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ABSTRACT

Developing a solid understanding of the nitrogen dynamics across the Tigris River is critical to
evaluate the environmental degradation of the increased N fluxes. Nitrite, nitrate, and total
oxidized N (nitrite+nitrate) were monitored from April 2018 to August 2019. Plug flow reactors and
continuously stirred tank reactors in series models were implemented to explore N behavior in the
river system. The results indicated that the total oxidized N decreased over the first half of the
study period, then was followed by a high rate of nitrate production. These findings are also
supported by changes of the river flow rates, dissolved oxygen, pH, and chemical oxygen demand.
The models have the capacity to simulate N dynamics, with varied prediction errors. Root mean
squared errors between measured and predicted nitrite, nitrate, and total oxidized N
concentrations were 0.118, 2.595, and 2.560 g m3, respectively, for the PFR model, while these
values were 0.05, 0.175 g m3, and 0.176 g m3, respectively, for the CSTRS model. The correlation
coefficients were 0.012, 0.925, and 0.922 for nitrite, nitrate, and total oxidized N, respectively, when
the PFR model was applied. These values were 0.92, 0.99, and 0.99, respectively, after the
application of the CSTRS model. Obtained results revealed that the modeling approach can provide
a useful framework to improve understanding of N dynamics, which helps to develop mitigation
strategies for sustaining water quality in the Tigris River.

1. INTRODUCTION

In the last few decades, global attention on nitrogen pollution has increased due to the accelerated
fluxes of these contaminants in the biosphere, which influence natural sources, public health, and
climate change (Vymazal 2010). Nitrogen is well known as a principal contributor to plant growth,
however, high N levels can cause eutrophication (Kadlec and Wallace 2009). Also, biogeochemical
cycling of N can affect oxygen content in the water systems and results in various toxic effects in

Al Lami, M.H., .LA. Alwan, and H.S. Ismael. 2023. "Model-based Analysis of Nitrogen Dynamics in the Tigris River in Baghdad City."
Journal of Water Management Modeling 31: C495. https://doi.org/10.14796//WMM.C495
www.chijournal.org ISSN: 2292-6062 © Al Lami et al. 2023.

This work is licensed under a Creative Commons Attribution 4.0 International License. JWMM 31: C495
N BY



javascript:void(0);
javascript:void(0)
mailto:muwafaq.h.mohammed@uotechnology.edu.iq&subject=Model-based Analysis of Nitrogen Dynamics in the Tigris River in Baghdad City&body =
javascript:void(0)
javascript:void(0)
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
https://www.chiwater.com/Home
https://www.chiwater.com/Home
https://www.chijournal.org/
https://www.chijournal.org/Home/AdvancedSearch?duration=All&Source=Menu
javascript:void(0);

aquatic organisms through anoxia and hypoxia (Camargo and Alonso 2006). Key microbial
processes for nutrient cycling, and therefore overall system function, are influenced by
acidification effects associated with the metabolic pathways of N transformations (Cervantes
2009). A relationship between some health issues (e.g., blue baby syndrome, birth defects, and
mutagenicity) and high levels of NO3™ in drinking water is evident (Powlson et al. 2008). Nitrogen
oxides like NO and N2O are considered some of the greenhouse gases that act a potential role in
global warming and ozone layer destruction (Cervantes 2009).

Oxidized-N (NO2™ and NO3") is a very common form of elemental nitrogen observed in river waters
(Arenas-Sanchez et al. 2019). Since it exists in water systems, oxidized N is transformed into
different forms using various environmental mechanisms as its moving pathway (Galloway et al.
2003). Chemical mechanisms and transport processes between system components are the
primary biogeochemical responses of oxidized N in riverine systems (Sttieken et al. 2016). The
chemical changes are mainly physicochemical and biochemical processes (Marimon et al. 2013).
Most biochemical reactions include metabolic pathways by the microbial community

(Vymazal 2007). Microbial processes like nitrification and denitrification are considered the
dominant mechanisms for N dynamics in water systems (Coban et al. 2015). In nitrification,
ammonium ion can be nitrified to nitrite and subsequently to nitrate by specialized autotrophic
oxidizing bacteria (Vymazal 2007). However, nitrate can be reduced to dinitrogen (N2) by anaerobic
heterotrophic bacteria in a process, namely denitrification (Kadlec and Wallace 2009).

