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The main objective of this research is an examination of the applicability of the QUAL2K
mathematical model on large rivers like the Euphrates, and it is the first study of its kind
conducted on this important section within Fallujah Euphrates Reach (FER), using this model
for the purpose of evaluating the quality of water and creating a database to predict the quality
of river. The tests were conducted during January and April of 2022, where they were
calibrated and verified for DO and CBOD:s at a distance of 12.86 km. Google Earth pro and
Arc-GIS were utilized to provide certain data as input into the QUAL2K model. The model
was calibrated in January using the trial-and-error technique, and the verification was
completed in April using the model calibration parameters. For the purposes of evaluating the
model's performance, statistical measures such as mean absolute error (MAE), root mean
square error (RMSE), and relative error (RE) were used. In addition, three different scenarios
were applied (pollution load modification, flow augmentation for point sources, and flow
augmentation for headwater) to improve the water quality of Euphrates river. The results show
that the difference between observed and anticipated values had a relatively small error
percentage, which means that this mathematical model can be applied to this important section
of the river. While the concentration of DO was within the permissible limits to perpetuate
aquatic life and maintain the ecological health of the river, the concentration of CBODs was
also within the limits in some locations. In addition, the scenario represented by modifying the
pollution loads represented by BODs for sewage water were effective in raising the
concentration of DO in the river, while increasing point sources discharge and headwater flow
does not yield meaningful results.

1. INTRODUCTION

applied research are well established [10-12].
Changes in wastewater discharges can be predicted using

For decades, water resource management has gained a
priority in public policy, and much work has gone into
establishing efficient water management techniques to assure
enough exceptional quality water [1, 2]. Urbanization,
industrialization, and agriculture have all contributed to a
significant increase in the demand for natural resources as the
world's population grows [3]. The direct repercussions
concern the amount and quality of fresh water available for
human consumption. Due to issues with water resources, it is
necessary to increase management measures, research, and
monitoring in order to guarantee that they are managed
effectively [4, 5]. The discharge of biodegradable waste into
bodies of water reduces water quality in general and DO
(dissolved oxygen) concentrations in particular [6]. In many
poor nations, industrial waste dumping into urban and
agricultural areas with no treatment before disposal is a
prevalent practice [7].

Water quality simulation is critical for mastering the
variation law of contaminants in water bodies, reducing the
danger of water pollution and loss, and ensuring the safety and
environmental quality of water [8, 9]. Water quality model
research is mostly conducted in FEurope and other
industrialized nations, where the model's theoretical base and
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mathematical models [13, 14]. They are frequently used to set
priorities for reducing existing wastewater discharges or
forecast the effects of a planned new release. It has become an
easy technique to analyze the kinematics of river systems
thanks to the use of mathematical equations and modern
computer technology. Modeling is a scientific activity that can
provide personalized answers by discovering a number of
configurations. This, in turn, offers up an unlimited number of
opportunities for integrating, analyzing, and assessing
complex water quality concerns, leading planners, managers,
and outcome to take immediate action to remove pollutants
and operate watersheds in a detailed and scientific manner [15,
16]. Mathematical models are a means to represent
relationships between water bodies and waste loads, as well as
the concentration of each pollutant as a result of the properties
of the receiving water body [17]. There are several types of
water quality models, such as WASP, HEC-RAS, QUASAR,
QUAL2K, SWAT, MIKE 11, SIMCAT, QUAL2KW,
QUALZ2E, and AQUATOX. Choosing any of these models
depends on several criteria, such as data accessibility,
simulation abilities for water quality, the intricacy of the
model, waterbody type, the availability of a good model
certification, and simple access to the source code of the
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software. In addition to the extent of the popular use of the
model and its ease of application, taking into account the cost
factor [18]. The QUAL2K model will be used to mimic the
goodness of the River Euphrates water within Fallujah city in
this research. The QUAL2K is an advanced version of the
QUAL2E. The US Environmental Protection Agency
(USEPA) provided QUAL2K in 2007, this model depends in
its work on differential equations and deals with constant and
non-uniform flow in addition to being one -dimensional (one
direction). The QUAL2K model is useful for simulating
stream water quality and diffuse loads as well as hydrological
conditions. In order to address the shortcomings of QUALZ2E,
Park and Lee created QUAL2K. QUAL2K has a lot of
additional features: It's beneficial in data-constrained
situations, it's free, and it's not just for big rivers [5].

