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Abstract

Among the hydraulic structures used in watershed management for sediment management in mountain streams
are vertical weirs. In order to prevent bed erosion downstream of the structures a horizontal concrete slab is used
which a hydraulic jump is formed. One of the important design parameters is to reduce the length of the hydraulic
jump and, as a result, reduce the length of the slab for the economic efficiency of the project, which is the main
goal of this research. The experiments were conducted in a rectangular flume 30 cm wide and 12 m long. The
experiments in this research are divided into two groups with and without barriers. In the experiment with
barriers, a row of dentated barriers with a height of five centimeters installed at a distance of 40 centimeters from
the weir toe. In addition, in the experiment with barriers, a sill was used at the end of the weir. The height of the
end sill was considered to be two, three, and four centimeters. The experiments were conducted under seven
different flow conditions (Froude number in the range of 6.34 to 12.5 at the beginning of the jump). The results
showed that the use of a discontinuous barrier with the end sill reduced the length of the hydraulic jump. Changing
the height of the final sill did not have a significant effect on reducing the length of the hydraulic jump, with a
maximum effect of about 5.7%. The results showed that the use of a discontinuous barrier at heights of 0.05,
0.08, and 0.11 times the height of the structure reduced the length of the hydraulic jump by 52, 53, and 57.7
percent, respectively.

Introduction

Neck point migration in steeply sloping mountain streams, in addition to reducing the bed level and
widening the channel for a long distance, causes a large amount of sediment to transport downstream.
The sediments are deposit in the downstream areas of the riverbed or dam reservoirs, which leads to a
decrease in the sediment transport capacity of the river or a gradual decrease in the capacity of the dam
reservoir. Studies show that up to 90 percent of the sediment accumulated in dam reservoirs is due to
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neck-point migration. To control such disaster, the location of all depressions in the streambed must
first be determined with the help of accurate maps or ground surveys. Then, a grade control structure
is construct at the site of the depression. Among the most widely used structures is the vertical drop
structure (VDS). As is clear, the kinetic energy at the basin should be dissipate by creation of hydraulic
jump. This occurs when sufficient downstream flow depth is available. Although this point is taken
into account during the design of the structure, the gradual erosion of the channel bed during operation
will lead to the deepening of the downstream streambed and, as a result, tailwater depth decreases. In
addition, climate change has led to abnormal events, and as a result, the flow conditions have also
changed, causing floods with higher flow discharge and higher entrance flow velocity. Which results
in increasing both L; and L, and part of the jump shifted downstream of the basin which led scouring
at the streambed.

Considering the above problem mentioned, a new structure can be construct, or the existing
structure to be modified in such a way that the hydraulic jump requires a smaller tailwater depth and
occurs over a shorter length. Various solutions have been investigated so far to deal with this problem.
Among them, several studies have been conducted to reduce the kinetic energy of the jet entering the
structure, which in turn reduces the L; and the length of the hydraulic jump or L,. Placing mesh plates,
dentate the crest of the structures or widening the approaching channel are among studies have been
done so far. Although these studies have achieved good results in dissipating the approach velocity,
trapping the boulders, tree branches, foliage, and floating objects can block the meshes and take them
out of use.

Therefore, the purpose of the present studies is to use dentate baffles on the basin floor and the end
sill at the end of the basin to investigate their use on the basin length reduction.

Experimental apparatus

A model of vertical drop structure (VDS) built in a flume of 15 meters long, 30 cm wide and 50 cm
long with glass walls at the hydraulic laboratory of Shahid Chamran University of Ahvaz. To measure
the flow rate, an ultrasonic digital flowmeter manufactured by Farasanj Company used with an
accuracy of one percent. A mechanical depth gauge with an accuracy of one tenth of a millimeter used
to measure the water depth. The VDS is a metal plate 30 cm wide and 35 cm high, installed at 3 meters
downstream of the flume entrance. Two series of experiments conducted: the first series of seven
experiments without baffles and the second series of 21 experiments with baffles in the middle of the
jump and at the end with three different heights. The test method was as follows: the water flow entered
the flume slowly to provide the desired flow rate. Then the downstream valve gradually closed until
the hydraulic jump formed freely downstream. These conditions e kept constant for a while and after
ensuring that the flow conditions is stable. Seven different inlet flow conditions were established. The
head upstream of the structure was considered equal to : 4, 4.5, 5, 5.5, 6, 6.5 and 7 cm, respectively.
During each test, the flow rate, the initial jump depth, the secondary jump depth, the jump length and
the location of the nape flow attack the bed downstream of the breakwater measured. The hydraulic
jump length s defined as the distance between the starting point and the point where the bubbles almost
disappear and water surface has little variation. The initial and secondary jump depths measured by a
point gauge. At the same time, photographs and videos taken from the front view with a camera.

Results

The measured L1 were compared with Rand (1955) formula which shows 2% difference. The
measured Y also were compared with Blanger’s equation and the Rand (1955)’s relation The results
show good agreements.

Figure (1) also shows comparison of the results of L./P for the baseline and dentate floor baffle
(DBF) and end sill with different height. As seen, the value of L./P is higher for the end sill with
H»/P=0.05 than in the other end sill. After that, the end sill with H,/P=0.08 have the highest value of
L,/P. The value of L,/P at H»/P=0.11 has the lowest value. It should be noted that the value of L2/P at
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H2/Ps of 0.05 and 0.08 is the same except for Yc/P of 0.09, so the data related to them are consistent.
Figure (1) shows that the value of L2/P in the experiments with the presence of DBF with different
threshold heights has decreased compared to the control experiments. The lowest value of L,/P
reduction is related to all Yc/Ps with height H»/P=0.05, which is an average of 52%. The value of L2/P
reduction for the end sill with height H/P=0.08 for Yc/Ps of 0.07 to 0.19 is an average of 53%. The
value of L,/P reduction for the end sill with height of H2/P=0.11 at Yc¢/Ps = 0.07 to 0.19 is an average
of 57.7%; therefore, the weakest performance in terms of jump length reduction is for the end sill with
H,/P=0.05 and the best performance in this regard is for the end sill with height of H»/P=0.11.

4
35
3 This study
L
25 o
2 _
% * H/P=0.05
<15
‘ a & @ AH/P=0.08
1 n a @
0.5 mH/P=0.11
0
0.06 0.09 0.12 0.15 0.18 0.21
Y./P

Fig. 1- Variation of L2/P from basin without baffles and with dentate baffles and end sill with different
height

Conclusion

The aim of the present study was to experimentally investigate the effect of dentate baffles installed
at the floor of vertical drop structure’s basin and the end sill with different height, on the jump
characteristics. The basin can be design and installed to control the neck-point migration in mountain
streams or to modify the existing basin with smooth bed which its downstream bed has experience
sever erosion. To reach such purpose, two series of experiments carried out and by analysis of data,
the following results were obtained:

1-The results of the baseline tests agree with the Rand (1955)’s prediction relations for the L; and
Y in the basin.

2-The height of the end sill has shown a little effect on the length of hydraulic jump, L..

3-The dentate floor baffles and the higher end sill (H»/P=0.11) can reduce the jump length by as
high as much 57% compare to the jump which occur at the smooth bed basin.
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Abstract

System dynamics is a management approach that has been used in recent years for simulating water
resources systems. In this study, an attempt was made to simulate the water resources status of the Molla
Sadra Dam basin (located in the north of Fars Province, southern Iran) using the system dynamics approach.
For this purpose, the economic subsystem, groundwater level fluctuations, groundwater volume changes,
surface water, and the overall system were examined using VENSIM software. The performance of the
upstream and downstream aquifers of the Molla Sadra Dam and the Molla Sadra Dam reservoir was
simulated for the years 2009 to 2020. Accordingly, twelve different scenarios (management options) were
proposed. The results of evaluating the different management options showed that if rice cultivation is
eliminated and replaced with sesame cultivation, the income of farmers in the downstream area of the Molla
Sadra Dam would increase by 54% (Management Option 11). Under this management option, the average
annual income of farmers downstream of the dam would be 114 million Tomans. With this management
option, it is possible to cultivate the same cultivated areas currently under cultivation in the downstream
regions of the dam while consuming less water.

Introduction

In recent years, the system dynamics method has been used to simulate complex water resources systems.
In this method, attention is paid to the dynamic relationships between the quantitative and qualitative features
of water and even socio-economic issues, and the desired system can be easily simulated without the need
for complex mathematics. The system dynamics method is an object-oriented and feedback-based simulation
method that, in addition to describing complex systems based on reality, can provide the possibility of
effective user involvement in model development and gaining his confidence during the modeling process.
System dynamics models have the ability to accurately recognize the events that happen in the outside world
and simulate them, and then identify and present effective policies, as well as examine and observe the effects
of these policies in the model. to eliminate the lack of effect of the policies that have been implemented in
the country so far. Therefore, it is useful to use a systemic approach in the field of understanding the reasons
for the ineffectiveness of the policies applied to the control groundwater level. The main goal of this study
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is the integrated modeling of water resources in the upstream basin of Mulla Sadra Dam. In this regard, the
effects of different scenarios on the status of water resources in the catchment area were investigated.
Choosing the best scenario in order to reduce the excessive drop of the groundwater level in the short term
and in the direction of the balance and stability of the water resources of the region was another objective of
the study.

Methodology
Area of study

Tashk-Bakhtegan and Maharlu watersheds with an area of 31451.8 square kilometers are located in Fars
province. The catchment area of Mulla Sadra Dam, a part of Tashk-Bakhtegan and Maharlu basins, is located
in the north of Fars province with an area of 2254 square kilometers. The catchment area of Molla Sadra
Dam is located in two subbasin, Aspas and Khosro-Shirin. In the studied area, there are two aquifers,
Khosroshirin and Aspas. In terms of altitude, the highest point of the basin is 3495 meters high and the lowest
point of the basin is 2061 meters above sea level.

Data preparation

The data of this study, including precipitation data, temperature and observation well data, were obtained
from Fars Province Regional Water Company. The data of the cultivated area, the dominant crop of the
region, were obtained from the Agricultural Jihad Organization of Fars Province. The GIS software and
kriging method were used to draw the maps. Monthly rainfall and isotemperature maps were drawn for the
study area.
Modeling

In this section, economic subsystems, groundwater level changes, groundwater storage changes, surface
water, and the whole system (which includes all the components related to Mulla Sadra Dam) are presented.
These subsystems are connected in VENSIM software as a cause-and-effect relationship.

Results and Discussion

The simulation of the performance of upstream and downstream aquifers of Molla Sadra Dam and the
reservoir of Molla Sadra Dam during the years 2008 to 2019 was investigated. The model was then evaluated
for a ten-year horizon. For this purpose, twelve different scenarios were presented. Economically, different
scenarios based on the income of all farmers are presented in Table (1). Based on this table, scenario 11 is
the best scenario because it is expected to have more income for all the farmers downstream of Mulla Sadra
Dam.