Though knowledge of the N dynamics has improved dramatically during the last few decades, it is

still complex, where understanding the behavior and fate of this element is challenging

(Kadlec and Wallace 2009). In order to understand the consequences of the accelerated N fluxes in
aquatic systems, it is critical to understand the changes in the N dynamics over time (Al Lami et al.

2021a).

Numerical models are deemed one of the best approaches for understanding N behavior in
aquatic systems (Langergraber 2008). The concept of dynamic modeling depends on the
multidisciplinary field of N dynamics, system hydrology, and ecological characteristics (Kadlec and
Wallace 2009). Most environmental processes are first order reactions (Kadlec and Wallace 2009).
Therefore, the first order kinetics model, and its derivatives, have been widely used to represent N
dynamics in different aquatic systems (Costa et al. 2021). Process-based modeling can effectively
be used to develop a solid understanding of N dynamics and highlight new insights into the
function of black-box systems and provide important information which helps to develop efficient
mitigation strategies sustaining water quality (Langergraber 2008; Al Lami et al. 2021b).

This research is dedicated to investigating the dynamics of oxidized-N forms (NO2", NO3™ and NOy)
in the Tigris River within the city of Baghdad, and to develop a better understanding of

the behavior and fate of the constituents examined during the study period. Oxidized-N (NOy) is
used here to indicate the total oxidized nitrogen present as nitrite (NO2") and nitrate (NO3"). First
order models are used as a framework to interpret the behavior of the oxidized-N forms and to
develop a robust understanding of the dynamics of the variables investigated.
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2. MATERIALS AND METHOD

2.1 Study area

The Tigris River is one of the largest rivers in Iraq with a total length of 1290 km and an annual
mean water flow rate is 272.14 billion m3 (IES 2019). Baghdad, the capital of Iraq (latitude 33°
18'46.0980" N, longitude 44°21'41.3568" E), where Tigris River is passing through along 72.80 km

from north to south as depicted in Figure 1.
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Figure 1 Study area at the Tigris River within Baghdad City.

Baghdad City is located in a vast plain environment with a hot climate. Average annual
temperature is 24.2 C°, with the lowest and highest temperatures of 16.0 and 33.0 C°, respectively
during 2009-2019 (IMOS 2019). Annual mean rainfall is 148.5 mm, of which more than 85% is
concentrated in the wet season period from November to March (IES 2019). The annual mean of
evapotranspiration (ET) within Baghdad City is 7.9 mm, with a mean annual relative humidity of
42% (IMOS 2019). The metropolitan region is densely populated with a total population of
approximately 8 million inhabitants (CSO 2018). Through runs within the region, the Tigris River is
collecting wastewater from different domestic, industrial, and agricultural activities. A diversified
socio-economic sector (e.g., urban, industry, retailers, services, and agriculture lands) are
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largely distributed along the river pathway. Water supply for human consumption, industrial
production, agricultural irrigation, and sewage dilution are the predominant water uses in the Tigris
River within Baghdad City. Several water quality monitoring stations are installed along the river
pathway within Baghdad City. For this research, one station was chosen in the midstream section of
the river, located near the water intake of one of the central water treatment plants (33°43" N,
longitude 44°35" E), to monitor nitrogen dynamics in the river water (Figure 1). Water quality
parameters studied in this research are described in Table 1.

Table 1 Summary of water quality parameters studied in Tigris River.

Parameter Acronym Units
Nitrite NOy gm3
Nitrate NO3- gm3
Total oxidized nitrogen NOy gm?3
Flow rate Q m3 sec’!
Dissolved oxygen DO gm3
potential of hydrogen ion pH [H']
Chemical oxygen demand CcoD gm3

High resolution time-series data for the time period from April 2018 to August 2019, with detection
intervals for every 15 minutes using an automated data logging system, were used in this
research. Seven water quality parameters were selected for the modeling analysis of N dynamics
in this research, including nitrite, nitrate, total oxidized nitrogen, water flow rate, dissolved oxygen,
pH, and chemical oxygen demand. In addition, local meteorological parameters including

rainfall (m3) and evapotranspiration (m?3 sec') combined with flow rates were used to calculate
water balance (m?3 sec™) of the Tigris River passing through Baghdad City.