Several investigations on the quality of river water have
been conducted. Such as in study [19] they used of the
QUAL2K model to simulate the quality of water of the Garger
river. In addition to the hydrological characteristics, the case
study located to the north of Shoushtar city (Iran) determined
the quality parameters of water and the hydraulically
parameters represented by the river flow and point sources.
Despite the absence of data, the findings indicated that the
model is the most responsive to river flows. In another study,
the potential of QUAL2K mathematical model used to the
lower part of Diyala river, located on the Tigris river, to
simulate the biological demand for oxygen (BODs) and
dissolved oxygen (DO) [20]. The trial-and-error approach was
used to calibrate the model, while its performance was
evaluated by adopting statistical criteria for relative error (RE),
root mean square error (RMSE) and mean absolute error
(MAE). The results indicated that the model's projected values
matched the wvalues of observed data in the research
laboratories and in the field, and that DO and BOD
concentrations were higher than the allowed limit for
sustaining aquatic life in the river. Therefore, several scenarios
were used to maintain water quality standards within the
permissible level. Examining the chemical as well as physical
characteristics of water samples and utilizing the digital
elevation model (DEM) to acquire hydraulic parameters as key
inputs to QUAL2K model to estimate the quality of river water
were used to analyze the water quality of the Likas river. The
findings revealed that industrial pollution discharged from
nearby residential areas, as well as a high concentration of the
5-day Biochemical Oxygen Demand, have an impact on river
water quality (BODs) [21].

The importance of this research is evident from the
important geographical location of this section, as it is a major
source that supplies water to one of the most important and
large cities in the Iragi Anbar Governorate, which is the city
of Fallujah, which is characterized by its dense population,
especially in the extension beyond the Saglawiyah bridge. So
it is necessary to pay attention to the quality of the water
available in this section. In the absence of monthly checks and
periodic water monitoring in this section, due to the high cost
of the tests and their taking a long time, it is preferable to use
mathematical models for the purpose of determining the
characteristics of water quality instead of laboratory tests,
which provide important environmental prospects. In this
study, we shall use a one-dimensional mathematical model
with steady flow called the QUAL2K model. Water samples
were tested during January and March for the purpose of
evaluating the water quality for this reach. The obtained results
will be applied to samples that were tested to assess the
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environmental impacts of the waste water discharged from
rainwater disposal plants in the Euphrates River. This is the
first study conducted on the Euphrates River in which the
QUAL2K model is applied. The physio-chemical properties of
the river and stations are inputs for this model, while the
hydro-geometric data is provided by using the Arc-GIS
technique and Google Earth as assisting instruments.

2. METHODS AND MATERIALS
2.1 Study area

The Euphrates River, which has five major tributaries, is
one of Iraq's longest lasting rivers [22]. However, there are no
tributaries within Iraq. The river travels from Turkey's eastern
highlands, via Syria, and into Iraqi territory from the middle
western section, where it flows westward to the central region
of Iraq, where it meets the Tigris River [23]. The Euphrates
River Basin covers about 440,000 km?, with 22 percent in
Syria, 28 percent in Turkey, and 47 percent in Iraq. Five dams
were built on the Euphrates River in Turkey (Karkamis dam,
Birecik dam, Karakaya dam, Keban dam, and Ataturk dam),
three in Syria (Tabba dam, Tishreen dam, and Al Baath dam),
and Haditha-Dam in Iraq [24-26]. The Euphrates river enters
Iraqi territory from Al-Qaim city (west Anbar) and flows
through the Anbar governorate, crossing the Syrian border. It
is a vital supply of water for the city of Fallujah (study area),
which is one of the governorate of Anbar's biggest cities,
which is about 47 km east of Ramadi and about 60 km west of
the Iraqi capital, Baghdad [27, 28]. As illustrated in Figure 1,
Fallujah city is situated in the northern hemisphere's middle
latitudes (33°21' 09"-33<17' 47") and longitudes (4344
58"-43< 49' 33"). Euphrates river water was used for
agricultural and industrial purposes, in addition to its use as a
drain for sewage and rainwater, especially in the winter
months. The DO and BOD concentrations were modeled using
this reach (FER), which is 12.86 kilometers long. The study
area is characterized by a dry desert climate with high
temperatures in summer and little rain in winter because it is
located between the two rain lines (100-150 mm). The surface
water quality of Iraq region has received much attention by the
interested researchers [29, 30], and this bring the interest of the
current research for an investigation of the water quality
evaluation.