Table 1- Income of farmers of each region (in billion Tomans per year) in different scenarios
Different scenarios
Area 1 2 3 4 5 6 7 8 9 10 11 12
245 245 129 21 129 245 245 245 245 245 245 129
50 50 07 62 07 50 50 50 50 50 50 07
263 263 132 26. 132 263 263 263 263 263 263 132
9 9 .6 4 .6 9 9 9 9 9 9 .6
Downstream 594 298 578 48 289 381 679 659 594 627 916 890
Molla Sadra dam 9 i .0 6.1 3 .8 3 1 9 .0 4 .5

Aspas

Khosro-shirin

Conclusions

Among the scenarios of changing the cultivation pattern, scenario number 7 has more income, but
because planting apple trees consumes more water, scenario number 8, which is changing the pattern of rice
cultivation with sesame, is known as the best scenario related to changing the pattern of cultivation. The
results of the investigation of different scenarios showed that if rice is not cultivated completely, and is
replaced with sesame, the income of the farmers in the downstream area of Molla Sadra dam can be increased
by 54% (scenario 11). In this scenario, the income of farmers downstream of Mulla Sadra dam will be 114
million per year on average. The results showed that changing the cropping pattern with apple, sesame,
rapeseed, and sunflower crops respectively have more income. So that among them, sunflower has the lowest
income for farmers. Therefore, according to these scenarios, it is recommended to change the cultivation
pattern of sesame instead of rice.
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Table 1- Sub-basins and aquifers in the study area

Sub-basins Sub-basin Aquifer Area of §ub-basin Area of .aquifer
code (square kilometers)  (square kilometer)
Aspas 4321 Aspas 1628.72 747.31
Khosro-shirin 4320 Khosro-shirin 618.68 189.38
Dezkord-Kamfirooz 4319 Dezkord-Kamfirooz 209291 187.36
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Fig. 1- The location of the studied area and the stations used in Fars province and Iran
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Fig. 2- Land under cultivation in the study area
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Table 2- Prices and production of different products

Area Products

Main

Crop production (tons per hectare)

By-product

Price production
(million Tomans per hectare)

Alternative  Main  By-product  Alternative

Wheat 5.0

11.5

Aspas Types of

beans

-------- 40.0

Wheat and

Barley

Khosro-shirin Apple 20.0

Types of
Beans

-------- 40.0

Downstream
of Molla Sadra
Dam

Rice 3.0
Wheat

Apple

Sesame

Sunflower

Canola
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Table 3-Various costs for one hectare of land during one year

Costs Different situations  Price (million Tomans per hectare per year)
The cost of seeds, fertilizers, and Wheat 3.0+2.0+1.0
fertilizers Rice 10.0+3.0+2.0
The cost of land preparation Wheat 5.0+5.0
(land bed and plowing) Rice 5.0+5.0
The cost of harvesting Wheat 1.5
machinery Rice 7.0
Labor cost Wheat 5.0
Rice 15.0
Cost per MCM unit of water Groundwater 0.5
From the Dam 1.0
Additional costs Wheat 2.0
Rice 2.0
Total costs Wheat 25.0
Rice 50.0

dilain 53 ol ST DY guamo Culild 9 9 CblT Olo) (2T b ¢ S
Table 4- Water requirement, time of planting and harvesting crops grown in the region
Water requirements

Product 3 Planting time Harvest time Duration (months)
(m°/year)
Rice 25000 July October 4
Wheat 7000 November June 8
Barley 6500 November June 8
Apple 11500 April November 8
Sunflower 6200 June October 5
Sesame 3900 July November 5
Beans 5400 June October 5
Canola 4500 March October 8
crop yield per hectare of
1abor cost Aspas i e main product Aspas
cost per MCM Aspas
water Aspas
warer cost \ cost of capital and land ‘price of by product
[ Aspas / lease Aspas / Aspas
\ Income
y g Aspas
\M e SR R i <\\cmp yield per hectare of
by product Aspas
machine cost
cost of producting Aspas price of new product
inpts Aspas fspes crop yield per hectar of
new product Aspas
other cost
Aspas

Fig. 3- Economisc ub-system for Aspas aquifer
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Fig. 4- Sub-system of groundwater level changes for Khosr-oshirin aquifer
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Fig. 8- Different components in the reservoir of the Molla Sadra Dam (MCM)
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Table 5- Comparison of the results of different scenarios
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Table 6- Income of farmers of each region (in billion Tomans per year) in different scenarios
Different scenarios

Area 1 2 3 4 5 6 7 8 9 10 11 12
Aspas 24550 24550 12907 2162  1290.7 24550 24550 24550 24550 24550 24550  1290.7
thsro- 2639  263.9 1326 264 1326 2639 2639 2639 2639 2639 2639 1326
shirin
Downstrea
m Molla 5949 2987  578.0  486.1 2893 3818 6793  659.1 5949  627.0 9164  890.5
Sadra dam
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Abstract

This paper presents the generation of unstructured triangular grids based on the sediment data obtained
from the erosion and sedimentation map of the Dez Dam watershed, covering an area of 17,320 km?. The
proposed grid generation algorithm starts the refinement process with a coarse initial grid. The grid
refinement is an iterative process that simultaneously employs both point insertion and cell subdivision
methods. Edge-based and cell-based connectivity matrices have been employed to accelerate the retrieval of
grid information. An advantage of using these matrices is the minimal number of computations required to
extract information for each grid element (vertex, edge, and cell). For instance, the database can identify the
cells adjacent to an edge using only two computational operations. The improvement of the final grid quality
is another aspect addressed in the proposed grid generation algorithm. The novelty of this paper lies in the
use of erosion and sedimentation data for the adaptive distribution of grid vertices. In this study, erosion
distribution data obtained from the PSIAC model were utilized to define edge sources. From a performance
standpoint, the proposed algorithm produces unstructured grids in less than one second. More than 70% of
the grid cells exhibit shapes close to equilateral triangles.

Introduction

Water resources are of fundamental importance to the socio-economic and environmental
sustainability of Iran. Protecting these resources, particularly natural freshwater reservoirs such as
dams, is a strategic necessity given the country’s high dependence on surface water for agriculture,
domestic use, and energy production. One of the most critical challenges threatening water
reservoirs is sedimentation, primarily caused by soil erosion processes in upstream watersheds.
Sediment transport leads to numerous environmental and operational problems: reduction in
reservoir storage capacity, obstruction of irrigation networks and waterways, degradation of
agricultural soils, increased river turbidity, and deterioration of water quality downstream. In
addition, sediments act as carriers of nutrients and pollutants, intensifying ecological risks and
drawing the attention of earth scientists and environmental engineers.

Mitigating these challenges requires implementing targeted soil conservation and watershed
management strategies. A crucial prerequisite is the accurate quantification of soil erosion and
sediment yield across watersheds and the identification of high-priority areas for intervention. To
support effective modeling and decision-making, computational approaches such as grid
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generation are widely employed. However, conventional grid generation often neglects the spatial
variability of sediment distribution, which can limit its applicability in erosion and sediment
transport modeling. The present study addresses this gap by developing an adaptive grid generation
approach that incorporates sediment yield data as a controlling parameter. Specifically, the Dez
Dam watershed, one of Iran’s most important water reservoirs, is selected as a case study. The
method involves generating unstructured triangular grids whose refinement is driven by
sedimentation maps derived from the PSIAC model (Pourali et al., 2008). The novelty of the
proposed approach lies in introducing the concept of edge sources to control both the distribution
of vertices and the termination of the refinement process. By linking vertex density directly to
sediment yield, the resulting grid provides an efficient and accurate foundation for hydrological
and sediment transport simulations.

Methodology

The grid generation algorithm begins with an initial coarse triangular grid covering the study
domain. Refinement is then carried out iteratively through point insertion and cell subdivision
techniques (Bahrainian et al., 2015). To achieve computational efficiency, the algorithm employs
edge-based and cell-based matrix data structures. These data structures reduce memory
requirements and enable rapid access to grid elements. Once the main refinement steps are
complete, a final grid quality enhancement phase is applied to improve geometric properties such
as angle distribution and aspect ratio.

A central feature of the methodology is the use of grid adaptation to regulate vertex distribution
across the computational domain. To implement this, edge sources are defined. These sources act
as control agents that manage the desired edge lengths of cells during refinement. They also govern
the continuation and automatic termination of the refinement process.

The operational procedure of edge sources can be summarized as follows. Prior to inserting a
new vertex on an edge, the source measures the current edge length. If this length exceeds the target
value defined for the corresponding region, vertex insertion is permitted. A critical aspect of this
approach is the definition of desired edge lengths across different regions of the watershed.

As a case in point, for demonstration of the presented grid generation application, the Dez Dam
watershed domain is divided into four regions with varying specific sediment yields: Region I (550
m?/km?yr), Region II (750 m3/km?/yr), Region III (1150 m?*km?/yr), and Region IV (1550
m3/km?/yr).

To operationalize this setup, six edge sources (S1, S2, ..., S6) are defined on the initial grid.

Each source is represented as a vector with two spatial coordinates. For the placement of a new
vertex along an edge, the vertical distance d of the midpoint of the longest edge from each edge
source is calculated. The nearest source is then identified, and the orientation of vertex placement
is determined by evaluating the sign of the dot product (S x r), where r is the vector from the edge
midpoint to the corresponding edge source. This ensures that each new vertex is associated with
one of the four sediment yield regions.
The desired edge length in each region, denoted as d/, is defined as a function of sediment yield
according to the following equation: di=a;X(Qsmin/Os.), i = L, 11, 111, and IV, where 0 < o; < 1. Here,
Qs min denotes the minimum sediment yield across all regions, while Qs; represents the sediment
yield in the ith region. The coefficient a; can be uniformly applied to all regions or individually
adjusted depending on model requirements. Finally, if the maximum selected edge length exceeds
the desired value, the algorithm triggers the refinement process until the grid meets the specified
resolution criteria.

Results and Discussion

Sediment yield data from the PSIAC model (Pourali et al., 2008) were integrated into the
adaptive refinement procedure to generate the final grid for the Dez Dam watershed. The algorithm
proved computationally efficient, producing refined grids in less than one second on standard
computing hardware. The resulting grids exhibited several favorable characteristics. First, no
skewed or degenerate cells were observed, confirming the robustness of the refinement strategy.
Second, more than 70% of the triangular elements were close to equilateral in shape, reflecting
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high geometric quality. Such quality is essential for ensuring numerical stability and accuracy in
subsequent hydrological and sediment transport simulations. Third, the adaptive refinement
successfully captured the spatial variability of sediment yield. Areas with higher sedimentation
rates were represented by denser vertex distributions and smaller edge lengths, while regions with
lower sedimentation rates retained coarser resolution. This adaptive representation ensures that
computational resources are focused on critical regions without unnecessarily increasing grid
complexity in low-priority areas.

The results highlight the effectiveness of edge sources in dynamically managing grid density.
By linking vertex distribution directly to sediment yield data, the method produces grids that are
both computationally efficient and hydrologically meaningful. This integration of sedimentological
information into the grid generation process represents a significant improvement over traditional
approaches that treat refinement as a purely geometric or uniform process.

Conclusions

This study presents a novel approach for generating unstructured triangular grids that integrate
sediment yield data into the refinement process. Using the Dez Dam watershed as a case study, the
method demonstrates how vertex distribution can be adaptively controlled through the concept of
edge sources. These sources govern both the initiation and termination of refinement, ensuring that
the resulting grid aligns with the spatial variability of sediment yield across the watershed.