2.2 Models

Two first-order models, including a plug flow reactor model (PFR) and a continually stirred tank
reactors in series model (CSTRS) as shown in Equations 1 and 2, respectively (Kadlec and Wallace
2009), were used to describe N behavior and were therefore employed as an interpretive
framework to understand the dynamics of N in the Tigris River within Baghdad City.

kit In(C,/C,
CX =C0.exp(—?j and k Zy (1)
C. = (CO'Q) and k:ﬁ (2)
~ (Q-i—kf) tCX
where:

Cx = concentration attimet(g m-3)
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Co = initial concentration (g m)

k = 1storder rate constant (day™)
t = detection time (day)

Q = flow rate (m3day")

Nitrogen dynamics in water systems were assumed to follow first order kinetics. It is well known
that the dynamics of most contaminants in aquatic systems can be described using a 15t order
kinetics model, though inadequacy has been reported (Kadlec 2000). Therefore, 15t order rate
constants were used in this research to simulate N concentrations over the time of the study.
Both models assumed perfect and instantaneous mixing, with solute moving at the same velocity
as the water. For the two models, changes in water budget throughout the study period were
estimated to be negligible (shown in the next section), therefore, the effect of meteorological
parameters on the water balance and N concentrations was negated.

The river system being modeled represents series of data for selected parameters through the
monitoring station per unit of time. The models can represent more than one influence at any
unit of time. Therefore, water runoff of the river system can represent the influence of the
hydraulic flow rate and water quality at the same unit of time in the model scheme. Model
performance was verified by examining the goodness of fit of the measured and predicted time-
series data of N concentration in the river system. Root mean squared error (RMSE) and

Correlation coefficient (rz) were used to compare observed and simulated datasets.

3. RESULTS AND DISCUSSION

3.1 Water balance

The changes in the water balance of the Tigris River within Baghdad City throughout the study are
shown in Figure 2a, which shows water gain and loss via rainfall and evapotranspiration as well as
the flow rate of the river system.
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Figure 2 (a) Water budget of the Tigris River within Baghdad City during study period, (Q) flow
rate, (ET) evapotranspiration, and b) NOy concentrations versus Q.
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The water budget of the Tigris River within Baghdad City was relatively high between June 2018
and January 2019 with a highest hydraulic rate of 376 m3 sec’. However, the lowest water
balance (368 m3 sec’’) was observed in April 2019. The mean water loss was estimated to be
4.77 m> sec! with a percentage of 0.94 of the total hydrological mass moving in the river
system. The differences in the water budget are mainly controlled by the flow rate passing
through the river system rather than by the effect of meteorological parameters measured over
the course of the study. Water gain or loss in the river system within the study location via
precipitation and evapotranspiration, respectively, have not indicated significant influence in
the water budget (p < 0.05). Therefore, it can be suggested that the flow rate could have
influence on the N concentrations through either dilution effects or concentration effects.
Further, it is proposed that the biogeochemical processes of N, and therefore its dynamics
patterns, are highly bounded by the hydrological characteristics of the water system (Knight et
al. 1999).

NOyx™ concentrations versus river flow rates (Q) over time are shown in Figure 2b. Obtained
results indicated that the concentrations of NOy were inversely correlated to flow rates of the
river system. NOy levels tended to decrease as the river flow rates increased (r? = 0.35), which

is consistent with physical expectations. Consequently, a higher flow rate caused a higher rate
to dilute NOy brought into the river, but a lower flow rate caused a concentration of NOy

levels. This could also agree with the general concept that an inverse relationship is likely to be
observed between the rate constant of the chemical reactions and water flow rate (Kadlec and
Wallace 2009).