Figure 1. Study area with Sampling location
2.2 GIs technique and google earth pro

A satellite image for Landsat 8 OLI (2020) was corrected
by using Arc-GIS 10.8, which has been used in this research



as shown in Figure 2. Google Earth Pro is a software program theory of areas of open channel velocity because this device is

that can display a two [2D] and three [3D] dimensional image designed based on this theory. The velocity is calculated by
for earth's surface. In comparison to other views of the Earth's using this device, while the area of the cross section is
surface [31]. It is used to calculate geographical data such as calculated by measuring the distance using the metric bar,
longitude and latitude, as well as segment length, river width, while depth is measured by using a small handheld device
side slope, and channel slope, which are linked together in the called the LCD DIGITAL SOUNDER (HONDEX PS-7).
QUAL2K model to get the result. Whereas, the discharge of point sources were calculated from

knowing the actual number of operating hours for each pump.
- All of the analysis was carried out using the procedures
A outlined in (APHA, 1998) as shown in Table 1. The bottles
were maintained at +4°C for 24 hours before being examined.
The samples were analyzed at the Large Ramadi water
project's quality control laboratory.

Table 1. Analytical approach for DO and BODs

Parameters  Unit Instrument
DO mg/L Lovibond Senso direct
BODs mg/L Oxi direct device

2.4 Meteorological data

Figure 2. Satellite images of Fallujah city from Landsat 8-

The meteorological data used for the purpose of calibration
OLI (2020) corrected by used Arc-GIS 10.8

and validation of the model includes air temperature, wind
speed, Dew point temperature, cloud cover and shade, and
they were all obtained from the weather station in Ramadi city
over a period of 24 hours as shown in Table 2. As for the
variable called the shade, it represents the amount of sunlight
blocked from the surface of the earth, represent the percentage
of vegetation cover along the study section. The percentage of
plant cover on both banks of the river was estimated at a
moderate rate of up to 35%.

2.3 Sampling and analysis

Water samples were taken from four locations at various
distances along the river, using the procedure of dipping the
cleaned and prepared plastic bottles at a depth of around 30
cm. The velocity of the water at the main river's headwaters
was measured using a current velocity meter. We applied the

Table 2. Input Meteorological data (From the weather station in the city of Ramadi for January and March)

Month  Air temperature (°C) Wind speed (m/sec) Cloud cover % Dew point Temperature (°C) Shade %

January 13.5 11.11 50 85 35
April 16.28 8 20 5 35
3. MODEL DESCRIPTION GIS software, as well as the remote sensing technique, and the
modeling used these data as inputs. The findings show that the
Nakhaei and Shahidi used QUAL2K, which is a simulation values are in complete agreement with the observed
mathematical model belonging to the US Environmental values, as the modeling results show that the dissolved oxygen
Protection Agency, was applied to the Zayandehrood River, concentration in the river is not less than 4 mg/L, while the
one of the largest rivers in Iran and the Middle East, to assess concentration of BOD varies across three reaches, but its
the water quality and predict the water quality of the river in concentration exceeds 4 mg/l only in Reach three, and a two-
the future, as well as simulate the concentration of DO and strategy was suggested to keep BOD concentration within
BOD in river water, because this river suffers from pollution these limits. Firstly, assuming that the BOD concentration of
because it represents industrial waste dump, which causes a industrial effluent should not exceed 50 mg/L, while the area
lack of dissolved oxygen (DO). Therefore, several scenarios that suffers from high pollution in the river is downstream
were applied to improve water quality, including a 20% because it is an industrial waste dump. The first strategy is
increase in wastewater loads, which is a reasonable increase enough to maintain the concentration of CBOD within the
owing to population growth and industrialization, and the permissible limits of not exceeding 4 mg/L, but the second
addition of the 7Weir, to increase the concentration of strategy did not give feasible results, as the concentration of
dissolved oxygen and improve water quality in the future. The CBOD increases even with reduced water discharge at the
calibration and verification results demonstrated that the headwater [33].
Qual2k model has high reliability in matching its results with Greg Pelletier and Steve Chapra created QUAL2K, a one-
measured data in the field, and the application of the critical dimensional computer model for modeling river and stream
scenario, adding 7 weirs, helped to increase the concentration water quality, which was first launched in 1987 [34]. The US
of dissolved oxygen in the downstream for industrial waste Environmental Protection Agency (USEPA) created the
above 5 mg/L [32]. While Ismail and Abed validated and QUALZ2K framework, it is capable of simulating the
calibrated for BOD and DO profiles of the Tigris River movement and alteration of typical pollutants. The stream is
throughout a 49.97-kilometer span by using the QUAL2K modeled as a one-dimensional channel and with a non-
model. The hydro-geometric data was obtained using the Arc- uniformity steady flow, and pollution loads from both point
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and non-point sources are taken into consideration [35]. In
additionally to being widely employed in big rivers for
environmental control, the framework model contains various
novel elements that make it appropriate for highland, shallow,
and other rivers [10]. Water quality models grew increasingly
complicated as time went on, combining diverse
transformation and transport mechanisms to represent
ecohydrological events in rivers [36]. Finally, the use of
mathematical models and sophisticated computer technologies
has made studying the dynamics of river systems a simple
process. So modeling is a scientific activity that can provide
personalized answers by discovering a number of
configurations. This, in turn, opens up infinite possibilities for
integrating, analyzing, and evaluating complex water quality
issues, guiding planners, policymakers, and decision makers
to take immediate action to minimize pollution and Water
systems should be managed in a more scientific and thorough
way [15]. The river is split into multiple reaches in the
QUALZ2K model, each reach is broken down into parts as
shown in Figure 3. These are the shortest simulation segments
in the model [37]. QUAL2K is a version of QUALZ2E that has
been upgraded. Brown [38], and the two are distinguished by
the following characteristics: one-dimensional. In a steady
condition, the model deals with the channel as a well-mixed
channel in the lateral and vertical directions and in a state of
steady non-uniform flow. It takes into account the mainstream
and the side tributaries. These two models simulate all
variables of water quality, temperature, and a diurnal heat
budget. Inputs of heat and mass are used in the model, and the
simulation includes both diffuse and point loads, as well as
abstractions [37].