In conclusion, the integration of erosion and sedimentation data into unstructured grid
generation represents a promising advancement for computational watershed studies. The adaptive
refinement guided by edge sources ensures that grid structures are not only computationally
optimized but also environmentally relevant, thereby offering a practical pathway toward improved
water resource management in sediment-sensitive regions such as the Dez Dam watershed.
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Table 2- Information of Fig. 5’s output grids
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Table 4- Information of Fig. 11’s output grids

No. of No. of No. of .
¢ Vertices Edges Cells CPU Time (s)
0.03 2963 8305 5362 0.93
0.05 1445 3753 2328 0.88
0.07 1022 2484 1482 0.81
0.09 856 1986 1150 0.74
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Abstract
Recent droughts have significantly reduced river discharge and increased the vulnerability of water resources, making
reliable precipitation projections under climate change essential for sustainable water resources management.
However, climate simulations are inherently uncertain, and evaluating model performance is a prerequisite for
producing reliable future projections. This study aimed to identify the most accurate climate models for simulating
precipitation and to assess future precipitation changes in the Karkheh River Basin, Iran. Daily precipitation records
from three representative weather stations located in the upstream (Kermanshah), middle (Khorramabad), and
downstream (Bostan) sections of the basin were analyzed for the baseline period (1991-2021) using the LARS-WGS8
weather generator and outputs from multiple CMIP6 global climate models. Model performance was evaluated using
the correlation coefficient (r), Root Mean Square Error (RMSE), and Normalized Root Mean Square Error (NRMSE),
and precipitation was projected for the period 2021-2100 under the SSP1-2.6, SSP2-4.5, and SSP5-8.5 scenarios. The
results showed that ACCESS-ESM1 consistently achieved the highest performance across all stations, while CNRM-
CM6-1, GFDL-ESM4, and MRI-ESM2-0 also demonstrated high predictive accuracy. Future projections indicate
considerable spatial and temporal variability in precipitation, with generally increasing precipitation in parts of the
central basin but declining trends in the upstream and downstream regions under most scenarios. The observed north-
to-south precipitation gradient is expected to persist, while drought frequency and severity are projected to increase,
particularly in the northwestern and southern parts of the basin. These findings provide valuable information for
climate adaptation planning and sustainable water resources management in the Karkheh River Basin.

Introduction
The Karkheh catchment, which includes more than half of the provinces of Lorestan and Kermanshah
and parts of the provinces of Kurdistan, Hamadan, Ilam, and Khuzestan, Its area is 50,768 square
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kilometers, of which 17,094 square kilometers are occupied by plains and foothills, and the rest by
highlands. In this catchment, precipitation is one of the climatic parameters whose spatial and temporal
variability is noteworthy. The average rainfall in the northern part is 300 to 650 millimeters, while the
southern part has an average rainfall of 180 to 300 millimeters; precipitation directly affects water
resources. Under the influence of global warming, two-thirds of the world's population will face water stress
by 2025 (Mahato et al., 2022). Therefore, predicting precipitation changes for future water resource
management in light of climate change is a challenge. The aim of the present study is to evaluate the
accuracy of the best model in estimating precipitation and predicting changes in precipitation in the Karkheh
River catchment. The accuracy of models is one of the most important stages in predicting random data and
the uncertainty of models.The results of the studies indicated that in Sari, the ACCESS-CM2 model has
high accuracy in predicting precipitation and temperature. According to this model, temperature and
precipitation will increase (Roshani and Hamidi, 2021). At the Tangab station in Fars Province, the
NCARCCSM3, GFDLCM2.1, and INMCM3 models have the highest accuracy and weight in modeling
precipitation and temperature (Ajam Zadeh and Mollaeinia, 2016). The results of the studies by Jahangir et
al. (2020) indicated that precipitation in the Hamdideh stations of Islamabad-e Gharb, Bastan, Ravansar,
and Malayer will increase, while in Kangavar it will decrease, and in Khorramabad, it will increase in the
A2 scenario (realistic) and decrease in the A1B (pessimistic) and Al scenarios. The results of researchers'
studies showed that in different regions, a specific GCM model cannot be used uniformly. Furthermore,
climate data simulations always have uncertainties, and ignoring them negatively affects the accuracy of
the results; therefore, the use of models that can accurately forecast the effects of climate change is essential,
as it is experiencing significant changes in precipitation patterns due to climate change. The study aims to
evaluate the accuracy of different models in predicting rainfall changes, which is crucial for effective water
resource management in the region.

Methodology

For the research, daily precipitation data from 1991-2021 was used as the observational period, and the
output of the LARSWGS estimator based on the scenarios of the Sixth Assessment Report in the SSP1-2.6,
SSP2-4.5, and SSP5-8.5 scenarios for the years 2021-2040 was used as the future period. Based on
observational data from 1991-2021, at each station representing the upstream, midstream, and downstream
of the catchment, precipitation changes on monthly, seasonal, and annual scales were projected for the
future period of 2021-2040. Finally, the frequency and probability of drought occurrence in the future were
calculated based on the Standardized Precipitation Index (SPI). To determine the uncertainty and accuracy
of the models, the indices R, RMSE, and NRMSE were used.

LARS-WGS

A micro-scale weather generator known for its high resolution and ability to simulate daily precipitation
and temperature. LARS-WGS is designed to generate weather data at a local scale, making it suitable for
regional climate studies. The specifications of the models of this converter are listed in Table (1).

Table 1- Specifications of the models LarsWG8

Model name Separation Institute Country
ACCESS-ESM1-5 1.875%1.25 Simulator of the Australian Community Australia
Climate and Earth System
CNRM-CM6-1 2.8x2.8 National Center for Meteorological Research France
GFDL-ESM4 1.25 x1.00 Geophysical Fluid Dynamics Laboratory America

Hadley Centre for Climate Prediction and

HadGEM3-GC31-LL 1.88 > 1.25 Research, Exeter, Devon, United Kingdom England
MRI-ESM2-0 113% 1.12 Institute of Meteorological Research for Earth Japan
System Models
MPI-ESM1-2-LR ~1.8 x 1.8 Max Planck Institute for Meteor Japan, Germany,

and South Korea

Source: (Nguyen-Duy et al., 2023)
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Results and Discussion
1. The models predict varying trends in rainfall for the period 2021-2040:

1-1- Kermanshah: Expected to see a decrease in rainfall under optimistic and pessimistic scenarios, with
an increase in the realistic scenario.

1-2- Khorramabad: Predicted increases in rainfall under optimistic and realistic scenarios, with a
decrease in the pessimistic scenario.

1-3- Bostan: Forecasts indicate a decrease in rainfall across all scenarios, highlighting the potential for
increased drought conditions.

According to the findings, the probability of drought occurrence during the observational period in

Kermanshah was 54.8%, in Khorramabad 64.5%, and in Bastan 48.4%. The probability of drought
occurrence during the 2021-2040 period in Kermanshah will be 55-60%, in Khorramabad 35-40%, and in
Bastan 35-45%. The probability of drought occurring is higher at Kermanshah station.

2. Assessing the accuracy of the best model:

2-1- ACCESS-ESM1: This model demonstrated high accuracy in predicting future rainfall at
Kermanshah and Bostan stations. It achieved excellent RMSE values (less than 10) in various scenarios,
indicating its reliability for future rainfall predictions.

2-2- GFDL-ESM4: GFDL-ESM4 was particularly effective at Khorramabad, showing good predictive
capabilities across different scenarios. The model's RMSE values were categorized as good (10-20) in
realistic and pessimistic scenarios, making it a viable option for rainfall forecasting.

2-3- CNRM-CM6-1: Best for Bostan: This model was identified as the most accurate for predicting
rainfall at Bostan station, with strong correlations to observed data.

2-4- HadGEM3-GC31-LL: Generally performed poorly across all stations, often overestimating rainfall.
The accuracy of this model is poor with RMSE (16-22).

The results of this research are in line with the findings of the studies by Roshani and Hamidi (2021),
Ajam Zadeh and Mollaeinia (2024), and Jahangir et al. (2020).

Conclusions

The evaluation of rainfall forecasting models in the Karkheh catchment reveals that in the observational
period, the northern part of the Karkheh catchment is rainy, while the southern part is less rainy. In the
future period, the occurrence of drought in the northwestern and southern regions of the catchment will
increase and ACCESS-ESM1, CNRM-CM6-1, and GFDL-ESM4 are the most reliable for predicting future
rainfall at the Kermanshah, Khorramabad, and Bostan stations. Based on the realistic scenario (SSP2-4.5)
and according to the RMSE index, the accuracy of the models at the Kermanshah station is 8.5, 11.7, and
13.3, respectively; at the Khorramabad station, 12.5, 10.2, and 12, respectively; and at the Bastan station,
5.9, 4.6, and 5.6, respectively. Each model exhibits unique strengths, with LARS-WGS being particularly
effective in local-scale predictions. The findings underscore the importance of using multiple models to
account for uncertainties in climate data and improve the accuracy of future rainfall forecasts.
There is no long-term, common statistical data to select a larger number of stations, faced with site access
restrictions.

This literature review highlights the critical role of model selection in climate studies, particularly in
regions vulnerable to climate change impacts. Further research is recommended to enhance model accuracy
and adapt water resource management strategies accordingly.
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Fig. 1- Geographical location of the Karkheh watershed in Iran
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Table 1- Geographical location of synoptic stations in the Karkheh watershed

Nam_e Ofthe latitude Longitude Height above the study period
synoptic stations sea
Kermanshah 34.352 47.15 1318.5 1991-2021
Khorram Abad 33.438 47.28 1147.8 1991-2021
Bostan 31.707 48.01 7.8 1991-2021

LarsWG8 sy Jow Olasin - Jou>
Table 2- Specifications of LarsWGS8 models

Model name Separation Institute Country
ACCESS-ESM1-5 1.875%1.25 Simulator of the Australian Community .
. Australia
Climate and Earth System
CNRM-CM6-1 2.8x28 National Center for Meteorological Research France
GFDL-ESM4 1.25 x 1.00 Geophysical Fluid Dynamics Laboratory America
Hadley Centre for Climate Prediction and
HadGEM3-GC31-LL 1.88 125 Research, Exeter, Devon, United Kingdom England
MRI-ESM2-0 113 % 1.12 Institute of Meteorological Research for Earth Japan
System Models
MPI-ESM1-2-LR ~1.8x 18 Max Planck Institute for Meteor Japan, Germany,

and South Korea

Ref: (Nguyen-Duy et al., 2023)
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Fig. 2- Forecast of long-term yearly changes in precipitation in the Kermanshah station in the future

period (2021-2100), based on the ACCESS-ESM1 model
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Fig. 3- Forecast of long-term yearly changes in precipitation in the Khorramabad station in the
future period (2021-2100), based on the GFDL-ESM4 model
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Fig. 4- Forecast of long-term yearly changes in precipitation in the Bostan station in the future
period (2021-2100), based on the ACCESS-ESM1 model
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Table 3- Forecast of changes in precipitation in the Karkheh Basin in the future period (2021-2100)
in the LarsWGS climate generator

;‘:r‘l’;z Kermanshah (ACCESS-ESM1) Khorramabad (GFDL-ESM4) ACCESS-ESM1 (Bostan)
SSP1.2.6 SSP2 45 SSP585 SSPI 2.6 SSP2.4.5 SSP5 85 SSPI 2.6 SSP2 45 SSPS5 8.5

2021-
Sod0 349 4.1 -6.5 3.8 425 -35.5 -17.07 -4.04 0.3
2041-

-33.5 593 673 729 352 -25.9 9.7 48.96 -26.5
2060
2001- 303 3738 47.96 3.5 16.4 395 5.9 14.3 25.6
2080 ' ' ' > ' ' > ' o
2081-
S0 474 513 322 -4.0 -35.2 23 292 38.65 -123

o9 i SRolKul 33 (Yer1-Y1ev) 5T 0,009 (VA=Y Y1) 4l 095 30 b Sl o o —¢ 9z

© 5l
Table 4- Precipitation change coefficient in the observation period (1991-2021) and the future period
(2021-2100) at selected stations in the Karkheh watershed