3.2 Model performance

A plug flow reactor model (PFR) and continuously stirred tank reactors in a series model (CSTRS)
were employed to analyze N dynamics in the Tigris River within Baghdad City. Figure 3
compares time-series measured and predicted concentrations of NO2", NO3™and NOy in the
river system using a PFR model. Generally, model predictions follow the trend of measured N
data, and the dynamics of oxidized N were intimately related to the 15 order kinetics. Measured
and predicted data have shown reasonable agreement with some exceptions.

Data from field observations indicated that the concentrations of NO2™ were at relatively high
levels at the start of the study (0.42+0.05 g m-3), however, these concentrations tended to
decline over time to be under minimum detection limits (Figure 3a). Accumulated NO2"
concentrations in the surface water, suggests that nitrification was the most plausible cause of
such increase. Here, it should be pointed out that NO3" is an intermediate form in two-step
nitrification, therefore the concentrations represent the net balance between NH4* oxidation
and NO2" oxidation (Park et al. 2015). Predicted and analyzed NO2™ concentrations appeared to
be in poor agreement when the PRF model is used. Unsystematic NO2™ behavior was observed
when the measured data were outside the model line. The ideal steady-state pattern of NO2"
dynamic in such systems was foreseen in the model but seems to be of minor importance.
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Figure 3 Changes in measured and predicted concentrations of (a) NO2", (b) NO3", and (c) NOx’
in the Tigris River within Baghdad City using a PFR model.

Obtained data revealed that NO3"is the most dominant species of the oxidized N forms in the Tigris
River. Steady-state concentrations of NO3~ and NOy were at low levels from the start of the
monitoring period to November 2018 (1.25+0.43 and 1.37+0.51 g m-3, respectively), but these
concentrations appeared to increase over the rest of the study (Figure 3b, c). High levels of NO3™ and
therefore NOy (5.72+1.02 and 5.73+1.01 g m™3, respectively) could be attributed to the high
nitrification rates versus the inhibited microbial activity for denitrification, possibly because of the
lack of biodegradable organics (Gao et al. 2017).
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Increased concentrations of NO3- and NOx- could also be explained as a result of the lower flow
rates of the river system, particularly from November 2018 to August 2019 (as shown in Figure 2). As
a general hydrological concept, water systems with low flow rates are basically shallow systems with
greater oxygenation (Garcia et al. 2005). Lower flow rates could have an important effect on the
biochemical reactions causing increase in nitrification rates and NO3-accumulation in the river
system, mainly because of the influence of the redox status on the function of the microbial
community and also because of better hydraulic efficiency (Holland et al. 2004; Matamoros and
Bayona 2006).

Measured and simulated data of NO3™ and NOy have shown good agreement, except for the period
when nitrate production is increased while river flow rates dropped at the end of the study.
Therefore, systematic behavior of NO3™ and NOy was observed when measured and simulated data
was best fitted, but unsystematic dynamics was observed when substantial differences between
analytical and predicted data was observed.

Overall, simulated concentrations of NO2, NO3", and NOx show reasonable fit with measured data
when the PFR model is applied. However, the lower predicted concentrations of N forms seem to
reflect the ideal pattern of the constituent’s dynamics in the river system, where no substantial
changes in the hydrological and physicochemical parameters were observed. The model seems to
underestimate NO2™ concentration at the start of the study, and NO 3-concentration at the end of the
study, by some 0.4 and 4 g m3, respectively. This might indicate that the river system has quicker
nitrification capacity and is more sensitive to the flow rate changes than what the model predicts.

Model performance for the N dynamics in the river system is shown in Figure 4. The root mean
squared errors (RMSEs) between the observed and simulated steady-state concentrations were
0.118, 2.595 and 2.560 g m=3 for NOy,, NO3™ and NOy., respectively. The correlation coefficients (r2)
values for NO27, NO3™and NOx” were 0.012, 0.925 and 0.922, respectively. Therefore, data from the 1
Storder fits showed that 92% of the measured NO3~ and NOy” data were represented by the PFR
model, while only 1% of NO,- dynamics were described. It is worth noting that some of the
observations have shown different standard errors from regression lines, which deviated from the
linear fits and therefore affect model performance. This was obvious in model performance for NO,-
when the regression line exhibited skewed validation with an insignificant r? value, which likely
resulted from constraint to fit the regression line through the data set.
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Figure 4 Correlation between measured and predicted (a) NO2", (b) NO3", and (c) NOx'
concentrations in the Tigris River within Baghdad City using a PFR model.

