency. In this study a two-dimensional bed evolution
model is proposed to estimate sediment distribution, bed evolution and sediment flushing efficiency
of reservoirs. A-Gong-Dian reservoir, in southern Taiwan, is used as an illustrative example. Typhoon
events were used to verify the proposed model. Simulations were conducted for one and two-day
storm events under return periods, 2, 5, 10, 25, 50, 100, and 200-year. The results indicated that the
average sediment flushing efficiency of the shaft spillway under one and two-day storms were close,
58.50% and 59.39%, respectively. These results were similar to observed laboratory tests experiments,
where an efficiency of 65.34% was obtained. This study suggests that the applied model could be
adopted to ensure the sustainable use of reservoirs, and also to find an optimal area for the location
of a shaft spillway pipe. Therefore, the proposed model could serve as a reference to the reservoir
management personnel.

Keywords: two-dimensional bed evolution model; sediment flushing of empty storage; shaft spillway
pipe; sediment flushing efficiency

1. Introduction

Reservoirs are often affected by accelerated sediment deposition rates and has shortened the life
of reservoirs by more than 65% in China alone [1]. As a result, the economic value of such projects
has severely declined. Not only do they influence the life of reservoirs, they also pose safety hazards,
as illustrated by [2]. Their sustainability is strongly dependent on how well the rate of sediment
deposition is reduced and on the techniques of managing the reservoirs. Several techniques are
available for their management, amongst which are mechanical excavation, dredging (conventional
dredging, dry excavation), and hydraulic desilting. For an exhaustive review of the different techniques,
the reader is referred to [3], who explored sustainable sediment management in reservoirs based on
experience from five continents. Mechanical excavation and dredging boats, however, are associated
with higher costs when compared to hydraulic desilting, and are often plagued by subsequent disposal
problems. Hydraulic desilting employs stream power and hydraulics to cut down sediment deposits
downstream. Flushing out sediments in reservoirs has been shown to cut costs [4], despite the large
amount consumed by the flushing operations. Emamgholizadeh and Samadi [5] classify flushing
into two, complete (also termed empty) and partial drawdown flushing. These, in turn, include
hydro-suction, sediment sluicing, sediment bypass, density current venting, and hydraulic flushing
through the reservoir, used independently or in combination [6]. The efficiency of sediment flushing
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depends on the geometry of the reservoir, sediment particle size, characteristics of sediments deposited,
flow discharge, and flow depth. Several authors have argued that the efficiency of sediment flushing is
influenced by the ratio of storage volume to incoming runoff [7], which should be less than 0.05 [8]
for this technique to work. Moreover, we did not evaluate this threshold in this study, since the
reservoir under investigation already applied hydraulic sediment flushing. Madadi, et al. [9] managed
to improve flushing efficiencies by up to 280% through reconfigured reservoir bottom outlets in
laboratory experiments.

Effective management of reservoirs system require a model that can predict future behaviour
and response to perturbation [10], and all of the models are developed through experiments and
depending on the status quo, they may grow in complexity to include conceptual frameworks,
computer calculations, numerical simulations, and physical scale modelling [11]. Physical models
have been applied to study the process and efficiency of sediment flushing in a reservoir. Although
they have been successfully used to understand and reproduce to some extent complex physical
processes that occur in nature, and have contributed significantly in hydraulic construction designs,
they are relatively costly and time consuming [12]. More recently photogrammetry-based surveys
using unmanned aerial systems have been used to evaluate flushed sediments [13-15]. Moreover,
such techniques can only compute the amount of flushed sediments only when the reservoir is dry
(i.e., empty), and subsequent images are necessary to compute the Digital Elevation Models (DEMs)
of difference, from which the flushing efficiencies may be computed. Network-based programming
techniques have also been employed in multi-reservoir systems [16], though their core emphasis is on
determining empty flushing of sediments.