One of the most important reasons behind choosing the
QUAL2K model for this study is because of:

1-The QUAL2K model has popularity and simplicity of use,
with the possibility to apply the trial-and-error method to
reduce or eliminate errors that appear in model simulations
[10].

2- QUALZ2K is a mathematical model used to simulate the
water quality of the Euphrates River in the specified section of
the study, because the Euphrates River lacks simulation using
this model.

3- The model’s ability to simulate a new water quality
interaction such as DO shifts generated by fixed plants,
denitrification, and transforming dead algal to BOD.
QUALZ2E's restrictions can be overcome with these added
additions [20, 39].

QinJ me.i

Figure 3. Reach flow balance

Qi=Qi-1*Qin1-Qup,i (1)
where, Qap,i is the total outflow owing to non-point and point
sources from the reach i [m%/day]. Qin1 is the total inflow of
non-point and point sources into the reach i [m%/day]. Qi is
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the upstream inflow reaching i-1 [m®/day]. Qi is the flow of
information from reach i to reach i+1 [m3%day]. After
estimating the outflow from each reach, one of the three
approaches is used to estimate the velocity and depth: manning
equations, rating curves, or weirs.

In this work, each reach is treated in the simulation only as
a trapezoidal channel. Under steady-state conditions, the
Manning equation can be used to illustrate the relationship
between flow with depth as follows:

AC5/3
p2/3

Sol/2

n

Q (2)
where, Q = Discharge [m3/day]. S, = slop at the bottom. n =
Coefficient of Manning roughness. P = Wetted perimeter (m).
A, = Cross -section area (m?).

The parameters that can be simulated in this model are
dissolved oxygen (DO), temperature, sediment oxygen
demand (SOD), pH, nitrate-nitrogen (NO3-N), Carbonaceous
Biochemical Oxygen Demand (CBODs), organic phosphorus
(OP), total nitrogen (TN), organic nitrogen (ON), Inorganic
Phosphorus (IP), Ammonium Nitrogen (NH4 +-N), Total
Phosphorus (TP), bottom algae, phytoplankton, and total
nitrogen (TN) [15]. The Qual2k model is characterized by
having a general equation for mass balance in order to measure
the concentration of the components of the model represented
by the following variables: Dissolved oxygen (0), conductivity
(s), nitrate nitrogen, inorganic suspended solids, organic
nitrogen, organic phosphorus, ammonia nitrogen, fast reacting
CBODs, slow reacting CBODs, alkalinity (ALK), detritus
phytoplankton (X), and bottom algae biomass [37]. The mass
balance equation for bottom algae modeling does not include
the loading and transport factors [23]. A component's overall
mass balance in a reach (Figure 4) is written as:

dei _Qi-1
fatac,

Qab,i C Eiq
z . —
dt Vi t

_Qip
. ViC‘ vi W vi
- (G = C) + 2+ S

(Cioy —C) + 3)

where, W; = external loading of the component to attain i
[g/day Jor [mg/day]; t = time [day]; Ci= the quantity of water
quality components in reach i [g/m®]; Ei= between reaches i
and i + 1 the bulk dispersion coefficient [m%day]; Ei1 =
between i-1 and i the bulk dispersion coefficient [m3/day]; Vi
= volume of reach i [m?]; Si= sinks and sources of component
due to mass transfer processes and reaction [g/m3/day] or
[mg/mé/day].

atmospheric
transfer

mass load l I mass withdrawal

inflow —i —t——— outflow

. .
i
dispersion w—i—-

o

bottom algae |

<—}—+ dispersion

NN

sediments

Figure 4. Mass balance for reach i

For a boundary between two reaches, we compute
longitudinal dispersion, the QUAL2K used a formula based on
the channel’s hydraulics [39].

— Up2B;2
Ep,i—O.OllW

iY%

(4)



U=\ gH;S;

where, E,; = between reaches i and i+1, the longitudinal
dispersion;U;= mean velocity (m/sec); B;= width of river in
the section (m); H;= depth average (m); U;= velocity of shear
(m/sec); g = Gravitational acceleration and it is equal 9.81
m/sec?; S;= longitudinal channel slope.

The information required by the model: meteorological
features (air temperature, wind speed, shade, cloud cover, and
dew point), geographical peculiarities (elevation, latitude and
longitude), hydraulic characteristic (flow curve, aspects of
morphology, Roughness coefficient Manning), physical -
chemical and biological parameters for river and waste water.

)

3.1 Model calibration

Mathematical model was calibrated by modifying several
parameters of model with iterative operations until achieving
the best possible agreement between the measured and
expected data and reaching the lowest error rate in the BODs
and DO. The 12.86-length extension was divided from the
Saglawiyah Bridge to Fallujah Dam in four reaches and is
divided into smaller parts called "segments” as shown in
Figure 5. The data for the month of January was used for the
purpose of calibrating the model as it represents a low drain
period as shown in Table 3 and the section was considered as
a well-mixed one-dimensional channel with a continuous and
non-uniform flow points inside the river in the field using
portable devices to measure the discharge inside the river,
while calculate the discharge of point sources by the rain water
drainage stations were based on the pump capacity and the
number of operation hours, while the intake stations discharge
were measured by based on the diameter of the pipe and the
speed of flow. Use Google Earth Pro to calculate the latitude
and longitude for each point along the section allocated for
study as shown in Table 5. The link between flow and depth
was expressed using the Manning equation.

The Euphrates River is also a natural stream channel that
has some clear, straight sections and others that are clean,
winding, and weedy. Therefore, the value of the manning
coefficient is adopted at 0.100 as the river section is an
irregular and rough section by adopting Tables 5, 6 values of
the Roughness coefficient from open channel hydraulics for
[40].

0.00 head water
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0.6 km
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Figure 5. The research region's schematic diagram
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Table 3. The input parameters of water quality and flow rate
for head water and point sources in January 8/1/2022

Distance Discharge BODs DO Flow
km /withdrawal mgil mgil m3/sec
0.00 Head water 4 9 320
5.1 Al-Azrigyah 7 8 9
5.8 py4station 174 1.9 0.07109
5.95 40" street 149 2.1 0.00124
6.1 Al-Resala station 5 11 1.8
6.41 Fallujah 180 1.3 0.00413
7.33 p10Al-Fao 160 15 0.0330
7.7 Al-Jehaad 193 1.2 0.1917

3.2 Model validation

Testing of an additional set of data represented by the
increase in flow in the Season of high flow or decrease in the
Season of low flow and the change in concentration of
chemical and physical parameters for rivers and point sources
against the calibrated model with the use of the same
parameters of the model used when calibrates for the purpose
of obtaining a real perception of the water quality in a way that
can be used in the future, in this study the data for the month
of April was used to verify from the correctness of the model

as shown in Table 4.