The steady state observed and simulated concentrations of NO,-, NOs- and NOy- in the Tigris River
using a CSTRS model is illustrated in Figure 5. The changes in the dynamics of N forms in the river
system are proven through modeled and observed data sets. Although there are changes in N
behavior over time (e.g., decreased concentrations of NO,- and increased production of NO3°), the
model could reasonably predict the dynamics of examined variables.
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Figure 5 Changes in measured and predicted concentrations of (a) NO2, (b) NO3", and (c) NOy
in the Tigris River within Baghdad City using a CSTRS model.



Simulated concentrations of NO>7, NO37, and NOyx show the best fit with the measured data from the
river system. The least squared errors were observed between predicted and measured
concentrations of N constituents. Therefore, systematic behavior of predicted and

measured NO2", NO3", and NOy concentrations was observed, which indicated certainty of N
dynamics in the river system. Both field observation and model simulation of N dynamics were
supported by the findings of the physicochemical responses obtained (as shown in the next section).
High DO associate and depressed COD concentrations, as well as pH, were consistent with the N
behavior during the study period.

Measured and modeled oxidized N concentrations are compared in Figure 6. Also, Figure 6 shows
the best fit regression lines of the measured and modeled NO3", NO3", and NOyx™ data along with

simple linear equations and r? values.
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Figure 6 Correlation between measured and predicted (a) NO2", (b) NO3, and (c) NOx
concentrations in the Tigris River using a CSTRS model.
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For all N forms, the data group along the regression lines with a slope of the best fit is close to
unity, despite some of the outliers. Simple linear regression for NO2™ dynamics is (Ymodes =
0.958xobservation), for NO3™ is (Ymodel = 0.997 Xopservation) and for NOyx™ is (Ymodel =

0.996 X ppservation), Which confirms model validation. Absolute errors between measured and
predicted concentrations are low. The RMSE for NOz” was 0.05 g m-3, the RMSE for NO5- was

0.175 g m3, and the RMSE for NOy was 0.176 g m3. The r2 between measured and simulated
steady state concentrations were 0.92, 0.99, and 0.99 for NO", NO3", and NOx, respectively. Some of
the measured data sets introduced in the model exhibited different standard deviations, therefore
reducing the performance of the model. The “type X" outliers may otherwise result in skewed
validation, and are identified as data outside the range of the pattern in the data set, or distance
from the average (Marimon et al. 2013). Overall, data from the simulation procedure showed that
92-99% of the measured NO3", NO3, and NOyx were represented by the CSTRS model. Therefore,
these findings show that the CSTRS model is well able to describe and predict the trend of N
dynamics in the Tigris River system.

3.3 Physicochemical responses

Changes in the dissolved oxygen (DO), pH, and chemical oxygen demand (COD) in river water over
the course of the study are shown in Figure 7
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Physicochemical parameters have shown relative steady state conditions over most of the study
period. Mean DO concentration was 7.19+1.55 g m- during the study period. Though the river system
appeared to be in approximate physical steady state, there were fluctuations in DO concentrations
throughout the study period, which may influence biogeochemical processes through control redox
status in the system (Figure 7a).

High DO concentrations were sufficient to increase nitrification rates (oxidation of NO2 to NO3’)

throughout the study period. Increased concentration of nitrite at the start of the study is consistent
with the concept that increased nitrification is correlated to DO levels (Figure 8a).
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It is well known that nitrification is regarded as an important sink for DO in aquatic systems
(Kannel et al. 2011); however, continuous reaeration in the river water could tackle this limitation
and maintain high levels of DO. Half saturation is a constant for the conversion of

NO2 to NO3 is 1.75 mg O3 L' (Guisasola et al. 2005). This means that below about 2 mg O L
could partially inhibit nitrification (Al Lami et al. 2021c¢), although this was not observed in the
findings presented in this research. Data from changes in pH over time (Figure 7b) also support the
explanation of the high concentrations of oxidized nitrogen. The relative depression in pH seen
between April to November 2018 is likely related to the high nitrification activity (Figure 8b) where
the oxidative pathway of this process includes the release of protons as ammonium is oxidized to
NO2™ and subsequently to NO3™ (Alzate et al. 2016; Thakur and Medhi 2019).