Given the recent advances in computational power, multi-dimensional models have increased
the capability of assessing sedimentation problems and the multi-dimensional models have been
extensively adopted in engineering application and analysis. For models to be adopted, they
should reflect the physical characteristics of the reservoir and complexity in question. Numerical
sediment transport models are available in one, two, and three dimensions. The widely used
models, however, are one- (1D) and two-dimensional (2D) models when compared to the high
computer intensive three-dimensional (3D) models. Examples of 1D sediment transport models are
HEC-6 [17], HEC-RAS [18], and FLUVIAL-12 [19,20]. Castillo, Carrillo, and Alvarez [7] employed
four complementary methods, which included 1D model, to determine sedimentation and flushing
in a reservoir These models are capable of simulating longitudinal flows in rivers, moreover, they
run short in the simulation of sediment transport and bed evolution in reservoirs. To be applied
in sediment flushing, several assumptions should be made, thus, compromising the accuracy and
efficiency in reservoir management. In such situations, reservoirs are narrow in shape, flow highly
channelized, while closely following the thalweg [12]. However, most reservoir pools are wide and
have no single clear flow direction, and they often constitute complex topography and geometry. As a
result, multi-dimensional models are used. Olsen [21] used a depth-averaged 2D model to study the
flushing process in a water reservoir in Nepal. Besides two-dimensional models, three-dimensional
models have also been applied to study sediments in reservoirs. Olsen and Skoglund [22] applied a 3D
model to calculate the sediment deposition in a hydropower reservoir, and also in a sand trap. Fang
and Rodi [23] used a 3D model to simulate flow and sediment transport in the Three Gorges Project
(TGP) reservoir in Yangtze River. Khosronejad, et al. [24] used a three-dimensional finite volume
model to study the effects of various parameters on the quantity of sediment that was released from a
reservoir in the reservoir flushing process.

Although the above models could estimate sediment erosion and deposition, bed evolution in a
reservoir, and the efficiency of flushing, we have not found a model that is capable of combining all of
these key reservoir management strategies in a single package. In addition, the above stated models
require suspended sediment concentration, and sediment yield hydrograph into the reservoir, which
are not easily obtained. Consequently, rating curves of discharge and suspended sediment transport
rate are used, and these are associated with high errors [25]. Incorrect estimation of sediment inflow
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into reservoirs especially during flood events, will eventually lead to inefficient flushing of sediments
and to misleading bed evolution in the reservoirs. It is therefore imperative to develop models that
are highly efficient in estimating inflow hydrographs and sedigraphs, in turn, correctly estimating the
amount of sediments to be flushed, while estimating the resultant bed evolution. A two-dimensional
bed evolution model having these capabilities is developed and applied in this study. The upstream
boundary condition hydrographs of inflow discharge and suspended sediment concentration for the 2D
dimensional bed evolution model were calculated by the Physiographic Soil Erosion and Deposition
(PSED) [26]. The PSED model can accurately estimate discharge hydrographs, concentration of
suspended sediment hydrograph and suspended sediment transport rate from a watershed.

2. Numerical Model

The depth-averaged two-dimensional bed evolution model is divided into three parts: (1) water
flow calculations; (2) sediment transport calculations; and, (3) bed elevation variation calculations.

2.1. Governing Equations for Water
The depth-averaged continuity and momentum equations are given below:
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in which f is time; x and y are horizontal Cartesian coordinates; / is the depth; 1 and v are depth-average
flow velocities in x and y directions; H is water surface elevation; g is gravitational acceleration; p is
density of flow; ¢ is the depth-average kinematic eddy viscosities of water; and, 17, and T, are bed
shear stresses 7, in x and y directions, 7, = pghSy, Sy is the friction slope.

The depth-average kinematic eddy viscosities of water can be approximated and expressed as [27]:

£ = gu*h (4)

in which « is the von Karman constant, and x = 0.4 is chosen in this study. 1, is the shear velocity and
Uy = ,/ghS Iz
2.2. Governing Equations for Sediment Transport with Source Terms

The convective-diffusive equation of suspended sediment, can be expressed as [28]:
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where C is the depth-averaged volumetric concentration of suspended sediment; g5, and g, are the
entrainment and deposition terms of river bed, respectively. According to Itakura and Kishi [29],
the entrained rate of channel bed can be expressed as:
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inwhich s = (ps — p)/p is the submerged specific gravity of the sediment; p; is density of the sediment;
d is diameter of the sediment; ws; is fall velocity of the sediment; and, 7. is non-dimensional bed shear
stress, Tx = U2/ sgd.