Table 4. The input parameters of water quality and flow rate
for head water and point sources in March 8/3/2022

Distance Discharge BODs DO  Flow
km /withdrawal mgil mgl  m3/sec
0.00 Head water 6 8.30 335
5.1 Al-Azriqyah 4 820 1111
5.8 p14Station 77 2 0.0486
5.95 40tstreet 240 150 0.0003
6.1 Al-Resala 2 7.10  2.2200
6.41 Fallujah 209 2.10 0.0038
7.33 p1oAl-Fao 109  1.10 0.0248

Al-Jehaad 88 1.20 0.2096

Table 5. Model segmentation, position, and length of each

section from Google Earth Pro

Downstream Down stream
Reach  Element Ic()lianf;on Latitude Longitude
E1l 0.0 33921’1.70" 43942'39.10"
E2 0.6 33020'50.77" 43942'59.91"
E3 1.000 33020/32.20" 43943'31.58"
1 E4 1.350 33020'6.00"" 43944'13.75"
E5 0.6 33020719.42" 43944'30.32"
E6 0.45 33020/32.70" 43944'36.92"
E7 0.45 33020745.82" 43944'45.73"
E8 1.800 33021'5.83" 43945'29.56"
2 E9 0.6 33020'46.55" 43945'35.88"
E10 0.6 33020727.30"" 43945'38.89"
E11 0.6 33020'8.40"" 43945'39.78"
3 E12 0.4 33019/55.11" 43945'39.58"
E13 0.6 33019/35.14" 43945'39.36"
E14 0.6 33019714.99" 43945'40.49"
E15 1.380 33018/39.77" 43946'10.03"
4 E16 0.6 33018/25.64" 43946'26.59"
E1l7 0.6 33018'14.11" 43°46'45.62"
E18 0.630 33018'9.41" 43947'9.27"




Table 6. Elevation and Manning formula parameters for each segment from FER as input in QUAL2K

Elevation Manning formula
Element Down Width Side slope
Upstream (m) stream (m) (m) Left Right Channel slope
El 42.03 170 0.0163 0.027 0.0022
E2 42.03 41.9 202 0.0052  0.00583 0.00021
E3 41.9 41.2 311 0.0548  0.0034 0.0007
E4 41.2 40.72 167 0.0243  0.00315 0.00035
E5 40.72 39.9 117 0.0313  0.01125 0.00136
E6 39.9 39.73 145 0.0218 0.0363 0.00037
E7 39.73 39.69 240 0.0014 0.0228 0.00008
E8 39.69 39.5 90 0.0457  0.00226 0.00010
E9 39.5 39.4 263 0.0344 0.0056 0.00016
E10 39.4 39.37 259 0.067 0.0195 0.00036
Ell 39.37 39.29 191 0.0283  0.0838 0.0002
E12 39.29 39.15 153 0.040  0.00142 0.00035
E13 39.15 39 159  0.00125 0.0067 0.00025
El4 39 38.65 291 0.02 0.0112 0.00058
E15 38.65 38.5 275 0.00714 0.00067 0.00010
E16 38.5 38 209 0.0064  0.0076 0.00833
E17 38 37.7 112 0.0044  0.0061 0.0005
E18 37.7 375 156 0.048 0.0078 0.00031

3.3 System parameters

QUALZ2K has most of the options set to default. The user's
handbook for QUALZ2K. included some of the model rate
settings that were needed [36]. To calculate reaeration
coefficient for the Euphrates river (FER) we applied
O'Connor-Dobbins formula [41, 42], as shown in Table 7.

U0.5
K,(20) =3.93_+% (6)
Table 7. The model parameter which is considered as input
for QUAL2K model [20]

parameter Units  Symbol Range Calibrated
Stoichiometry
Carbon mgC gC - 40
Nitrogen mgN gN - 7.2
Phosphorus mgP gP - 1
Dry weight mgD gD - 100
Chlorophy 11 mgA gA - 1
Oxygen
Reaeration model - - O’Connor -Dobbins
Temperature ) 9, ) 1.024
correction
0, for carbon
oxidation g02/gC roc - 2.46
0,for NH,
nitrification gO2/gN ron i a7
CBOD
CBODrr;yt/éjrolysm 1/d Khe 0.01—4.2 26
CBOD Oxidation 1/d kdc 0.01—4.2 0.006

rate

4. RESULTS AND DISCUSSIONS
4.1 Model calibration and validation

Figures 6 and 7, respectively, demonstrate the outcomes of
the model's CBODs and DO predictions for calibration and
validation.