Mean COD concentration was 24.70+6.87 g m™ over the course of the study (Figure 7c).
Accumulated COD in the river system is an indicator for carbon source consumption to perform
complete denitrification, particularly under low NO3™ loading rates from April to November 2018.
Nitrate concentrations appear to be decreased more efficiently in this period, which is consistent
with our hypothesis that accelerated denitrification is correlated to COD concentrations (Figure 8c).
High denitrification rates were associated with high nitrification rates over the same time frame.
Simultaneous nitrification/denitrification could be observed in the presence of DO and organic
matter gradients (e.g., high DO at water surface is essential for nitrification, and high organic
content on the river bed is essential for denitrification (Ding et al. 2021). However, when a high
nitrate loading rate was observed at the end of the study, NOs-concentrations tended to increase
significantly (p < 0.05). This is because denitrification rates could be inhibited because of the lack of
biodegradable organics. The consumption rate of organic matters by denitrifying microorganisms
could not afford to reduce the high NOs-loading.

4. CONCLUSIONS

A model-based study was carried out to develop an understanding of nitrogen behavior in the
Tigris River within Baghdad City. A plug flow reactor model (PRF) and continuously stirred tank
reactors in a series model (CSTRS) was used as a descriptive framework to interpret the dynamics
of oxidized nitrogen forms over time in the river system. The performance of the models was
investigated using measured datasets of NO2", NO3", and NOy collected from the river. The
dynamics of the N forms examined were proven by measured and predicted data. Nitrite and
nitrate concentrations have exhibited a gradual reduction from the start of the study, then were
followed by high NOs- production to the end of the study. Simultaneous nitrification and
denitrification at the start of the study, followed by denitrification inhibition at the end of the study,
are the most likely drivers for the N dynamics in the river system. These findings are also
supported by the changes of the river flow rates and physicochemical parameters (DO, pH, and
COD). The model analysis revealed a reasonable agreement, with some exceptions, between
measured and predicted data for N dynamics, which supports the implementation of the models.
Bearing in mind that the uncertainties of the N fractionation and the measured data could have
associated sampling and analytical errors, it can be suggested that the models examined were
reasonably able to describe and predict N behavior in the Tigris River. Therefore, the models can
provide a framework for understanding N dynamics within complex systems and obtain insights
into the different interactions over time.

20 JWMM 31: C495



ACKNOWLEDGMENTS

This research is supported by the technical team of the Ministry of Municipalities and Public Works
in Baghdad. The authors are happy to extend deep thanks to the invaluable feedback from editors
and reviewers.

REFERENCES

Al Lami, M.H., M.J. Whelan, A. Boom, and D.M. Harper. 2021a. "Mechanistic Understanding of
Nitrogen Behaviour in Floating Treatment Wetlands: Abatement of Ammonia Flux." IOP Conference
Series: Earth and Environmental Science no. 779 (1): 012093.

https://doi.org/10.10 88/1755-1315/779/1/012093

Al Lami, M.H., M.J. Whelan, A. Boom, and D.M. Harper. 2021b. "Ammonia removal in free-surface
constructed wetlands employing synthetic floating islands." Baghdad Science Journal 18 (2):
253-267. https://doi.org/10.21123/bs}.2021.18.2.0253

Al Lami, M.H., M.J. Whelan, A. Boom, and D.M. Harper. 2021c. "The Role of Microbial Biofilm in
Removing Ammonia in Floating Treatment Wetlands." Ekoldgia (Bratislava) 40 (2): 101-114.
https://doi.org/10.2478/eko-2021-0012

Alzate Marin., J.C., A.H. Caravelli, and N.E. Zaritzky. 2016. "Nitrification and aerobic denitrification in
anoxic-aerobic sequencing batch reactor." Bioresource Technology 200: 380-387.
https://doi.org/10.1016/j.biortech.2015.10.024

