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 Using models of organic matter degradation and dissolved oxygen consumption, the 

concentrations of these compounds are analyzed in two stretches of a river after a discharge of 

raw sewage. The analyzed river has low drafts and widths, so the velocity is high and the 

aeration coefficient kr calculated with the Covar method is high, this indicates a rapid recovery 

of oxygen from the water consumed by the organic matter degradation processes, the river has 

been instrumented to measure flows and organic matter at various points to calibrate the model. 

The hydraulic parameters of the river section are analyzed in three control points, in each one 

sample are taken to analyze oxygen consumption by organic matter and nitrification through 

laboratory tests to determine and adjust the kinetics of the processes (kd; knit). This kinetics 

have been used in the development of a water quality model to verify its adjustment, obtaining 

higher RMSE results than with kinetics from secondary sources. It is observed that the river 

has an excellent capacity for self-purification due to the high income of dissolved oxygen, with 

a kr > 9 d-1. 
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1. INTRODUCTION 

 

The water resource contamination problems have different 

origins, from natural contamination and the other 

anthropogenic processes that end up with their wastewater 

discharged without adequate purification processes. One of the 

activities that are of particular interest is livestock since its 

waste contains a high pollutant load with organic matter and 

fecal matter. Within this problem, mathematical models as an 

analysis tool of the system have an outstanding contribution to 

the development of scientific knowledge of specific areas. 

Within a body of water, the physical, chemical, and 

biological variables can change in a short period, even in hours 

[1], such as the variations of dissolved oxygen between day 

and night [2], the variations due to the border entries they have 

greater importance within the analysis of the water body [3], 

when studying dynamic systems such as Andean rivers due to 

their flow and the loads of pollutants that enter them, these 

variations should be considered to evaluate the scenario.  

Water quality models can predict and simulate the impact 

generated by diffuse and point sources of pollutants in a body 

of water. They are tools for the development of management 

plans and policies to protect water resources [4]. Mathematical 

quality models are management tools that will make it possible 

to understand the behavior and cause-effect of the processes 

suffered by the receiving environment to evaluate different 

alternatives [1, 5]. To achieve adequate management and use 

of the model in an initial phase, it must be calibrated and 

validated; thus, it can predict the concentration of pollutants 

for different scenarios [1, 6]. 

Within the process of calibrating a model, the behavior of 

the different parameters that simulate the techniques included 

in it must be considered and, therefore, it is necessary to 

implement a methodology that guarantees an appropriate 

calibration of said parameters, which allows the user the 

detailed study of defined scenarios for the environmental 

characterization of the stream [5]. In this context, to ensure 

that the model is as close to reality, it is necessary to work with 

kinetics that indicates the appropriate process for the area of 

interest; this is achieved with the experimentation of the 

behavior of what is to be simulated. 

The results may be useful for management decisions [3], but 

the entire environment within the river to be modeled must be 

taken into account. In the rivers understudy, land use has been 

primarily altered by agricultural and livestock activities. The 

biggest problem with these activities is their contribution to 

both the point source and the non-point source of pollution, for 

example, pesticides and nutrients (mainly phosphorus and 

nitrogen) discharged into water bodies [7, 8], the models of 

water quality allow to consider all these variables in which 

data are often not available [3], they are used to address the 

characteristics of the aquatic landscape that includes complex 

geomorphology [9], systems in which the boundary conditions 

are complicated [10] and internal processes [11]. 

A water quality model uses data on different scales 

depending on its objectives, and it can use hourly 

meteorological data, daily flow data, and monthly chemical 

and biological analysis data [12]. Although the input data are 

monthly, results are expected from the quality model with high 

resolutions inclusive per hour [13]. For these reasons, some 

modelers move towards more complex models such as two and 

three dimensions [3]. Others believe that the observed data's 

quality determines the precision of the model and not the 

complexity [14]. 
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According to Melching and Yoon [15], the surface 

reaeration coefficient (K2) and the carbonaceous 

deoxygenation coefficient (Kd), which is the oxygen 

consumption due to the degradation of organic matter, are the 

dominant parameters in terms of the reliability of the 

simulation of dissolved oxygen concentrations. In streams of 

rivers. If they are determined experimentally, these constants 

allow reducing the uncertainty generated when using 

estimated values or adopting assumptions that do not conform 

to reality [4]. 

In rivers with Andean characteristics, re-aeration plays a 

significant role in recovering the aquatic system [16]. 

Understanding the behavior of Andean rivers in the face of 

different loads of organic matter due to specific and diffuse 

discharges will make it possible to guarantee that the action 

plans that are carried out are appropriate for the environment. 