After obtaining the final calibration and validation results,
the mathematical model's performance was assessed using

three statistical criteria: Relative Error (RE), Root Mean
Square Error (RMSE), and Mean Absolute Error (MAE) to
calculate the amount of error between observed and predicted
water quality parameter values. The equations of statistical
indicators are shown below [43]:

_ 1 Xiexp—Xipred
RE=100*3 Xy | === (™)
1
MAE:E Zlivzl |Xi exp — Xi predl (8)
1 2
RMSEz\/NZ?,:1(Xi exp — Xipred) (9)

where: X; .., = The observed values, X; p,.q=The predicted
values, N=Number of predicted and observed data [44].

For both calibration and verification, the difference between
expected and observed DO and CBOD values was computed,
as indicated in Table 8.
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Figure 6. Simulated DO and CBOD along FER of Euphrates
river for model calibration in January, 2022



Table 8. DO and CBOD error values for model calibration and validation

parameter DO (mg/L) CBOD (mg/L)
Calibration Validation Calibration Validation
MAE 0.572 0.324 0.494 0.592
RMSE 0.74224 0.412408 0.698241 0.764408
RE 6.729412 3.785047 10.51064 10.2069
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Figure 7. Simulated DO and CBOD along FER of Euphrates
river for model validation in April, 2022

The RE result revealed that the predicted and measured
values for both the DO and the BOD are in good agreement,
and the difference is very small between the calibration and
validation values based on MAE and RMSE, meaning that the
error rate is small and it is within the acceptable limits. This
suggests that the mathematical model may be used to
anticipate the Euphrates river's water quality, which is a useful
tool.

From outputs of modeling Figure 6, the total DO
concentrations in the river meet the acceptable quality limits
for the sustainability of the fishery. DO concentrations must
be equal to or more than 4 mg/L [37, 38].

It can be seen that the concentration of BOD 5 in the
Euphrates river can be divided into three reaches in the case of
BOD 5. The first reach stretches along the river's flow from
Saglawiyah Bridge (0 km) to a distance of 1 km. We note that
the concentration of BOD; was within the permissible level
not to exceed 4 mg/L [45]. The second reach extends from 1
km to 3 km. At present, there is an increase in the
concentration of BODg, which may be caused by water
pollution from the areas adjacent to the two banks of the river
because they are areas that have been exploited by the
population for the purposes of living, especially at a distance
of 3 km, where the right bank of the river is densely populated,
thus throwing waste into the river. The river's third reach,
which stretches from 3 to 7 kilometers, notes a high gradual
rise in the concentration of BODg, where the concentration
reached 6 mg/L at 7 km, which exceeds the permissible limit
of 4 mg/L, and this may caused by the effect of point sources
thrown into the river without treatment.

From the outputs of the model as shown in Figures 6, and 7,
the concentration of DO meets the target quality standards that
recommend that its concentration should be greater or equal to
4 mg/L and it is in a state of continuous increase ranging from
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8.31 mg/L at the headwater (0 km) to 8.36 mg/L at the (7 km)
The concentration of BODs increased in March, and the
concentration of BOD< decreased in April. This may be due to
the increased discharge from 320 m®/sec in January to 335
m%/sec in March as a result of the increased velocity of the
Euphrates river, which causes an increase in the aeration of
water. The rate of chemical processes, as well as the metabolic
activity of living things, and the interactions of pollutants,
parasites, and other diseases with aquatic residents are all
affected by temperature. The quantity of daylight hours,
sample collection time, and climatic conditions are all factors
that affect temperature change. During the seasons
investigated, the temperatures of the air and water were
positively connected. This meant that the temperature of water
was exclusively altered by the temperature of air in the
surrounding environmental, implying that there was no source
of thermal water pollution [46]. The high discharge of the river
as a result of the high velocity of the river helps the mitigation
process to occur, and thus the process of self-purification
occurs inside the river, but it is slow, thus enhancing the river’s
ability to absorb pollutant [47]. In addition to increasing the
temperature at the headwater from 16.5 to 22, the DO
concentration in March is lower than in January because the
oxygen solubility has increased [48].

4.2 Strategies for control the quality of Euphrates river
water

To keep the concentration of DO in the Euphrates river
under control and below acceptable limits, various strategies
were used. The modeling result clarified that the concentration
of DO and CBOD were within the permissible level and that
the water quality in this section was good (a section that is not
polluted), but three different strategies were suggested with
fixed trial values of CBOD to maintain water quality within
this level or improve it.

