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Abstract: The Cerrado is a hotspot for biodiversity conservation and holds the headwater springs that
are major Brazilian river basins. The development of industry, agriculture, and mining causes water
quality deterioration. Mathematical models appear as a management tool to simulate water quality
parameters and the dispersion of pollutants in water bodies. Thus, this study aimed to evaluate the
behavior of dissolved oxygen (DO) and other parameters through the QUAL2Kw (Stream Water
Quality Model) model in a river in the Brazilian Cerrado. Complementary data were obtained in
four experimental measurement campaigns. The calibration results showed a good fit, especially
for the DO. The most critical situation occurred in October, where DO remained below 5 mg/L
for a long stretch, and the ammoniacal nitrogen (NH4) and biochemical oxygen demand (BOD)
presented non-compliance concerning the legal Brazilian requirements. In all campaigns, BOD
remained above 5 mg/L for at least 5 km in length, disagreeing with the legislation for exceeding the
distance from the mixing zone. The uncertainty analysis for the DO confirmed the critical scenario of
October, and the sensitivity analysis by the Monte Carlo Simulation showed the significance of the
reaeration coefficient for DO. Thus, it is concluded that the QUAL2Kw model proved dependable
for the simulation of point launches in the Bois River, supplying a good fit in the calibration act.
Because BOD does not meet the legal requirements in all samplings, the water use of the downstream
population may be impaired by the activities found in the basin. Activities such as sand extraction,
tanneries, and other food industries increase the organic burden of waterbodies and, therefore, require
greater environmental inspections.

Keywords: modeling; simulation; water quality; QUAL2Kw; calibration

1. Introduction

The Cerrado biome is a hotspot for the conservation of fauna and flora biodiversity,
considered the watershed cradle, as it hosts headwaters that supply a good part of the
Brazilian watersheds [1]. Population growth promotes an increase in the use of natural
resources to supply the development of economic activities, be it in the industry, farming,
and even our domestic use, causing an increase in effluent generation [2]. This scenario
might lead to the decrease in hydric bodies’ water quality, as the effluents are sent untreated
or, most of the time, treated with low efficiency, increasing the organic load in the source [3,4].

The stabilization of such an organic load sent into hydric bodies consumes dissolved
oxygen, altering the aquatic ecosystem’s balance. The sources’ excellent quality of water
may be reached through a management strategy which involves the impact evaluation of
the pollutants in dissolved oxygen concentration along the river systems [5].

In this context, the assessment of water quality, whether through the Water Quality
Index (WQI) in groundwater [6–8] or surface water [9,10], using neural networks and
machine learning [11,12], or through mathematic models employing computer software are
widely used to simulate hydrodynamics, dispersion, and kinetics of pollutants in the natural
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environment [13]. They allow for the simulation of water usage situations, defining the
ability of assimilation through the limits of disposal of finding sources or for the extractions
of certain outflows, in a manner that implies calculated risk about the deterioration of water
quality according to legal standards [14]. There also exist methods to help choose a more
proper model for a determined situation, such as ScoRE (Scope, Record and Experience),
which also gives orientation for excluding models [15]. One of the requisites for modeling
water quality is to find its adequation for the intended use. Many countries are working
to develop guidelines about the investigation and management of water quality and the
environment, offering regulated models for the preview of water quality [16].

Therefore, mathematic modeling is an indispensable tool in the search for the preser-
vation of aquatic ecosystems, aiding in maintaining water quality. It helps managers,
regulatory bodies, and policymakers direct water bodies’ sustainable planning and man-
agement [16].

Several wide models are used to simulate water quality in rivers and creeks, high-
lighting SIMCAT (SIMulation CATchment), TOMCAT (Temporal Overall Model for CATch-
ments), QUAL2EU (Enhanced Stream Water Quality Model), WASP (Water Quality Analy-
sis Simulation Program), QUASAR (QUAlity Simulation Along Rivers), QUAL2Kw (Stream
Water Quality Model), AQUATOX (AQUAtic TOXicology), CE-QUAL-W2 (Hydrodynamic
and Water Quality Model), EFDC (Environmental Fluid Dynamics Code), SWAT (Soil and
Water Assessment Tool), and SPARROW (SPAtially Referenced Regression On Watershed
attributes), among others [5,15–17].