Station 0bs§wati0n future period
period (%) SSP1-2.6 (%) SSP2-4.5 (%)  SSP5-8.5 (%)
Kermanshah 26.3 27.7 26.4 26.98
Khorramabad 30.3 27.03 28.3 27.2
Bostan 41.6 41.9 41.05 38.7
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Table 5- Long-term average annual precipitation forecast for the Karkheh watershed using the
multi-model model in 2021-2100 (World Bank, 2022)

observation  SSP1-2.6 SSP2-4.5 SSP5-8.5
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Fig. 7- SPI chart of selected stations in the Karkheh watershed the future period
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Table 6- Kermanshah precipitation validation in 2021-2100 emission scenarios

model SSP1-2.6 SSP2-4.5 SSP5-8.5

year NRMSE | RMSE| r | NRMSE |RMSE| r | NRMSE | RMSE | R
2021-2040 12 83  0.96 12 85  0.95 9 6.7  0.97
- 10.7 14 0.94 9 6.9  0.98 10 7.5 098

ACCESS-EsM]  2041-2060
2061-2080 10 75 0.96 6 0.98 9 6.7  0.98
2081-2100 9 69 097 10 73 097 14 10.6  0.94
2021-2040 14 102 094 16 11.7 091 14 9.7  0.94
2041-2060 13 94 094 9 63 097 11 84 095
CNRM-CM6-1 2061-2080 14 104 092 13 9.76  0.95 13 99 093
2081-2100 11 83  0.95 12 85  0.95 15 109 092
2021-2040 12 8.7  0.95 19 133 0.89 14 102 0.93
GFDL-ESM4 2041-2060 12 9.05 094 10 7.6 0.96 15 109 0.94
2061-2080 14 10.1  0.95 12 8.8  0.95 10 7.6  0.96
2081-2100 14 997  0.96 17 127 094 16 11.6 092
2021-2040 24 169  0.88 30 211 0.86 30 21.1  0.90
HadGEM3- 2041-2060 26 193  0.93 21 155  0.90 23 1695 0.94
GC31-LL 2061-2080 27 19.6  0.89 19 13.96 0.92 35 254  0.86
2081-2100 28 202 0.96 21 152 0.95 34 248  0.95
2021-2040 13 92 094 14 97 094 14 98  0.94
MPLESM1-2-  2041-2060 14 996  0.95 18 133 093 14 104 097
LR 2061-2080 12 8.7  0.95 11 8.03 096 21 151 094
2081-2100 15 114 096 17 123 094 18 13.06  0.92
2021-2040 13 94 093 14 97 093 9 63 097
MRI-ESM2-0 2041-2060 9 6.8 0.97 8 5.8 0.98 10 7.2 0.97
2061-2080 10 77 0.96 12 86  0.95 10 7.7 0.96
2081-2100 16 114 091 11 84 096 11 84  0.97
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Table 7- Validation of Khorramabad precipitation in 2021-2100 emission scenarios

model SSP1-2.6 SSP2-4.5 SSP5-8.5
year NRMSE | RMSE | r | NRMSE | RMSE | r | NRMSE | RMSE | R
2021-2040 12 9.7  0.96 15 125 095 14 114 095
. 11 93  0.96 21 18.05  0.96 18 155 096

ACCESS-EsM|  2041-2060
2061-2080 17 145 0.96 17 146  0.96 19 164 096
2081-2100 23 194 095 20 172 0.96 23 195 0.92
2021-2040 17 139 095 12 102 0.96 14 117 096
2041-2060 15 129 095 16 135 095 18 151 094
CNRM-CMeé-1 2061-2080 18 15.03  0.93 17 143 095 22 188  0.92
2081-2100 16 135 0.95 17 142 094 16 13.5  0.94
2021-2040 12 9.6  0.96 14 12 095 12 103 096
GFDL.ESM4  2041-2060 18 154 093 16 138 0.93 19 16.09  0.89
2061-2080 17 15 091 17 146 092 18 153 091
2081-2100 15 133 0.93 19 161 0.93 17 142 092
2021-2040 19 16 0.96 28 24 095 31 26 0.96
HadGEM3- 2041-2060 25 213 092 24 205 0.89 34 289  0.90
GC31-LL 2061-2080 27 235 091 29 246  0.90 42 358 0.86
2081-2100 34 29.07  0.95 26 2197  0.93 45 386  0.94
2021-2040 13 112 095 12 101 0.96 15 125 094
MPL-ESM1-2-  2041-2060 15 129 095 17 148 093 17 146 093
LR 2061-2080 15 129 093 16 135 0.93 22 185 0.92
2081-2100 17 142 094 18 151 092 22 19.05  0.86
2021-2040 12 9.9  0.96 11 9.4  0.96 17 143 096
MRLESM.0 20412060 14 1.7 095 11 92  0.96 13 11.03 095
2061-2080 13 11 095 13 108 0.95 13 109  0.95
2081-2100 13 113 095 17 143 092 16 133 093
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Table 8- Validation of Bostan precipitation in 2021-2100 emission scenarios

(YW’\—”N)@'T 50599 o HL! @lh,g)b.w)b Ol il (T Como —A J 9o

SSP1-2.6 SSP2-4.5 SSP5-8.5
model
year NRMSE | RMSE r NRMSE | RMSE r NRMSE | RMSE R
2021-2040 14 5.8 0.94 14 59 0.93 13 52 0.94
2041-2060 13 5.8 0.93 15 6.4 0.96 17 73 0.94
ACCESS-ESMI 2061-2080 20 8.6 0.85 16 6.9 0.91 16 6.7 0.92
2081-2100 19 8.1 0.90 18 7.8 0.91 23 102 0.81
2021-2040 13 5.7 0.94 11 4.6 0.96 12 4.9 0.95
2041-2060 14 6.2 0.93 14 6.04 0.93 12 53 0.95
CNRM-CM6-1 2061-2080 13 5.8 0.94 11 4.8 0.96 16 7.03 0.92
2081-2100 12 4.99 0.95 16 6.8 0.93 18 7.7 0.93
2021-2040 15 6.4 0.92 13 5.6 0.94 17 7 0.92
2041-2060 16 6.8 0.91 18 7.6 0.88 17 7.3 0.91
GFDL-ESM4 2061-2080 16 7.01 0.91 16 7.001  0.92 14 5.9 0.93
20812100 18 7.8 0.90 16 71 0.94 19 8.03 0.8
2021-2040 14 5.8 0.94 19 7.8 0.93 19 7.8 0.95
HadGEM3 2041-2060 17 72 093 14 63 094 22 94 095
a -

GC31-LL 2061-2080 15 6.5 0.92 18 8.02 0.95 25 10.8  0.96
2081-2100 24 10.5 0.92 19 8.3 0.95 29 126  0.95
2021-2040 16 6.7 0.92 18 7.5 0.92 20 8.3 0.88
21 9.21 0.86 17 7.2 0.92 19 8.05 0.94

MPI-ESM1-2- 2041-2060
LR 20612080 17 74 091 20 85 092 22 9.6  0.89
20812100 19 83 091 17 72 092 16 7.03 092
2021-2040 14 5.8 0.93 17 7 0.91 13 5.4 0.94
2041-2060 13 5.7 0.95 12 5.4 0.95 18 7.8 0.90
MRI-ESM2-0 2061-2080 15 6.7 0.92 12 53 0.96 13 5.8 0.94
17 7.3 0.95 14 5.96 0.95 13 5.6 0.95

2081-2100
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Fig. 8- Comparison of LarsWG8 models in the observation period and the future period in the long-term
mean annual precipitation estimate of the Kermanshah synoptic station
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Fig. 9- Comparison of LarsWG8 models in the observation period and the future period in the long-term
mean annual precipitation estimate of the Khorramabad synoptic station
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Fig. 10- Comparison of LarsWGS8 models in the observation period and the future period in the long-
term mean annual precipitation estimate of the Bostan synoptic station
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Abstract

Increasing population and demand require increasing production per unit area. Competition for increased
yield has led to excessive use of chemical fertilizers. Excessive use of chemical fertilizers and discharge of
agricultural land drainage containing these compounds leads to pollution of water resources. Therefore, in
the present study, the effect of different fertilization strategies on the amount of nitrate output in the irrigation
and drainage network of the Dez River was investigated using the SWAT model. The calibration and
validation of the model to simulate the amount of nitrate was carried out using statistical data from 1995 to
2017 at the network outlet (Bamdej station). To achieve the objectives of the present study, information
related to the agricultural management of the region, including cropping pattern and planting and harvesting
dates, irrigation rate and time, and fertilization rate, were entered into the model based on the information
received for the study basin level. In order to evaluate the effect of fertilization rate on surface water quality,
scenarios for reducing fertilization rate were introduced into the model. The results of model evaluation using
R? and NSE coefficients indicate the appropriate performance of the model in simulating the mentioned
parameters. The results of applying fertilizer reduction scenarios showed that by applying 10, 20, 30, 40, 50,
60 and 70 percent reduction in fertilizer, nitrate was reduced by 2.74, 9.31, 11.25, 14.83, 17.95, 21.23 and
26.62, respectively. According to the findings of this study, it can be said that due to the high impact of
fertilization, by controlling the amount of fertilizer used, pollution of surface water resources can be
controlled to a large extent.

Introduction

The use of chemical fertilizers to increase crop production has caused the agricultural sector to
be considered the main polluter of water resources. Because the chemical fertilizers used contain
various compounds such as nitrate, phosphate and ammonium, which are the most dangerous
polluting compounds in water resources. Pollution of water resources may cause the loss and
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limitation of drinking water, livestock drinking water, irrigation, aquatic life and recreational
activities. Loss of nitrogen and phosphorus nutrients from agricultural fields to surface waters
reduces water quality and leads to environmental damage (Zhang and Zhang2011). Currently, the
use of chemical fertilizers has become an inseparable part of the agricultural production process,
and its consumption is increasing. (Qiang and YuSchilling, 2021).

Today, with the development of science and technology, the use of mathematical models to assess
the quality of water resources and develop various management scenarios to improve conditions
has become widespread. The Soil and Water Assessment Tool (SWAT) is a hydrological model
that is widely used internationally and in the United States for water quality and natural resource
management. (Giri et al., 2016 ).

Materials and Methods

The Dez irrigation and drainage network, located in the north of Khuzestan province, with an
area of 125,000 hectares, is one of the largest networks in Iran, in which advanced methods are
used for irrigation and drainage of lands. The water required for this project is supplied from the
Dez River, and in order to control, contain, and regulate its water flow, reservoir, regulating, and
diversion dams have been constructed on this river (KWPA Technical Rep., 2016.).

In the present study, the SWAT hydrological model, version 2012, was used to evaluate the
effect of fertilization on the nitrate level of the irrigation and drainage network of Dez.

In order to achieve the objectives of the present study, the required information was collected
in six sections including: climatic, hydrometric, physiographic, soil data, land use map and
agricultural activities. Data related to temperature, rainfall, relative humidity and evaporation were
prepared daily from synoptic and meteorological stations during the statistical period from 1993 to
2017 and introduced into the model. In order to prepare hydrological response units (HRU), a
Digital Elevation Model (DEM) with a resolution of 50 meters, FAO global soil map and a land
use map of the region in eight classes were used. Also, the cropping pattern, yield and fertilization
of products were prepared based on data received from the Agricultural Jahad Organization of
Khuzestan Province and introduced into the model. On the other hand, daily data from five
hydrometric stations of Bamdej, Harmaleh, Pol-e Shavour, Shushtar and Arab-e Asad were used
to calibrate and validate the SWAT model. Finally, to investigate the effect of fertilization on the
amount of nitrate output in the study area, scenarios of 10, 20, 40, 30, 50, 60, and 70 percent
reduction in fertilization were implemented in the model, respectively.