Arenas-Sanchez, A., A. Rico, D. Rivas-Tabares, A. Blanco, P. Garcia-Doncel, A. Romero-Salas, L. Nozal,
and M. Vighi. 2019. "Identification of contaminants of concern in the upper Tagus river basin (central
Spain). Part 2: Spatio-temporal analysis and ecological risk assessment." Science of the Total
Environment 667: 222-233. https://doi.org/10.1016/j.scitotenv.2019.02.286

Camargo, J.A., and A. Alonso. 2006. "Ecological and toxicological effects of inorganic nitrogen
pollution in aquatic ecosystems: a global assessment." Environment International 32 (6): 831-849.
https://doi.org/10.1016/j.envint.2006.05.002

Cervantes, F.J. 2009. "Environmental Technologies to Treat Nitrogen Pollution: Principles and
Engineering". London: IWA Publishing.

Coban, O., P. Kuschk, N.S. Wells, G. Strauch, and K. Knoeller. 2015. "Microbial nitrogen
transformation in constructed wetlands treating contaminated groundwater." Environmental
Science and Pollution Research 22 (17): 12829-12839. https://doi.org/10.1007/s11356-014-357 5-3

Costa, D.d.A., L.C.S.d. Silva]r, J.P.S.d. Azevedo, M.A.d. Santos, and R.d.S.F.V. Assumpc¢do. 2021.
"From Monitoring and Modeling to Management: How to Improve Water Quality in Brazilian Rivers?
A Case Study: Piabanha River Watershed." Water 13 (2): 176.

https://doi.org/10.3390/w 13020176

CSO. 2018. "Population Growth statistics: population estimates of Iraq by age group, region and
gender." Ministry of Planning, Central Statistical Organisation. Republic of Iraq.

21 JWMM 31: C495


javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
https://doi.org/10.1088/1755-1315/779/1/012093

Ding, N., J. Zhu, X. Li, and X. Wang. 2021. "Spatiotemporal Dynamics of Nitrogen Budgets under
Anthropogenic Activities in Metropolitan Areas." Sustainability 13 (4): 2006.
https://doi.org/10.3390/su13042006

Galloway, J.N., J.D. Aber, J.W. Erisman, S.P. Seitzinger, R.W. Howarth, E.B. Cowling, and B.J. Cosby.
2003. "The Nitrogen Cascade." BioScience 53 (4): 341-356.
https://doi.org/10.1641/0006 -3568(2003)053[0341:TNC]2.0.CO;2

Gao, L., W. Zhou, J. Huang, S. He, Y. Yan, W. Zhu, S. Wu, and X. Zhang. 2017. "Nitrogen removal by
the enhanced floating treatment wetlands from the secondary effluent." Bioresource
Technology 234: 243-252. https://doi.org/10.1016/j.biortech.2017.03.036

Garcia, J., P. Aguirre, J. Barragan, R. Mujeriego, V. Matamoros, and J.M. Bayona. 2005. "Effect of key
design parameters on the efficiency of horizontal subsurface flow constructed wetlands."
Ecological Engineering 25 (4): 405-418. https://doi.org/10.1016/j.ecoleng.2005.06.010

Guisasola, A, I. Jubany, J.A. Baeza, J. Carrera, and J. Lafuente. 2005. "Respirometric estimation of the
oxygen affinity constants for biological ammonium and nitrite oxidation." Journal of Chemical
Technology and Biotechnology: International Research in Process, Environmental & Clean
Technology 80 (4): 388-396. https://doi.org/10.1002/jctb.1202

Holland, J.F., J.F. Martin, T. Granata, V. Bouchard, M. Quigley, and L. Brown. 2004. "Effects of wetland
depth and flow rate on residence time distribution characteristics." Ecological
Engineering 23 (3): 189-203. https://doi.org/10.1016/j.ecoleng.2004.09.003

IES. 2019. "Iraqi's Environmental Statistics: water quantity and quality." Ministry of Planning, Central
Statistical Organisation, Republic of Iraq, pp.1-72.

IMOS. 2019. "lIraqi Meteorological Organization and Seismology." Ministry of Transportation,
Republic of Iraq, pp. 26.

Kadlec, R.H. 2000. "The inadequacy of first-order treatment wetland models." Ecological
Engineering 15 (1): 105-119.