The QUAL2Kw (Stream Water Quality Model) includes an automated calibration
system and presents the interaction between the constituent parts [1]. It is a modernized
version of the QUAL2E model and is a unidimensional model of steady flow, based on
solving differential advection–dispersion equations, in all its terms, through an implicit
scheme of finite differences, applicable for dendritic rivers [18]. It allows multiple entries,
water abstraction in each segment, and the simulation of several parameters [18]. It is
(the United States Environmental Protection Agency) US EPA’s official model and is used
in several research works to verify the self-depuration of rivers, such as in Brazil [19,20]
and other countries, such as the United States of America (USA) [21], Iran [22], and
Ethiopia [23]. In addition, it has been shown to be advantageous over other models for a
complex river system [24].

The Bois River watershed is of utmost importance for the state of Goiás, as it concen-
trates on several economic activities. The city of Palmeiras de Goiás, with a population
of approximately thirty thousand inhabitants, is supplied with treated water after being
sourced from the Bois River. However, upstream it receives untreated domestic sewage and
effluents from frigorific warehouses, beverage companies, and tanneries, among others [25].
Besides that, there are several sand extraction points, which cause deforestation in riparian
woods and floodplain areas, causing erosion processes, with the increase in water turbidity
levels, and chemical pollution caused by oils, greases, and detergents [26]. In 2013, a local
television station reported the death of hundreds of fish in the Bois River near the town
of Nazário in Goiás, and the probable cause was the discharge from two enterprises, one
due to treatment failure and the other due to an overflow [27]. In a study conducted on
the Bois River without the use of mathematical models, toxicological tests allowed for
the conclusion that its waters seem to be non-toxic to the early life stage of the zebra fish,
pointing out that other trophic levels should be studied as they may be suffering from the
release of probable pollutants [25].

The pointed contamination causes demand for a sustainable solution for better socioe-
conomic development [16]. In that way, and considering the need to conduct demands
about sending effluents into water bodies, the companies which generate such waste must
implement treatment systems to minimize the impacts on the water body and attend to
its self-depuration capacity. In addition to using the WQI as a predictor for improving
water quality in water to be treated in water treatment plants [28], the application of the
QUAL2Kw model on the Bois River might help both private companies and public power
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in planning and rationalizing the use of such hydric resources, which has already been
used in similar scenarios to reduce pollution [23].

Facing what has been exposed, this study has as its goal to evaluate the representability
of the model QUAL2Kw to simulate the dissolved oxygen (DO) parameters, biochemical
oxygen demand (BOD), organic nitrogen (Norg), and ammoniacal nitrogen (NH4) in the
rainy season of a Bois river’s stretch, in the Brazilian Cerrado.

2. Materials and Methods
2.1. Study Area

The Bois River watershed reaches 43 municipalities, representing 10% of the popula-
tion of the state of Goiás, Brazil. This river finds its source in the municipality of Americano
do Brasil-GO and runs into the Parnaíba river. Livestock and farming are expressive eco-
nomic activities, with the use and occupation of the land composing 81% of the watershed’s
total area, and one of the main water uses is irrigation [26].

A stretch of 49.3 km (point 1 to point 10) of the Bois River has been analyzed, starting
at a point 86 km away from its source (near Nazário-GO) and ending at 4 km of the Santa
Maria river’s mouth upstream (near Palmeiras de Goiás-GO) (Figure 1). This stretch is
inserted in a sub-basin of 1264.3 km2 of the Bois River watershed, which has a total area
of 37,189.7 km2. In this sub-basin, land use and land cover (LULC) in the agriculture and
pasture class reaches up to 82% of the total area (Figure 2). The other classes of use and
land cover make up only 17.5% of the native forest area (Cerrado); 0.5% are urban areas
and 0.3% are water (Table 1).