Results and discussion

According to the results obtained, June has the highest nitrate load and March has the lowest
load. One of the reasons for the increase in nitrate in June could be the increase in fertilizer
consumption in order to prepare the land for the second crop. The application of scenarios also had
the greatest impact in this month. In March, due to the final stages of plant growth, fertilizer
consumption and consequently nitrate load also decreased. According to the results presented,
during the statistical period, especially in low nitrate amounts, the scenarios do not differ much in
reducing nitrate levels. This could be due to the stability of nitrate compounds in soil and water
resources. On the other hand, the least impact on the amount of nitrate pollution load in the
evaluated statistical period is related to scenario 10 and the greatest impact is related to scenario
70.

Conclusion

The results of applying fertilization scenarios to the pollution level show that the highest average
reduction in nitrate by 26.62 was achieved in the 70% reduction in fertilization scenario, and a 10%
reduction in fertilization led to a 74.2% reduction in nitrate output.

According to the results obtained, various factors such as fertilization time, irrigation rate,
irrigation method, and the amount of fertilizer required by crop patterns can affect the level of
surface water pollution. According to the results obtained, for the qualitative protection of water
resources, an important step can be taken in the control of chemical fertilizers by spending money
and making appropriate policies. Optimal use of fertilizers, replacing organic fertilizers with
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chemical fertilizers, providing banking education to farmers to use modern fertilization and
irrigation equipment and methods at the farm level, and also increasing the purchase price of
agricultural products can, in addition to reducing water resource pollution, lead to improved plant
performance in conditions of reduced fertilizer consumption and preventing a decrease in farmer's
profits. In this direction, the use of models such as SWAT, which has the ability to evaluate
different management scenarios at the watershed level, can be an effective solution for developing
water and soil management programs.

It is necessary to examine the impact of applying fertilizer reduction scenarios on plant
performance and its economic impact simultaneously so that a logical and comprehensive
analysis can be carried out in the field and then the appropriate decision can be made.
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Table 1- Input information to the model for simulating Dez irrigation and drainage network

Data Data source
(DEM) Digital elevation model
Soil map (FAO) United States Food and Agriculture Organization

Land use map Khuzestan Province Agricultural Jihad Organization
Meteorology data Iran Meteorological Organization
Hydrometric data Khuzestan Water and Power Organization

Management and agricultural data

Fertilization data Khuzestan Province Agricultural Jihad Organization

SWAT Jaw 50 0ud Jlos!l (o155 DY game (B0 865 Ol o § Sl (5681 -T Jou>
Table 2- Cultivation pattern and fertilization rate of crops applied in SWAT model

Amount of fertilizer

Row Product Cultivation Planting date Harvest date Performance) (Kg/ha) used
percentage (Ton/ha
Urea Phosphorus

1 wheat 33 1December 20May 4/08 300 100
2 corn 25 21July 120ctober 6 400 100
3 Sugarbeet 7 20ctober 10May 67 350 100
4 Alfalfa 6 20ctober 19March 18/5 100 50
5 barley 6 1December 15May 3 250 75
6 vegetables 7 20ctober 30April 22 150 50
7 tomato 3 1December 19April 40 200 100
8 onion 3 1September 10March 40 200 100
9 sunflower 4 29February 1 August 2/5 200 100
10 Citrus 6 - 21November 10 400 100

axdllan O g0 dikaio (S yog o (SOLCL ! Dlasio -V oo
Table 3- Specifications of the hydrometric stations of the studied area

Row Station name River Eevation Longitude Latitude

Bamdej Dez 20 37-68-48 08-41-31
Harmaleh Dez 38 24-31-48 82-57-31
Shawoor bridge Shawoor 60 03-15-48 09-03-32
Shushtar Karon 1215 07-85-48 00-05-32
Arab asad Karon 26 33-88-48 19-85-31
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Fig. 2- a: elevation map, b: location map of hydrometric stations, c: soil map, d: land use
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Table 4- Ranges of NSE and R? coefficients (Basaltpour and Hosseinzadeh, 2016)

Nash-Sutcliffe coefficient

assessment's result

The coefficient of determination

(NSE) (R%)
very well 0.75 <NSE 0.85 <R?
Well 0.65 <NSE < 0.70 <R? < 0.80
Satisfactory 0.50 <NSE < 0.60 <R? =£0.80
Unacceptable NSE = 0.50 RZ2 < 0.60

b lwdnsls Juho 30 Oy pwlus (S ol sl dag 9 49l dold -0 Jou>

Table 5- Initial and optimal range of nitrate sensitive parameters in the simulated model

Optimal Optimal Initial

Parameter definition parameter Row
value range range
0.42 .32-.696 0-1 Nitrogen diffusion coefficient r NPERCO 1
Concentration of organic nitrogen
73.84 58.4-85 0-100 in runoff, after application of urban v_ORGN_CON 2
BMP
80.2 79-192 0-200 Organic nitrogen in the base stream v_LAT ORGN 3
Nitrate concentration in the share of
235.02 0-671 0-1000 groundwater flowing from the v_SHALLST N 4
subbasin
85.42 422-100 0-100 Concentration of organic nitrogen oy oNco 5
in the channel - =
1.89 0-3.14 0-5 Organic nitrogen enrichment ratio v_SOLN CON 6
5873 49.8-79.5 0-100 The initial conceptratlon of NO3 in v SOL NO3 7
the soil layer — =
3119 218-43.7 0-100 The initial concentration of v_ SOL_ORGN 3

organic nitrogen in the soil layer
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Table 6- Results of the sensitivity analysis of parameters affecting nitrate load

-
Q
Optima Optimal 3 g
t-stat p-value value | parameter a? t-stat  p-value value parameter § g
a
_1/04  0/44  3/191 v SOLORGN 5 0/12 081  2/0235 V—SH%LLST— 1
0/98 032 1/89 v.SOLN.CON 6 -/24 0/75 8/425 v.CHONCO 2 =
]
ol
£
1/21 018 7/843  v_ORGN_CON 7  0/38 0/64 0/42 r_ NPERCO 3~
1/84 0/09 80/2 v_LAT ORGN 8  0/57 0/54 5/738 v_SOL NO3 4
Table 7- Results of SWAT model efficiency in nitrate load simulation
Ol g 5 Gilwdnd JO SWAT Jow oL 31 fol> s -Y o
StdDev_sim Mean_sim NS 5 ) ’ iteri tati
(StdDev_obs) (Mean_obs) E R R-factor P-factor Criterion/ Station Parameter
665(491) 618(526) 0/56 0/80 0/08 0/17 Calibrated g
o
Bamdej z
341(304) 399(398) 0/55 0/70 0/04 0/09 Validated !
2100 /\ Observed
E /\ Best estimation
o /\ Observed
E 2000 /\ Best estimation
Fig. 3- Results of calibration and verification of nitrate simulation in SWAT model at Bamdej

station
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Fig. 4- Average monthly nitrate load and simulated by applying fertilization reduction scenarios
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Table 8- Effect of applying fertilizer reduction scenarios on the amount of nitrate in the study area

10% 20% 30%

Parameter  fertilizer  fertilizer  fertilizer
reduction reduction reduction

40% 50% 60% 70%
fertilizer  fertilizer fertilizer fertilizer
reduction reduction reduction reduction

Nitrate — -2/74 -9/31 -11/25

-14/83 -17/95 -21/23 -26/62

*Negative values indicate that the applied scenario reduced the studied parameter
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Abstract

Rainfall-runoff modeling is a tool for flood prediction, and risk minimization. In this study, the Soil and
Water Assessment Tool (SWAT) model was used to determine the factors affecting runoff. For this purpose,
spatial data including Digital Elevation Model (DEM), land use, and soil were obtained from reliable sources
and finalized in ArcGIS software. Then, climatic data including precipitation, maximum and minimum
temperature, relative humidity, wind speed, evapotranspiration, and solar radiation were obtained from
various meteorological stations. The model calibrated using the SUFI2 algorithm and then the model
validation and sensitivity analysis were carried out. The model performance was evaluated using statistical
evaluation criteria including RMSE, R2 and NSE. The results of the model sensitivity analysis showed that
the model is sensitive to 16 of the 23 parameters. Also, the model simulation during the calibration and
validation period with RMSE values of 18.01 and 53.93 and R2 values of 0.85 and 0.91 and NSE coefficients
0f 0.72 and 0.36 indicate the model performance in the rainfall-runoff simulation in the studied basin. Given
the arid and semi-arid climate of Iran and the limited water resources, there is a need to identify the most
important components in the process of converting precipitation into runoff. Therefore, the SWAT model
can be considered a useful tool in determining these components and can be used in rainfall-runoff simulation
for water resources planning and management.

Introduction

Precipitation is one of the most complex elements of the hydrological cycle, exhibiting
significant variations in both time and space. Forecasting precipitation is not an easy task, and it
involves many uncertainties (Zand and Samaei, 2017). Estimating the runoff resulting from
atmospheric precipitation forms the foundation for various studies related to the development and
management of water resources. This estimation is crucial for a better understanding of
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hydrological issues, water resource management, river engineering, flood control structures, and
flood storage. Therefore, the estimation of surface runoff in river basins is an important and
complex issue that requires investigation and modeling of river regime (Xue et al., 2022). One of
the most significant applications of surface flow estimation in watershed management is flood
management, along with the design of hydraulic structures and reservoir policies (Mahmoudi et
al., 2021). Watershed hydrology simulation models are employed to better understand the
hydrological processes that control the movement of surface and subsurface water. One of the most
widely used hydrological models is the semi-distributed SWAT model. The SWAT model is a
large-scale model designed to simulate the impact of various land management methods on water,
sediment, and chemical agricultural substances at the basin level, taking into account different soil
types and land uses over the long term, based on water balance. Among the spatial information
required by the SWAT model is the digital elevation model (DEM), which plays a crucial role in
extracting the hydrographic characteristics of the basin and estimating the spatial distribution of
runoff and sediment load (Goodarzi et al., 2016). The ability of watershed models to accurately
simulate hydrological processes is evaluated through parameter sensitivity analysis, model
calibration, and model validation.

Methodology

The Khersan watershed is one of the important sub-watersheds of the Karun watershed, located
in the southwest of Iran, spanning the provinces of Kohgiluyeh and Boyer Ahmad, Chaharmahal
and Bakhtiari, and Isfahan. The SWAT hydrological model was utilized to identify the effective
components influencing runoff and to simulate rainfall-runoff in this watershed. For this purpose,
spatial data was gathered, including a digital elevation model (DEM) with a 30-meter resolution
from SRTM satellite data, a slope layer derived from the DEM, a land use map created by
classifying Landsat 8 satellite images using the Supervised Maximum Likelihood Classification
(MLC) method, and a soil layer based on the soil map from the Food and Agriculture Organization
(FAO). Meteorological data, including daily rainfall, minimum and maximum temperatures, wind
speed, and relative humidity, were collected from 14 meteorological stations in the basin covering
the period from 07/01/1997 to 06/30/2020. River flow data were obtained from three hydrometric
stations located in different areas of the basin. To implement the SWAT model, the ArcSWAT
extension within the ArcGIS 10.8 software environment was used. The digital elevation model of
the area was added to the software, allowing the model to calculate the watershed area, sub-
watershed, main stream network, and other physical characteristics of the watershed. In the next
step, using the land use and soil maps, along with introduced classes of slope values, hydrological
response units (HRUs) were defined by the model. After preparing the HRUs map, meteorological
data including rainfall, minimum and maximum temperatures, average wind speed, and relative
humidity were input into the model, and the modeling process was conducted.