This is achieved with the particular knowledge of the rivers of 

analysis since they present specific characteristics that make 

their dynamics rise. By having small drafts and high speeds, 

the coefficient of surface re-aeration is Fly high, allowing 

plenty of oxygen to enter the water body. 

The Andean rivers are under high pressure due to the lack 

of appropriate sanitation systems, the available information is 

scarce. Even geochemical data to know the state of the rivers 

in Ecuador are not enough [17]. In addition to the lack of 

information, it is observed that the management of water 

resources directly affects the concentration of dissolved 

oxygen. The flow of Andean rivers is directly related to the 

concentration of dissolved oxygen [18], so improperly 

managing rivers will increase the risk of a loss of oxygen and 

an increase in the concentration of organic matter that cannot 

be degraded. 

Water quality models have been developed for Andean 

rivers, particularly for the Cuenca River that is fed by the 

Yanuncay River, where the pressure that exists on the resource 

with wastewater discharges with concentrations of organic 

matter is evidenced [19]. In these models, the parameters of 

organic matter measured as BDO5 turns out to be a good 

indicator of contamination in connection with ecological 

models [20]. Wastewater discharges must be constantly 

monitored and this data must be applied in tools such as water 

quality models that allow evidence of the real impact of 

pollutants, specifically organic matter that can sometimes be 

eliminated over very long distances [21]. 

 

 

2. METHODOLOGY 

 

2.1 Description of the study area 
 

The river studied is the Yanuncay in the Province of Azuay 

in southern Ecuador; this river is born on the Andes' eastern 

slope and makes up the upper basin of the Paute River, this is 

one of the most critical hydrographic basins in the country, 

with a very high priority for management and conservation. 

The “Daniel Palacios” dam is located there, where most 

Ecuador's hydroelectric energy is produced [22]. 

Livestock activities have been developed in the soils of the 

sub-basin that have caused deterioration in water quality. The 

impacts of livestock to the detriment and contamination of 

water are substantial; these impacts must be seen from a chain 

perspective that goes from the production of inputs and 

pastures for animal feed to the transformation of animal 

products [23], in addition to a large presence of wastewater 

with high loads of organic matter and coliforms. 

In the middle area of the river is the Sustag Drinking Water 

Treatment Plant, which is one of the monitoring points for 

calibration of the model and for evaluating the quality of the 

water being collected. The Yanuncay River is one of the four 

rivers that the city of Cuenca crosses, so achieving tools that 

model water quality is of great interest to guarantee the good 

state of the body of water. 

The presence of farms in which specific spills of pollutants 

are carried out in the area has affected the quality. There are 

no appropriate management plans to determine the behavior of 

the resource; for this reason, four monitoring points have been 

taken (Figure 1), before the discharge, in the release and two 

control points outside the mixing zone to perform the 

calibration of the model, the first control point of great 

importance since it is located in the place of water uptake 

before a plant of purification. 

 

 
Figure 1. Location of the study area 

 

With this background, the research focuses on evaluating 

degradation, nitrification, and reaeration kinetics [24, 25], 

necessary to carry out the mathematical model for the river and 

understand the dynamics of pollutants and their effect on the 

resource. 

To evaluate the water quality and the hydrodynamic 

behavior of the riverbed, monitoring campaigns were carried 

out for three years, in the periods 2016/2017, 2017/2018, and 

2018/2019, according to the guidelines of the World 

Meteorological Organization, WMO [26]. Each point is coded 

as presented in Table 1, and samples were taken from them 

according to the proposed timing, analyzed in the laboratory 

to determine the kinetics to be tested in the model and the 

hydrochemical behavior. 

 

Table 1. Sampling points for the determination of kinetics 

and calibration of the model 

 
Code Point Monitoring frequency 

(Quality / Flow) 

P1 Before discharge Monthly / daily 

P2 Wastewater discharge Monthly / daily 

P3 Catchment Monthly / daily 

P4 Calibration point Monthly / daily 

 

The points have been chosen based on conditions of interest, 

P1 will serve as the “white” point where no water 

contamination problems have been detected. P2 is a 

monitoring point for wastewater discharge, it serves as an 

input parameter for pollutant loads, points P3 and P4 are model 

calibration points, although P3 is of primary importance 
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because it is located in the catchment. of drinking water, this 

allows adjusting the model and evaluating the quality of water 

that reaches this point of interest. 