The deposition rate of suspended sediment can be expressed as:

Gsd = ws Cq (7)

where, C, is the concentration of sediment near the channel bed. C, can be estimated from the
volumetric concentration of suspended sediment obtained at 0.05 depth from the channel bed. Using
the exponential law, the volumetric concentration of suspended sediment may be expressed as [30]:

Pe

G = T —exp (CP)]

c ®)
where P, is the Peclet’s number, which may be expressed as wsh/e.

An extensively used bed load transport formula is the Meyer Peter and Muller formula (MPM) [31].
Moreover, Wong and Parker [32] amended the MPM formula, and more accurate estimates of bed
load transport rate were obtained. Nonetheless, since the original MPM formula is relatively easy
to apply when establishing a numerical model, bed load transport was calculated using the original
MPM formula in this study.
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where 7 and 1 are the specific weight of water and the specific weight of sediment, respectively; g, is
the bed load transport rate per unit width of bed; k; is Strickler’s roughness coefficient, which can be
represented as the reciprocal of Manning’s roughness coefficient; and, k' = 26/ d;{)é, do is the size of
sediment in the unit of meter for which 90% of the material is finer.

2.3. Governing Equations for Bed Variation

The bed evolution due to sediment transport rate is not equal throughout an alluvial river.
The continuity equation for bed elevation variations can be written as [33,34]:

dz 1 9 qpy . vy _
9t 1-A | ox +Ty+(qst’7q$d) =0

(10)

where z is the channel bed elevation; A is the porosity, A = 0.245 + 0.0864/ %%, d,, is the mean
sediment diameter [35]; and, g5, and g;, are the components of g, in x and y directions, respectively.

2.4. Numerical Scheme

MacCormack explicit finite-difference method [36] is adopted and is divided into predictor and
corrector steps. The forward finite-difference is used to discretize the predictor step while the backward
finite-difference is used to discretize the corrector step.

The forward finite-difference is used to compute the water depth / by the continuity equation
(Equation (1)) and the u and v are computed by the momentum equations (Equations (2) and (3)).
The predicted value may be written as:

hij = hij+ Qi (1)
n,
v ij /
i =ty + Qg (12)
i
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The superscript * denotes the predicted value; the superscript n and n + 1 refers to the variables at
the known and unknown time levels; the subscript i and j denote the grid in x- and y-directions; and,
O, fr Q) - and O  are the functions of the known value of variables 1, 1, v at the time level .

The backward finite-difference is used to calculate the water depth / by the continuity equation
(Equation (1)) and the u and v are computed by the momentum equations (Equations (2) and (3)).
The corrected value may be written as:

h;‘]* = h?/j +Qy (14)
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ij
*k 1 hln// /
Vij = Vijpnet + o (16)

i

The superscript ** denotes the corrected value; (), Q) ,, and Q) are the functions of the known
value of variables I, u, v at the time level n.

The value of the variables at the unknown time level could be calculated by the predicted and

corrected values that may be written as:
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Bed Evolution Model—MacCormack Explicit Finite—Difference Method

The explicit finite-difference method is used to discretize the suspended sediment concentration
convection-diffusion equation (Equation (5)) and the continuity equation for bed elevation variations
(Equation (10)) to calculate the volumetric concentration of suspended sediments and bed elevation.
The volumetric concentration of suspended sediments C is calculated by:

Cn+1 _ C:T/ lnr] + Q/ (20)
BT Tt Tt
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where ), is composed of the known value of variables &, u, v, C at the time level n.
The bed elevation may be written as:

2t =z + 0 eay)

where (), is composed of the known value of variables &, u, v, C at the time l