Findings

The SWAT model was implemented using the Digital Elevation Model (DEM) layer, land use
map, soil map, and meteorological data, including rainfall, maximum and minimum temperatures,
relative humidity, and wind speed. Next, the SUFI-2 algorithm was employed to calibrate and
validate the model results. A sensitivity analysis of the model was conducted using 29 default
parameters, which revealed that 16 parameters were more sensitive. The remaining parameters had
no significant effect on the basin runoff simulation, classifying them as insensitive parameters,
which were then removed from the calibration process. The performance of the SWAT model in
daily and monthly rainfall-runoff simulation, as measured by the Nash-Sutcliffe coefficient, was
0.724, 0.765, 0.87, and 0.88, respectively, for the calibration and validation periods. These results
indicate the model's good performance in simulation and its suitability for estimating runoff in the
region.

Conclusion
To simulate rainfall-runoff and determine the important components in the simulation, the Soil
and Water Assessment Tool (SWAT) model was employed. The SWAT model was automatically
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calibrated using the SUFI-2 algorithm for the period 1997-2020, with calibration conducted for the
periods 1997-2013 and 2014-2020. The simulation results indicate that out of 23 important
parameters used in the calibration for this basin, 16 effective parameters include: CN2 (initial SCS
curve number for medium humidity conditions), ALPHA BF (groundwater discharge constant),
GW_DELAY (water transfer delay time from the last layer to groundwater), SOL_BD (soil bulk
density), SOL AWC (soil available water capacity), SOL K (soil saturated hydraulic
conductivity), SOL ALB (reflectance coefficient or albedo of moist soil)), REVAPMN
(groundwater evaporation rate), SMTMP (snowmelt temperature), SMFMX (maximum annual
snowmelt rate), ALPHA BN (channel discharge constant), CANMX (maximum canopy
retention), HRU SLP (mean slope), and SOL_Z (thickness of soil layers). The evaluation of model
performance using RMSE, R?, and NSE criteria shows that during the calibration and validation
periods, the RMSE values were 18.01 and 53.93, respectively. The R? coefficient values were 0.85
and 0.91 for the calibration and validation periods, respectively, while the Nash-Sutcliffe
coefficient (NSE) values were 0.72 and 0.36, respectively. Overall, considering these three
performance evaluation criteria, the SWAT model demonstrates good performance in the study
area.
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Table 1- Characteristics of satellite images used in this research

Sattelite Name Sensor Bands Row Path Date
38 163
39 163

Landsat 8 OLI 11

Y38 164 29/04/2020

39 164

SWAT e Sl 50 oalainl 890 &SI 0¥ Olasio -V Joos
Table 2 - Soil Layer Specifications Used in the Implementation of the SWAT Model

Row Soil Code Name

Soil Texture k Value

1 3122

(VL SN OS I \S ]

I-Rc-Xk-c-3122 Loam 0.3204
3508 I-Rc-Yk-c-3508 Loam 0.3061
3578 Xk5-2-3a-3578
3254 Rc33-3bc-3254 Loam 0.3244
3304 Xk5-3ab-3304

Clay-Loam  0.3601

Clay-Loam  0.3562

dilio 3 odliwl 3390 (SO KL | Olaize -1 J9uz
Table 3 - Coordinates of the Stations used in the Area

Number Station Name Station Type Longitude Latitude

1 Ganjaei Raingauge 513600 304600
2 Garmook Raingauge 514300 312259
3 Ghale Raeisi ~ Raingauge 503859 311659
4 Gifteh Raingauge 514000 305558
5 Hanna Raingauge 514348 311300
6 Kaloos Raingauge 512700 303750
7 Komeh Raingauge 513600 310400
8 Maymand Raingauge 511600 310850
9 Pataveh Raingauge 511448 305654
10 Setnegan Raingauge 513700 303600
11 Sisakht Raingauge 512100 305256
12 Yasuj Synoptic 513316 304211
13 Semirom Synoptic 513356 312423
14 Sisakht Synoptic 512745 305059
15 Pataveh Hydrometric 511516 305736
16 Kata Hydrometric 511533 311059
17 Barez Hydrometric 502826 312830
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Table 4- Range of Effective Parameters in Simulating Rainfall-Runoff Processes in the SWAT Model

Row Parameters Discription Minimum Maximum p-value  t-stat

1 R* CN2.mgt SCS curve number for -0.20 0.20 0.000 -8.013
— moisture condition II

Base flow alpha factor

2 V** ALPHA BF.gw 0 1 0.002  -0.889
(days)
3 V_GW DELAY.gw Gr"“ndw(asz;gelay time 30 450 0285  -0.609
4 R _SOL BD()sol  Moistbulkdensity (gem™ 5, 0.30 0.004  -2.249
5 R_SOL AWC(.)sol ‘vailable water capacity -0.30 0.30 0.338  0.867
of the soil layer (mm/mm)
Soil saturated hydraulic
6 R_ SOL K(..).sol conductivity (mm/hr) -0.80 0.80 0.000  -3.567
7 R__SOL _ALB(..).sol Soil albido coefficient -0.50 0.50 0.180  -0.879
8 V_GW DELAY.gw Gm““dwgz;selay time 0 500 0.000  3.043
9 V_REVAPMN.gw  Depthofwater threshold 0 100 0411 0314
— in groundwater table
10 V__SMTMP.bsn Snow melt base 5 5 0.745  -0.42
— temperature (C)
Melt factor for snow on
11 V__ SMFMX.bsn Yoo 21 (mm/Cdiny) 0 10 0.052  0.849
12 V_ALPHA BNKre Daseflow alpha factor for 0 1 0.061  -1.603
— - bank storage (days)
13 V_ CANMX.hru Ma’“m“m(fgr‘;‘;py storage 0 100 0.025  -2.51
14 R__HRU_SLP.hru Average Slope (m/m) 0 0.90 0.062  -1.817
15 R SOL 7(.)sol  Depthfrom soil surface to 0 0.80 0.045  1.538

bottom of layer (mm)
Thershold water level in
16 V__ GWQMN.gw shallow aquifer for 0 5000 0.837 0.194
baseflow (mm)

*: V means that the parameter value is replaced with a new optimal value.
**: R means that the parameter is multiplied by (1 + the optimal value)
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Table 5 - Results of the SWAT Model Evaluation for the Calibration (1997-2013) and Validation
Period (2014-2020)

Statistical

Calibration  Validation

RZ
RMSE
NSE

0.85 0.91
18.01 53.93
0.72 0.36
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Abstract

Most strategic crops such as sugarcane, sugar beet, and others are irrigated using the furrow method. The
most important factors affecting water infiltration in the furrows include the wetted perimeter, flow cross-
section, and so on. Evaluating the wetted perimeter and flow cross-section in furrow irrigation requires
measuring parameters such as the cross-section, wetted perimeter, and others.At the farmlands of the Faculty
of Agriculture, Islamic Azad University of Sanandaj, 2020 meter grid was implemented to determine the
land slope, and a topographical map was prepared. The furrows were created using a ridger with an
approximately parabolic cross-section, spaced 0.75 meters apart and 80 meters long. A total of five
measurement furrows and ten buffer furrows were created in one block for four consecutive irrigations, and
the necessary experiments were conducted.The data were analyzed using MSTAT-C, SPSS, software.The
Analysis of Variance results showed a significant difference at the one percent (1%) level between the mean
wetted perimeter values in measurement furrows one to five and the cross-section meter and parabola
equation. The coefficient of variation for this data was 0.03 percent. The mean wetted perimeter values for
the cross-section meter and parabola equation methods were 48.36 cm and 48.31 cm, respectively.The results
showed a significant difference at the one percent (1%) level between the mean flow cross-section values in
furrows one to five and the two measurement methods. The coefficient of variation for this data was 2.18
percent. The mean flow cross-section values for the cross-section meter and parabola equation methods were
306.28 cm? and 347.43 cm?, respectively.The fitted line equation and the correlation coefficient derived from
the mean wetted perimeter values using the cross-section meter and parabola equation methods showed that
the correlation coefficient for the wetted perimeter obtained equal to one and for the flow cross-section, it
was approximately 0.99.

Introduction

Li et al (2023) surface irrigation is one of the most common irrigation methods in Iran and the
world. Many strategic crops such as sugarcane, sugar beet, and corn are irrigated using the furrow
method. The wetted perimeter, flow cross-section, infiltration opportunity time, furrow length,
inflow rate, geometric shape, and furrow slope are among the most important factors affecting
water infiltration in furrows. Behzad (1996 ) by definition, the length of the water-soil interface in
the cross-section of the furrow is called the “wetted perimeter.” Water infiltration in furrows is
more complex due to the water-soil contact area, the effect of adjacent furrows, the geometric shape
of the furrows, etc., on the amount of infiltration. Philip (1984) showed theoretically and
experimentally that water infiltration from a curved surface is significantly greater than from a flat
surface.
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Woahling et al. (2004) in order to study the effect of the wetted perimeter on water infiltration
in furrows, performed infiltration tests using inflow and outflow methods, a circulating
infiltrometer, and blocked furrows with constant and variable depths, and investigated equations.
The results of the analysis of variance of the predicted infiltration values by each of the equations
showed that infiltration equations that lack the effect of the wetted perimeter and flow cross-section
in estimating the amount of water infiltration in the soil have the greatest error. On the contrary,
equations that have wetted perimeter or flow cross-section parameters, in addition to having less
error, have more flexibility to adapt to changes in hydraulic conditions in furrows compared to
previous equations.

Research Methodology

The study area includes the lands of the Faculty of Agriculture of Islamic Azad University of
Sanandaj, located 10 kilometers from the Sanandaj-Kermanshah road. This area has geographic
coordinates of 36°,10’, 38" northern latitude and 44°,03', 47" eastern longitude. There are several
methods for evaluating the flow cross-section and wetted perimeter, including sectioning methods,
parabolic equation, Manning’s formula, and the United States Soil Conservation Service (SCS)
method.

After preparing the land, 20 X 20 square meter grids were implemented to determine the land
slope, and a topographic map of the land was prepared. Then, furrows with an approximately
parabolic cross-section were created using a furrow shaper at a distance of 0.75 meters from each
other and with a length of 80 meters in a block of 5 measurement furrows and 10 buffer furrows
for four consecutive irrigations (first to fourth). Numerous experiments were performed, including
measuring the geometric shape, inflow and outflow rate, irrigation depth, water surface width, and

L . L 3 1.
furrow slope. Irrigation was carried out using 51phonsz and1 " inches from the earthen canal above

. . 3 . 1. . .
the farm, and each furrow was irrigated with two siphons and onel " inch siphon in an open-ended
manner.

Results

In order to compare and evaluate the wetted perimeter and flow cross-section using the
sectioning method, parabolic equation, Manning’s formula, and the United States Soil
Conservation Service (SCS) method in furrow irrigation, the required data including advance and
recession time, inflow and outflow rate, depth and width of the water surface, and furrow slope
were collected for five furrows and analyzed using MSTAT-C, SPSS, and Microsoft Office
software. To compare between the sectioning method and the parabolic equation and determine the
significance of the difference between the two methods in terms of the wetted perimeter and flow
cross-section, and to determine the significance of the difference between the treatments, analysis
of variance was performed using ANOVA through MSTAT-C software in a completely
randomized design. Also, Duncan’s multiple range test was used to determine the homogeneity of
the difference between the treatments. The results of the analysis of variance related to the effect
of'the sectioning method and the parabolic equation for the wetted perimeter and flow cross-section
are presented in Tables (1 and 2).