 

2.2 Determination of hydraulic parameters 

 

Chemical and biological processes are controlled to a high 

degree by physical phenomena related to the water body's 

hydrodynamics, which determines the currents and mixing 

levels that affect the concentration of substances through 

transport processes. With the hydrological, meteorological, 

and bathymetric information, the model is adapted to the area 

of interest, initially obtaining the river's hydrodynamics, 

which was later used in the simulations of the transport of 

pollutants [27]. 

The analyzed river section has a length of 8.35 km from the 

point P1 before the discharge to the final calibration point of 

the P4 model (Figure 2). The morphometry of the central area, 

the dilution sources, abstraction, tributaries to the channel, and 

the dispersion coefficient are analyzed using the tracer test 

[28]; at each monitoring point, daily flows are explored 

through a previous calibration of the expenditure curve. In 

each of the sections proposed, speed, width, depth, and the 

longitudinal dispersion coefficient are also measured. 

 

 
Figure 2. Hydraulic model of the river section 

 

2.3 Degradation rate estimation (kd) 

 

To determine the deoxygenation kinetic constant due to the 

action of BOD in the receiving stream, the Bosko equation [29] 

was used, in which the k1 degradation obtained in the 

laboratory is related to the processes that it undergoes in a 

natural stream. Such as turbulent mixing, due to the presence 

of suspended and sedimented organisms, due to the depth of 

the channel, among other factors [30], Eq. (1) is used to relate 

these processes: 

 

1d

U
k k n

H
= +  (1) 

 

where, k1 is the oxygenation rate obtained in the laboratory 

through the processing and statistical analysis of each sample, 

and n U / H represents microorganisms' action in the bed. The 

coefficient n depends on the analyzed river section's slope and 

can vary between 0.1 - 0.6. 

 

2.4 Estimation of the reaeration rate (kr) 

 

Reaeration is the process by which oxygen enters from the 

atmosphere to the water column due to the river's dynamics. 

The patterns that condition the behavior of this parameter are 

different from those of degradation, so it is essential to study 

the parameters that govern this behavior, the solubilization of 

oxygen is proportional to the difference between saturation 

oxygen and dissolved oxygen present in the body of water at a 

given time [24, 31], and it can be represented with Eq. (2): 

 

2
r

dO
k D

dt
= −

 (2) 

 

where, D is the dissolved oxygen deficit in water determined 

by (Osat - O2). 

The entry of oxygen occurs through the air-water interface, 

where the film is thin. The diffusion of oxygen occurs through 

the water body slowly, and in turbulent rivers, the re-aeration 

process is carried out faster [32]. 

To determine the reaeration kinetics, a variation of the 

method used by [33] was applied, with a conservative tracer in 

which the flow rate, time, and concentration of the tracer were 

determined during the test, each sampling was repeated in the 

same periods of the water quality intakes and was compared 

with the Covar method. Also, the micro-basin height and the 

temperature correction constant are taken into account [16]. 

There are some equations to calculate the reaeration rate, 

validated in different rivers with different hydraulic 

characteristics [19], which have been grouped in the Covar 

method and are presented in Eqns. (3), (4), (5) [34-36]. 
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U
k

H
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(5) 

 

where: U = mean flow velocity (m / s); H = mean draft (m). 

 

2.5 Nitrification rate estimation (knit) 

 

Nitrification consists of the transformation of ammoniacal 

nitrogen into nitrate by implementing a set of nitrifying 

autotrophic bacteria [37]. This consumption can be validated 

in the laboratory by determining the biochemical demand for 

nitrogen-oxygen DBON and in the field by sampling Kjeldahl 

nitrogen—total (NKT) in each of the analysis sections. 

Comparisons of the results obtained in the laboratory were 

made to get DBON through the oxygen consumption test 

without inhibiting the action of nitrifying bacteria and the 

stoichiometric relationship DBON = LN = 4.57 * NKT. The 

constant 4.57 is the stoichiometric factor from the amount of 

oxygen required to oxidize the total nitrogen in ammonia. 

For the first analysis, the equations of the nitrification 

behavior are obtained in the laboratory test for each of the 

monitoring points and through an analysis of the flow 

velocities obtained with the tracer and hydrodynamic tests, Eq. 

(6): 

 
nitk

X
U

N NoL L e
−

=  

(6) 
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where, LNo is the initial DBON for the nitrification model and 

the variables X and U relate the hydrodynamic characteristics 

of the analyzed river sections. 

 

2.6 Approach of the water quality model for the river 

section 

 

The proposed model simulates the pollutants' behavior in 

the selected river section before the discharge of wastewater. 