Strategy 1: Modification of the pollution load: With
constant experimental values of CBOD such as 40 mg/L, 30
mg/L, 20 mg/L, and 10 mg/L for pollution load (point sources
pollution), this scenario assumed the provision of units for the
treatment of rainwater sewage before dumping it into the river
and the concentration of CBOD in the scenario started from a
concentration of 40 mg/L because it is the highest permissible
concentration of CBOD in sewage water based on the Iraqi
standard [49]. Figure 8 shows the DO profiles that were
obtained from the simulation processes. The minimal DO
criteria is met by all DO profiles with a small increase in the
level of the DO at the fourth reach with an exact match
between all curves when assuming fixed trial values of CBOD
for all scenarios, as illustrated by the figures shown below 8,
9, and 10.

Strategy 2: Flow augmentation for point sources: In this
scenario, it was proposed to increase the discharge of all point
sources to 1 m¥sec, assuming an increase in rainfall or
population density, while maintaining the fixed trial CBOD
values of 40 mg/L, 30 mg/L, 20 mg/L, and 10 mg/L for
pollution load (point sources pollution). The results showed



that the DO concentration decreased from the original
condition, in which the point sources discharge was very small.
This means that the higher the discharge, the lower the DO
concentration, and consequently, the worse the ecological
condition of the river. Despite the DO concentration
decreasing as a result of implementing this scenario, all DO
profiles still fully meet the minimum requirements for DO, as

shown in Figure 9.

Strategy 3: Flow augmentation for headwater: It was
suggested to increase the headwater discharge to 450 m3/sec
with the application of the fixed experimental values of CBOD
as 40 mg/L, 30 mg/L, 20 mg/L, and 10 mg/L for point sources
pollution as clarified in Figure 10. These scenarios' proposed
values are clarified in the Table 9 below:

Table 9. The Fixed trial values of BODs for point sources with flow increases in point sources and Headwater

. ' Flow m3/sec Flowm?3/sec Flowm3/sec BODs BODs BODs BODs
Discharge  Location (km) Scen.1 Scen.2 Scen.3 mg/L mg/L mg/L mg/L
Head water 0.0 320 320 450 4 4 4 4

P14 5.8 0.0711 1 0.0711 40 30 20 10
40 th street 5.95 0.0012 1 0.0012 40 30 20 10

Fallujah 6.41 0.0041 1 0.0041 40 30 20 10
P10 Al-Fao 7.33 0.0330 1 0.0330 40 30 20 10
Al-Jehaad 7.7 0.1917 1 0.1917 40 30 20 10
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Figure 8. DO concentrations along the Fallujah Euphrates Reach (FER) with different BODs concentrations for point sources
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Figure 9. DO concentration along Fallujah Euphrates Reach (FER) with different BODs concentration for point sources and point
sources flow augmentation
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5. CONCLUSIONS

The most important conclusions drawn from this article are:

1-Rresults of applying three statistical criteria: Relative
Error (RE), Root Mean Square Error (RMSE), and Mean
Absolute Error (MAE) for the purpose of evaluating the
performance of the QUAL2K mathematical. The amount of
error between the observed and expected values does not
exceed 15% by using RE, while the error rate between MAE
and RMSE is very small and it is within the acceptable limits,
which means that the mathematical model can be applied to
large rivers such as the Euphrates river and not only to small
rivers such as the Diyala river.

2-The important findings of the modeling process are that
the water quality of the Euphrates river is within quality
standards, as the concentration of DO exceeds 4 mg/L, and that
the concentration of BODs was within the standard, as it did
not exceed 4 mg/L, except for the last station at 7 km, where it
exceeded the permissible value for entering the effect of point
sources, but the effect was minimal because the discharge was
so small.

3- The application of three hypothetical strategies for the
purpose of improving the quality of Euphrates river water.
Based on the results of the first strategy, it is recommended
that the responsible authorities add treatment units to water
before dumping it in the river, as this strategy was successful
in increasing the concentration of DO in the river, where the
concentration of BODs in sewage water should not exceed 40
mg/L, depending on the standard specification for sewage
water. While the second strategy is specific to increasing the
discharge of point sources, it did not give good results. As for
the third strategy, which represents an increase in the
discharge into headwater, it also did not give good results, as
it was noted that the DO decreased even with a decrease in the
BOD:s.

4-The most important conclusion: we can say that we have
achieved the two most important main goals of modeling. We
were able to create models to support water quality
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management in this section and help responsible people make
decisions because these models represent surface water
realistically. In addition, we were able to learn more about
chemical, physical, and biological processes. In addition to
establish a water quality policy in the future.
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