Table 1 - Results of Analysis of Variance of the Effect
of Measurement Method on Wetted Perimeter

Row Source of Variation Degrees of Freedom Sum of Squares
1 Block 4 2.28%*

2 Measurement Method 1 0.007**

3 Error 4 0.001

4  Total 9

5 Coefficient of Variation (CV) % 0.03

** Significant at the 1% level ~ * Significant at the 5% level ns Non-significant
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Table 2 - Results of Analysis of Variance of the Effect of
Measurement Method on Flow Cross-Sectional Area

Row Source of Variation Degrees of Freedom Sum of Squares
1 Block 4 1817.810%*

2 Measurement Method 1 4232.607**

3 Error 4 50.927

4  Total 9

5  Coefficient of Variation (CV) % 2.18

** Significant at the 1% level  * Significant at the 5% level ns Non-significant

The results of the analysis of variance of the experimental data showed that there is a significant
difference at the 1% level between the average values of the flow cross-section in the measurement
blocks (furrows 1 to 5) and the measurement methods (sectioning and parabolic equation), and the
coefficient of variation of the data is 2.18%. The average values of the flow cross-section in the
two sectioning and parabolic equation methods were 306.28 and 347.43 square centimeters,
respectively.

The results of fitting regression lines along with the fitted line equation and correlation
coefficient between the average values of the flow cross-section with the sectioning and parabolic
equation methods were evaluated. The results showed that the highest correlation coefficient in the
flow cross-section obtained from the two measurement methods was related to furrow number two,
equal to 0.99, and the lowest correlation coefficient was related to furrow number four, equal to
0.99. The results of fitting regression lines along with the fitted line equation and correlation
coefficient between the average values of the wetted perimeter with the sectioning and parabolic
equation methods were evaluated in all furrows. The results showed that the correlation coefficient
in the wetted perimeter obtained from the two methods is approximately equal to one for all furrows
and is approximately 0.99 for the flow cross-section (Figures 1 and 2).

100

80

60

40

20

Wetted Perimeter - Parabola
Equation (Centimeters)

0 20 40 60 80 100
Wetted Perimeter - Section Gauge Method
(Centimeters)
Fig. 1-Comparison of Wetted Perimeter Values Using the Section Measurement and Parabola
Equation Methods in Furrows Number 1 to 5.
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Fig. 2- Comparison of Flow Cross-Sectional Area Values Using the Section Measurement and
Parabola Equation Methods in Furrows Number 1 to 5.

Conclusion

The results of the analysis of variance of the experimental data showed that there is a significant
difference at the 1% level between the average values of the wetted perimeter in the measurement
blocks (furrows 1 to 5) and the measurement methods (sectioning and parabolic equation), and the
coefficient of variation of the data is 0.03%. The average values of the wetted perimeter in the two
sectioning and parabolic equation methods were 48.361 and 48.31 cm, respectively. Also, the
results of the analysis of variance of the experimental data showed that there is a significant
difference at the 1% level between the average values of the flow cross-section in the measurement
blocks (furrows 1 to 5) and the measurement methods (sectioning and parabolic equation), and the
coefficient of variation of the data is 2.18%. The average values of the flow cross-section in the
two sectioning and parabolic equation methods were 306.28 and 347.43 cm2, respectively.
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Table 1 - Physical characteristics of soil at different depths

Deep Percentage of Soil Particles Soil Bulk Particle

Soil clay silt Sand Texture Density Density

(cm) (%) (%) (%) (gr/cm®) _ (gr/cm®)

0-30 33 34 33 Clay 1.37 2.60

30-60 37 32 31 Loam 1.35 2.61

60-90 21 24 55 Clay 1.68 2.53
Loam

Sy Lumo 3 (S5 031N gy ST il N9 4 omd s Y Jouer
Table 2 - Results of Analysis of Variance of the Effect of
Measurement Method on Wetted Perimeter

Row Source of Variation Degrees of Freedom Sum of Squares
1 Block 4 2.28%*

2 Measurement Method 1 0.007**

3 Error 4 0.001

4  Total 9

5 Coefficient of Variation (CV) % 0.03

** Significant at the 1% level

* Significant at the 5% level

ns Non-significant
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Table 3 - Results of Analysis of Variance of the Effect of
Measurement Method on Flow Cross-Sectional Area

Row Source of Variation Degrees of Freedom Sum of Squares
1 Block 4 1817.810**

2 Measurement Method 1 4232.61%*

3 Error 4 50.93
4
5

Total 9
Coefficient of Variation (CV) % 2.18
** Significant at the 1% level  * Significant at the 5% level ns Non-significant

48.370 ~
48.360 -
48.350 -
48.340 -
48.330 -
48.320 -
48.310 -
48.300 -
48.290
48.280 -

48.270 T .
Cross-Section Method Parabola Equation

Average Wetted Perimeter (Centimeters)
=

Dissimilar letters indicate the average wetted perimeter at the 1% level.

Fig. 2- Comparison of Mean Values of Wetted Perimeter Using
Different Measurement Methods with Duncan's test
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Dissimilar letters indicate the average wetted perimeter at the 1% level.

Fig. 3- Comparison of Mean Flow Cross-Sectional Areas
Using Different Measurement Methods with Duncan's test
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Table 4 — Linear Regression Equation and Correlation Coefficient for Wetted Perimeter

Furrow Measured Measurement Fitted Line Equation Correlation
Number Parameter Method ! Coefficient
1 Wetted Perimeter Cg’;s;aeggl‘i’é‘ W, = 1.0013W; — 0.1449 1
2 Wetted Perimeter Cg’;;ifgﬁ’cn W, = 1.0007W, — 0.0835 1
3 Wetted Perimeter %";Z'ri‘i)";ﬁl“ Wp = 0.9989W, — 0.0103 1
4 Wetted Perimeter %";;ﬁfﬁn Wp = 1.0023W; — 0.1652 1
5 Wetted Perimeter ~ CrOSS™SECHON y, g 99917 — 0.0235 1

& Parabolic

Wp= Wetted Perimeter (Parabolic Equation)

W, = Wetted Perimeter (Cross-section Method)

Ob > o o (Sl (Kwsodd 0 po9 4L 3l p b Aol -0 Jou

Table 5 — Fitted Line Equation and Correlation Coefficient for Flow Cross-section

Furrow Measured Measurement Fitted Line Equati Correlation
Number Parameter Method ttted Line bquation Coefficient
1 Flow Cross-section A= 125014 — 43.073 0.992
Cross-ection and parabolic

2 Flow Cross-section A =128184'—27.978 0.9965
Cross-section and parabolic

3 Flow Cross-section A =127894" — 33.642 0.9932
Cross-section and parabolic

4 Flow Cross-section A =12064A"— 45.529 0.9909
Cross-section and parabolic

5 Flow Cross-section and A= 12694 — 34418 0.9918

Cross-section

parabolic

A = Flow Cross-section (Parabolic Equation) A= Flow Cross-section (Cross-section Method)
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Fig. 4- Comparison of Wetted Perimeter Values Using the Section Measurement and Parabola
Equation Methods in Furrows Number 1 to 5.
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Fig. 5- Comparison of Flow Cross-Sectional Area Values Using the Section Measurement and
Parabola Equation Methods in Furrows Number 1 to 5
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Table 6 — Fitted Line Equation and Correlation Coefficient
for Wetted Perimeter and Flow Cross-Section

Measurement . . . Correlation
Row  Measured Parameter Method Fitted Line Equation Coefficient
. Cross-section .
1 Wetted Perimeter & Parabolic Wp = 1.0006Wp, — 0.0796 1
2 Flow Cross-Section  GrOSS™SCCOn ) 4 19124 — 21.439 0.9879
& Parabolic
Wp= Wetted Perimeter (Parabolic Equation) W}; = Wetted Perimeter (Cross-section Method)

A = Flow Cross-section (Parabolic Equation) A= Flow Cross-section (Cross-section Method)
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Abstract

Accurate prediction of actual evapotranspiration in response to water resource management problems and

increasing the productivity of agricultural products under dry and semi-arid climatic conditions is considered
essential. Sunflower, as an economic crop with relative resistance to water deficiency, is a suitable option
for cultivation in areas with water limitations. In this study, Support Vector Regression (SVR) and Random
Forest (RF) models optimized with the Genetic Algorithm (GA) were used to predict actual
evapotranspiration. For this purpose, data from weighing lysimeters in Bushland, Texas, USA, during the
2011-2012 growing season were extracted. A total of 230 data points were selected as model inputs in the
form of eight scenarios with different combinations of climatic parameters. The results of this study showed
that, in the SVR-GA model, the best performance was obtained for the combination of inputs including daily
soil temperature inside and outside the lysimeter at a depth of 1.6 m, relative water storage at midnight, daily
average relative water storage, soil temperature at different depths, air temperature, soil heat flux in the rows
and the distance between rows, relative humidity, and wind speed, such that the Root Mean Square Error
(RMSE) was 1.017 mm/day, the correlation coefficient (R) was 0.95, and the Nash Sutcliffe Efficiently (NS)
was 0.908. Also, in the RF-GA model, the best results were obtained with input variables including all the
above-mentioned variables except wind speed, with an RMSE of 1.516 mm/day, an R value of 0.90, and an
NS value of 0.796. Comparison of the results showed that the use of the Genetic Algorithm in optimizing
the models increased prediction accuracy, such that based on the RMSE criterion, the hybrid SVR-GA and
RF-GA models experienced reductions of 59.91% and 35.8%, respectively, compared with their
corresponding standalone models. Finally, the hybrid models can be used as efficient tools for estimating
actual evapotranspiration under conditions where direct measurement using traditional methods is costly or
limited.

Introduction

Evapotranspiration is a fundamental component of the hydrological cycle and plays a vital role
in water resource management, irrigation design and assessing plant water requirements (Chiew et
al., 1995). Since lysimeters provide relatively accurate measurements of evapotranspiration, their
application is often limited due to high costs and the need for specialized expertise, particularly in
developing regions (Feng & Tian, 2021). Therefore, developing alternative predictive models has
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become essential. This study focuses on employing machine learning models, including random
forest and support vector regression, optimized by genetic algorithms to estimate
evapotranspiration. Despite prior research on reference evapotranspiration prediction, limited
attention has been focused to hybrid models, especially for actual evapotranspiration forecasting
due to data limitations. This research introduces a hybrid model aimed at improving prediction
accuracy, applied in the Bushland region of Texas, with sunflower as a strategic crop. The model’s
performance is assessed through various evaluation metrics to demonstrate its efficacy compared
to existing single-model approaches.

Methodology

This dataset comprised one year of lysimeter weight measurements for sunflowers collected at
the USDA-ARS Conservation and Production Laboratory (CPRL), Soil and Water Management
Research Unit (SWMRU) in Bushland, Texas, during the 2011-2012 crop year (Evett et al., 2000).
The parameters measured include wind speed, air temperature, relative humidity, soil temperature,
soil heat flux, daily evapotranspiration, daily averages and relative water storage at specific
lysimeter depths. Sensitivity analysis using Pearson’s correlation Figure (1) revealed that daily
mean soil temperature at 1.6 m depth showed the strongest correlation (r = 0.70), while wind speed
exhibited the weakest (r = —0.32). All variables were measured daily over the full crop year (Evett
et al., 2018; 2022). In this study, data from two lysimeters located in the northeast and southeast of
agricultural fields in Potter City were used as inputs for SVR, RF, RF-GA, and SVR-GA models
to predict actual daily evapotranspiration.