After it, to identify the evolution of the pollutants modeled 

before a point of interest, that is, the water catchment. BOD5 

is modeled as organic load, the consumption of Dissolved 

Oxygen by the degradation and nitrification processes. The 

model's resolution and adjustment are made with the 

experimental kinetics to know its behavior of the river with 

data obtained in the laboratory. 

It is considered a one-dimensional system in length and in 

which there are no dispersive processes; in this way, the 

balance equation can be proposed for each pollutant as: 
 

20

2

T L
x d

d

VSL L O
u k L L

kt x h
O

 − 
= − − −

 
+

 

(7) 

 

' '2 2[ ] [ ]
( )x d nit r

O O
u k k L k D

t x

 
= − − − +

 
 (8) 

 

Eqns. (7) and (8) have been simplified, and the convective 

transport is only found on the x-axis and the processes suffered 

by the modeled pollutants. This is born from the hypothesis of 

considering highly convective rivers. For organic matter, the 

decrease in concentration due to degradation processes has 

been considered. For dissolved oxygen, the consumption due 

to the degradation of organic matter, ammonium nitrification, 

and reaeration is taken into account. This model is intended to 

be an initial contribution to the management of Andean rivers 

with experimental kinetic constants, which is why the models 

are simplified to understand the obtained kinetics' assistance. 

For the application, the GESCAL module of the 

AQUATOOL program was used to determine the evolution of 

DBOC and dissolved oxygen in the Yanuncay River. The 

processes considered include the sedimentation and 

degradation of DBOC, the re-aeration of oxygen, the demand 

for oxygen from the sediments [38]. 

 

 

3. RESULTS 
 

In the exploratory analysis of the data at the sampling points 

in the degradation kinetic variables, it can be observed in 

Figure 3 that there are atypical values in P1 and P4, this would 

cause the estimate of the central tendency value to be affected 

by; therefore, a robust estimator is used (20% trimmed mean), 

it can also be seen that the variability of the kinetic constants 

in the three points does not exceed 17%, thus being relatively 

stable in their behavior. 

Significant contrast differences are found in the three points' 

averages by applying a robust test of variance based on the 

trimmed mean. The test is used with a confidence level of 95%. 

The posthoc test shows that there are no similarities between 

any of the combinations evaluated. Table 2 presents the 

statistical calculations of mean, median, coefficient of 

variation, and robust coefficient of variation calculated 

through medians. 

 
 

Figure 3. Kinetic outlier analysis 

 

Table 2. Statistical measurements of degradation kinetics 

 
Measure P1 P3 P4 

mean 0.1537000 0.7277792 0.4061625 

median 0.15300 0.69800 0.40045 

cv 11.28705 13.23786 16.14197 

cvr 2.28957 21.35032 7.13880 

 

A CV between 0-30% indicates that the data are few 

variables based on the classical statistics [39] since the median 

and the mean do not differ significantly, the central tendency 

of the data to the median will be taken as a reference because 

the graph shows atypical data in point 1 and point 4 of 

sampling. To identify the differences between the mean values 

of the three sampling points, a contrast test, a parametric 

ANOVA model, and a robust model based on the contrast of 

medians are applied. The assumptions for the ANOVA model 

are verified with a Shapiro-Wilk normality test. 

According to the statistical analysis described above, it is 

concluded that the model cannot be performed with a single 

value for the degradation kinetics but that it is necessary to use 

each of those obtained per point of analysis. The water quality 

model has been constructed so that the kinetic value changes 

at each end and thus adjusts to the observed data. 

A similar statistical process is carried out for the laboratory 

data of the degradation kinetics and re-aeration, obtaining 

values for each point without being averaged by their 

difference. These results are shown in Table 3: 

 

Table 3. Kinetic values for each point 

 
Kinetic P1 P3 P4 

kd 0.15300 0.69800 0.40045 

kr 9.5398 8.8393 9.38932 

knit 0.0455 0.14500 0.11393 

 

The water quality model has been applied to the section 

after the discharge of wastewater and after collection, where 

there are measured data to verify the model's calibration with 

the application of laboratory kinetics. According to the 

statistical analysis, the results are presented by section since it 

is necessary to work with different kinetics for each reach. 