Kadlec, R.H., and S.D. Wallace. 2009. Treatment Wetlands, Second Edition. New York, USA.: CRC
press, Taylor and Francis Group.

Kannel, P.R., S.R. Kanel, S. Lee, Y-S. Lee, and T.Y Gan. 2011. "A review of public domain water quality
models for simulating dissolved oxygen in rivers and streams." Environmental
Modeling & Assessment 16 (2): 183-204. https://doi.org/10.1007/510666-010-9235-1

Knight, R.L., R.H. Kadlec, and H.M. Ohlendorf. 1999. "The use of treatment wetlands for petroleum
industry effluents." Environmental Science and Technology 33 (7): 973-980.
https://doi.org/10.1021/es980740w

Langergraber, G. 2008. "Modeling of processes in subsurface flow constructed wetlands: A review."
Vadose Zone Journal 7 (2): 830-842. https://doi.org/10.2136/vzj2007.0054

Marimon, Z.A., Z. Xuan, and N.B. Chang. 2013. "System dynamics modeling with sensitivity analysis
for floating treatment wetlands in a stormwater wet pond." Ecological Modelling 267: 66-79.
https://doi.org/10.1016/j.ecolmodel.2013.07.017

Matamoros, V., and J.M. Bayona. 2006. "Elimination of Pharmaceuticals and Personal Care Products
in Subsurface Flow Constructed Wetlands." Environmental Science & Technology 40 (18): 5811-5816.
https://doi.org/10.1021/es0607741

22 JWMM 31: C495


https://doi.org/10.3390/su13042006
https://doi.org/10.3390/su13042006
https://doi.org/10.1641/0006-3568(2003)053[0341:TNC]2.0.CO;2
https://doi.org/10.1641/0006-3568(2003)053[0341:TNC]2.0.CO;2
https://doi.org/10.1016/j.biortech.2017.03.036
https://doi.org/10.1016/j.ecoleng.2005.06.010

Park, S.,J. Chung, B.E. Rittmann, and W. Bae. 2015. "Nitrite accumulation from simultaneous free-
ammonia and free-nitrous-acid inhibition and oxygen limitation in a continuous-flow biofilm
reactor." Biotechnology and Bioengineering 112 (1): 43-52. https://doi.org/10.1002/bit. 25326

Powlson, D.S., T.M. Addiscott, N. Benjamin, K.G. Cassman, T.M. de Kok, H. van Grinsven, J. L'hirondel,
A.A. Avery, and C. van Kessel. 2008. "When Does Nitrate Become a Risk for Humans?" Journal of
Environmental Quality 37 (2): 291-295. https://doi.org/10.2134/jeq2007.0 177

StUeken, E.E., M.A. Kipp, M.C. Koehler, and R. Buick. 2016. "The evolution of Earth's biogeochemical
nitrogen cycle." Earth-Science Reviews 160: 220-239. https://doi.org/10.1016/j.earscirev.2016.07.007

Thakur, I.S., and K. Medhi. 2019. "Nitrification and denitrification processes for mitigation of nitrous
oxide from waste water treatment plants for biovalorization: Challenges and opportunities.”
Bioresource Technology 282: 502-513. https://doi.org/10.1016/j.biortech.2019.03.069

Vymazal, J. 2007. "Removal of nutrients in various types of constructed wetlands." Science of the
Total Environment 380 (1-3): 48-65. https://doi.org/10.1016/j.scitotenv.2006.09.014

Vymazal, J. 2010. Water and Nutrient Management in Natural and Constructed Wetlands. Springer
Dordrecht. https://doi.org./10.1007/978-90-481-9585-5

23 JWMM 31: C495


https://doi.org/10.1002/bit.25326
https://doi.org/10.1002/bit.25326
https://doi.org/10.2134/jeq2007.0177
https://doi.org/10.2134/jeq2007.0177
https://doi.org/10.1016/j.earscirev.2016.07.007
https://doi.org/10.1016/j.biortech.2019.03.069

	chijournal.org
	Model-based Analysis of Nitrogen Dynamics in the Tigris River in Baghdad City