0.70

i

FST1.6 RWSave FST1 RWSM CST1 CST1.6 HFIRI1 HFIR2 HFR1 U2

Correlation coefficient

-0.32
Parameter

Fig. 1 — Bar chart of correlation coefficient of input parameters

Random Forest (RF)

The Random Forest (RF) model was first introduced by Breiman (2001) as a decision tree-
based machine learning method. This algorithm has attracted the attention of researchers in recent
years due to its various capabilities, including classification and regression. In Random Forest, a
set of decision trees is built based on different parts of the training data.

Support Vector Regression (SVR)

Support Vector Regression is a support vector machine (SVM)-based method used in
classification and regression analysis problems. It operates on the basis of binary classification in
the desired feature space and is widely used in forecasting problems (Yoon et al. 2011; Jha &
Hayashi 2014).

Genetic Algorithm (GA)

The basic concept of a genetic algorithm was first introduced by Holland (1992). This algorithm
is an optimization method inspired by the principles of natural selection and genetic theory. In this
method, each member of a population, called a chromosome, is considered as a possible answer to
the problem.
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Results and Discussion

Table (1) presents the evaluation results of the models during the test period based on R, RMSE,
NRMSE, NS and WI criteria. Among the SVR scenarios, the seventh scenario showed the best
performance with the lowest error and highest correlation, due to the inclusion of HFR | and HFR;
variables. The SVR-GA model further improved accuracy, reducing RMSE by 1.44% compared to
the best SVR scenario. These results are consistent with Sharafi et al. (2024), who applied a
combined SVR-FOA model for evapotranspiration prediction in Ahvaz with similar
improvements. In the RF-GA model, the seventh scenario achieved the highest accuracy, with R =
0.90, RMSE = 1.516 mm/day, NS = 0.796, NRMSE = 0.122, and WI = 0.98. Comparison of RF
and RF-GA models indicates that genetic algorithm optimization significantly enhances model
performance. This finding aligns with Monavvar Sabegh et al. (2023), who demonstrated improved
evapotranspiration estimates at East Azerbaijan stations using a GA-optimized RF model, reporting
Wilmot indices of 0.982 and 0.992 in different scenarios for Tabriz station.

Table 1 — Performance of the models during the testing period

Model R (Hll{nl\jify) NRMSE NS Wi
SVR-1 0.69 2537 0.204 0.43 0.74
SVR-2 0.80  2.044 0.164 0.63 0.89
SVR-3 0.80  2.077 0.167 0.62 0.89
SVR-4 0.84 1932 0.155 0.67 0.92
SVR-5 0.84 1837 0.148 0.701 0.93
SVR-6 0.84  1.841 0.148 0.70 0.93
SVR-7 0.86  1.820 0.147 0.706 0.93
SVR-8 0.84  1.835 0.148 0.702 0.93
SVR-GA-1 0.76  2.199 0.176 0.572 0.92
SVR-GA-2 0.87  1.670 0.135 0.753 0.97
SVR-GA-3 0.88  1.610 0.130 0.77 0.98
SVR-GA-4 0.89 1533 0.124 0.792 0.98
SVR-GA-5 092 1301 0.105 0.85 0.99
SVR-GA-6 094  1.151 0.093 0.883 0.99
SVR-GA-7 0.94  1.168 0.094 0.879 0.99
SVR-GA-8 095  1.017 0.082 0.908 0.99
RF-1 0.72 2360 0.190 0.504 0.89
RF-2 0.84  1.810 0.146 0.71 0.96
RF-3 0.84 1821 0.147 0.706 0.96
RF-4 086  1.712 0.138 0.74 0.97
RF-5 0.88  1.602 0.129 0.773 0.98
RF-6 0.88  1.627 0.131 0.765 0.97
RF-7 0.88  1.620 0.130 0.768 0.98
RF-8 089  1.618 0.130 0.768 0.98
RF-GA-1 076  2.178 0.176 0.580 0.92
RF-GA-2 0.84  1.805 0.146 0.711 0.96
RF-GA-3 0.86  1.755 0.142 0.727 0.96
RF-GA-4 087  1.672 0.135 0.752 0.97
RF-GA-5 0.88  1.603 0.129 0.773 0.98
RF-GA-6 0.89 1551 0.125 0.787 0.98

RF-GA-7 0.90 1.516 0.122 0.796 0.98
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Model R RMSE NRMSE NS WI
(mm/day)
RF-GA-8 0.90 1.539 0.124 0.790 0.98
Conclusion

This study aims to develop an accurate model for predicting actual evapotranspiration. Hybrid models
can serve as efficient tools for estimating actual evapotranspiration, especially in situations where direct
measurement using traditional methods is costly or limited. In this regard, the SVR, SVR-GA, RF, and RF-
GA models were evaluated using available data from two lysimeters in Bushland, Texas, for the years 2011-
2012. The results of the evaluations showed that the models optimized with the genetic algorithm had the
highest accuracy in predicting actual evapotranspiration and presented the lowest root mean square error
(1.516 and 1.017). Also, Future studies should utilize advanced validation methods like cross-validation to
ensure robust model evaluation, especially with small datasets such as lysimeter data.
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Fig. 1 — Location of the Study Area in Bushland, Texas
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Table 1 - Specifications of Parameters Used

Parameter Description
Name
CSTs Daily average soil temperature at 1.6 m depth inside the lysimeter,
’ measured about 1 meter from the lysimeter wall using a thermocouple.
FST Daily average soil temperature at 1.6 m depth outside the lysimeter,
' measured about 1 meter from the lysimeter chamber wall using a thermocouple.
Daily average soil temperature at 1 m depth inside the lysimeter, measured
CST, . .
about 1 meter from the lysimeter wall using a thermocouple.
FST, Daily average soil temperature at 1 m depth outside the lysimeter,

measured about 1 meter from the lysimeter chamber wall using a thermocouple.
T Daily average air temperature measured at 2 meters above the soil surface.
Daily actual evapotranspiration calculated based on lysimeter mass
ET, RN
change, precipitation, irrigation, and other factors.
Daily average relative humidity (%) measured by a Vaisala sensor at 2
meters above the soil surface inside the lysimeter.
Daily total soil heat flux (MJ/m?) measured at 50 mm depth in the second
HFIR, inter-row spacing inside the lysimeter using a heat flux plate, corrected
thermometrically to the surface.
Daily total soil heat flux (MJ/m?) measured at 50 mm depth in the first row
HFR; from the southern edge of the lysimeter using a heat flux plate, corrected
thermometrically to the surface.
Daily total soil heat flux (MJ/m?) measured at 50 mm depth in the second
HFR; row from the southern edge of the lysimeter using a heat flux plate, corrected
thermometrically to the surface.
Daily total soil heat flux (MJ/m?) measured at 50 mm depth in the first
HFIR, inter-row spacing inside the lysimeter using a heat flux plate, corrected
thermometrically to the surface.
Daily average relative water storage (mm) in the lysimeter based on
RWS,.  calibration of lysimeter scale at water depth, related to an initial arbitrary storage
value at water depth.
Relative water storage (mm) in the lysimeter at midnight based on
RWSwm calibration of lysimeter scale at water depth, related to an initial arbitrary storage
value at water depth.
Daily average wind speed measured by an anemometer at 2 meters above
the soil surface inside the lysimeter.

RH
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Fig. 2 — Bar chart of correlation coefficient of input parameters
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Table 2 — Input variables used in each scenario

Model Hyperparameter Optimal value Description
n_estimators 150 Number of decision trees in the forest
RF . max_depth . 12 o Maximum depth 9f each tr(?e
min_samples_split 5 Minimum samples required to split a node
max_features 'sqrt’ Number of features to consider for best split
C (Regularization) 10 Trade-off bet\ye§n model simplicity and
training accuracy
SVR kernel 'tbf’ Kernel type (Radial Basis Function)
gamma 0.01 Kernel coefficient for 'tbf’
epsilon 0.1 Margin of tolerance where no penalty is given
population_size 50 Number of individuals in each generation
GA generations 100 Number of iterations for evolution
(Optimization)  crossover_probability 0.8 Probability of combining parents' features
mutation_probability 0.1 Probability of random hyperparameter changes
Table 3 — Input variables used in each scenario
923l B 33 03l 3 )90 (U pio —F S
Scenario Input Variables output
1 FSTi, FST16, RWSy ET,
2 FSTi, FST1.6, RWSym, RWSave ET.
3 FSTi, FST1.6, RWSMm, RWSgye, CST1, CSTi6 ET,
4 FSTi, FST1.6, RWSm, RWS,ye, CST1, CSTi6, T ET,
5 FSTi, FST1.6, RWSmM, RWSaye, CST1, CSTis, T, HFIR2, HFIR: ET.
6 FSTi, FST16, RWSM, RWSqye, CST, CSTi6, T, HFIR,, HFIR;, RH ET,
7 FSTi, FST1.6, RWSm, RWSave, CST1, CSTi6, T, HFIR2, HFIR;, RH, HFR1, HFR, ET,
8 FSTi, FST1.6, RWSm, RWS,ye, CST1, CSTi6, T, HFIR,, HFIR;, RH, HFR;, HFR», U, ET,
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Table 4— Performance of the models during the testing period

Model R RMSE(mm/day) NRMSE NS WI
SVR-1 0.69 2.537 0.204 0.43 0.74
SVR-2 0.80 2.044 0.164 0.63 0.89
SVR-3 0.80 2.077 0.167 0.62 0.89
SVR-4 0.84 1.932 0.155 0.67 0.92
SVR-5 0.84 1.837 0.148 0.701 0.93
SVR-6 0.84 1.841 0.148 0.70 0.93
SVR-7 0.86 1.820 0.147 0.706 0.93
SVR-8 0.84 1.835 0.148 0.702 0.93

SVR-GA-1 0.76 2.199 0.176 0.572 0.92

SVR-GA-2 0.87 1.670 0.135 0.753 0.97

SVR-GA-3 0.88 1.610 0.130 0.77 0.98

SVR-GA-4 0.89 1.533 0.124 0.792 0.98

SVR-GA-5 0.92 1.301 0.105 0.85 0.99

SVR-G A-6 0.94 1.151 0.093 0.883 0.99

SVR-GA-7 0.94 1.168 0.094 0.879 0.99

SVR-GA-8 0.95 1.017 0.082 0.908 0.99

RF-1 0.72 2.360 0.190 0.504 0.89
RF-2 0.84 1.810 0.146 0.71 0.96
RF-3 0.84 1.821 0.147 0.706 0.96

RF-4

0.86

1.712

0.138

0.74

0.97
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Model R RMSE(mm/day) NRMSE NS Wil
RF-5 0.88 1.602 0.129 0.773 0.98
RF-6 0.88 1.627 0.131 0.765 0.97
RF-7 0.88 1.620 0.130 0.768 0.98
RF-8 0.89 1.618 0.130 0.768 0.98
RF-GA-1 0.76 2.178 0.176 0.580 0.92
RF-GA-2 0.84 1.805 0.146 0.711 0.96
RF-GA-3 0.86 1.755 0.142 0.727 0.96
RF-GA-4 0.87 1.672 0.135 0.752 0.97
RF-GA-5 0.88 1.603 0.129 0.773 0.98
RF-GA-6 0.89 1.551 0.125 0.787 0.98
RF-GA-7 0.90 1.516 0.122 0.796 0.98
RF-GA-8 0.90 1.539 0.124 0.790 0.98
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Fig. 6- Scatter plots of observed and predicted evapotranspiration for the best scenario
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