A water quality model has to be calibrated [40] to serve as 

a management tool; generally, it is an iterative process that 

depends on changing the variables until an adjustment is 

achieved. In this case, the calibration process will be exclusive 

with the entry of laboratory kinetics. By calculating the root-

mean-square error (RMSE), the model's adjustment is verified 

for each section and the variables of organic matter and 

dissolved oxygen. 
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Figure 4. Results for model calibration with laboratory kinetics 

 

Figure 4 (A) and (B) are the results for the first section 

analyzing organic matter and dissolved oxygen. For organic 

matter, the RMSE entered the observed and modeled data with 

an unadjusted kinetic of 26.15, and in comparison with the 

kinetics calculated in the RMSE, it is 1.6. For dissolved 

oxygen, the RMSE between the observed data and the default 

kinetics and the laboratory kinetics is 0.4 and 0.2, respectively, 

so it can be analyzed that the model is less sensitive to 

reaeration kinetics since it is adjusted with a lower percentage 

of error. 

Figure 4 (C) and (D) are the results for the second section; 

for the organic matter, the RMSE entered the observed and 

modeled data with kinetics without adjustment is 28.1 and 

compared with the kinetics calculated in the RMSE is 0.3. For 

dissolved oxygen, the RMSE between the data observed and 

the default kinetics and the laboratory kinetics is 0.7 and 0.1, 

respectively, the behavior coinciding with the previous section 

analyzed. 

The two modeled water quality parameters (BOD and DO) 

and the two sections of the analyzed river show different 

behaviors when they are modeled with kinetics available from 

bibliographic sources and the adjustments with kinetics 

obtained in the laboratory that present satisfactory values 

measured with RMSE. The behavior of the BOD is the one 

that needs the most adjustment (Figure 4. A-C) where the 

simulated values (theoretical kinetics) differ greatly from the 

observed data. 

The kinetics that is commonly found in reference sources or 

water quality models made in other countries or a different 

type of river do not consider the specific dynamics and 

conditioning factors found in high mountain rivers such as 

altitude, oxygen saturation, the change in slope, and the 

mixture of waters with a concentration of organic matter with 

different biodegradation due to the pressures and discharges 

that exist on these channels. 

In similar research such as [41, 42], mathematical processes 

applied to each model used are used, achieving adjustments 

identical to those presented, in this way, it can be verified that 

obtaining laboratory kinetics adjusts the model to reality and 

could subsequently be subjected to calibration and 

mathematical validation process, reducing the uncertainty of 

the model. On the other hand, in Ecuador, the application of 

water quality models validated with laboratory data to 

generate indices is scarce [43]. This type of research allows 

having an input that can be applied in the development of 

water quality models surface with greater precision. 

 

 

4. CONCLUSIONS 

 

Mathematical processes that somehow reduce the error of 

the simulated data with reality will always have better 

precision and can be used as a useful tool, within the water 

quality models we have seen in this research what to add to a 
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conventional calibration process of kinetics an intermediate 

process through laboratory validations significantly improves 

the final results and considerably brings them closer to the 

actual observed results. 

In the two sections of the river in which the model was 

executed, the best adjustments were made using the kinetics of 

each process obtained in the laboratory. Another critical piece 

of data is the use of different kinetics for each of the sections, 

and this allows an adjustment within the general framework of 

the modeled environmental system. The calibration indicates 

a robust model with a deficient error that can serve as a 

management and planning tool adjusted to the area's reality 

and the biological and physical processes that play a 

fundamental role in water quality. 

This work contributes to understanding the behavior of a 

river with the characteristics as mentioned above for the Andes 

when it receives high loads of organic matter and ammonia, 

whose degradation processes by microorganisms represent a 

significant consumption of dissolved oxygen in the water and 

also contribute to scientific knowledge so that the management 

plans focused on the preservation and guarantee of the water 

supply for the population are adequate. 

The modeling of water quality in Andean rivers is still an 

issue that has a lot of scientific and technical development 

ahead, it is expected that in addition to being able to adjust 

other types of kinetics to the models, greater variables such as 

the increase in temperature or the flow variability due to 

climate change, these are processes that are directly related to 

water quality and it is time to consider qualitative and 

quantitative models with scenarios of global variations. 
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NOMENCLATURE 

 

kd kinetics of degradation of organic matter d-1 

k1 rate to degradation of organic matter d-1 

n slope coefficient 

U mean flow velocity m. s-1 

H mean draft m 

kr reaeration kinetics d-1 

O2 dissolved oxygen in water mg. l-1 

LN biochemical nitrogen oxygen demand      mg. l-1 

knit nitrification kinetics d-1 

X reach length 

L concentration of total organic matter in water 

mg. l-1 

VSL sedimentation rate of particulate organic matter 

m. s-1 
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Greek symbols 

L organic matter variation 

[O2] dissolved oxygen variation 

Ɵ arrhenius coefficient for temperature 
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