The annual rain average in this area is 1500 mm and the climate is characterized by the
type “Aw” [29], which corresponds to the hot tropical climate throughout all the seasons
of the year, with a dry winter. A seasonality characteristic can be seen, in which the dry
months (May to September) present a monthly rainfall average inferior to 50 mm, while the
humid months (October to April) present a monthly average above 100 mm, surpassing
250 mm in December and January.

Being attentive to the release of domestic and industrial sewage in the studied stretch,
the water quality of the Bois River will be evaluated by applying the unidimensional
QUAL2Kw model. For that, the calibration of such a model with experimental data in the
rainfall season and its confirmation in the same season, to avoid distortion in the calibrated
constants, have been conducted. The following steps have been taken to feed the model.

The model calibration was carried out in the rainfall season, considering the high
flow variations in this season (the most critical condition). The hypothesis was that if the
simulation of the model was applied in the rain, it would also have good representation in
the dry conditions, due to the more stable flow variation.

2.2. Data and Monitoring Sites

Four collection campaigns have been conducted in the rainfall periods (October/November
2015 and February/March 2016), obtaining the necessary data for the model’s calibration. The
water samples have been collected in 10 spots distributed along a stretch with a 49.3 km extension,
starting in point 1 (49.33 km upstream boundary) and finishing on point 10 (0.0 km distance
downstream) (Figure 1). The spots have been chosen according to the ease of access and from
the location of release and abstraction sources found, and all are situated upstream of the
water collection area for public supply of the municipality of Palmeiras de Goiás, between the
municipalities of Nazário and Palmeiras de Goiás, in the state of Goiás, Brazil.
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Figure 1. Location and sampling points of the Bois River basin and its tributary streams (T1, T2, T3,
and T4), total effluent discharge point (LTE—green arrow), flow direction (blue arrows) starting and
ending points of the simulation (red arrows).

Among the 10 collection spots, flow measurements have been conducted in 5 spots
(2, 4, 6, 9, and 10) (Figure 1). In the first sampling campaign, in October 2015, at the
beginning of the rains, it was possible to carry out the flow measurements at points 7 and 8,
according to the planning. In the 3 subsequent sampling campaigns, points 7 and 8 were
inaccessible, due to excessive rain that prevented the passage on the roads. These spots
have been chosen for presenting a flow that is similarly uniform for the conduction of the
flow measurement and because of the possibility of access to the river margin. Four of the
have been conducted in each spot with the round-trip movement from one margin to the
other of the river, using as a result the measurements’ average. The outflows and average
speeds have been obtained using the equipment Acoustic Doppler Current Profiler (ADCP)
SONTEK brand, model RiverSurveyor M9 [30], which includes a sort of sonar to measure
the local depth, GPS for positioning measurement, and a speed sensor.



Sustainability 2023, 15, 3828 5 of 21

Sustainability 2023, 15, x FOR PEER REVIEW 5 of 22 
 

 

with a 49.3 km extension, starting in point 1 (49.33 km upstream boundary) and finishing 
on point 10 (0.0 km distance downstream) (Figure 1). The spots have been chosen accord-
ing to the ease of access and from the location of release and abstraction sources found, 
and all are situated upstream of the water collection area for public supply of the munic-
ipality of Palmeiras de Goiás, between the municipalities of Nazário and Palmeiras de 
Goiás, in the state of Goiás, Brazil. 

 
Figure 2. Land use and land cover of the Bois River sub-basin. 

Among the 10 collection spots, flow measurements have been conducted in 5 spots 
(2, 4, 6, 9, and 10) (Figure 1). In the first sampling campaign, in October 2015, at the begin-
ning of the rains, it was possible to carry out the flow measurements at points 7 and 8, 
according to the planning. In the 3 subsequent sampling campaigns, points 7 and 8 were 
inaccessible, due to excessive rain that prevented the passage on the roads. These spots 
have been chosen for presenting a flow that is similarly uniform for the conduction of the 
flow measurement and because of the possibility of access to the river margin. Four of the 
have been conducted in each spot with the round-trip movement from one margin to the 
other of the river, using as a result the measurements’ average. The outflows and average 

Figure 2. Land use and land cover of the Bois River sub-basin.

Table 1. Land use and land cover class of the Bois River sub-basin.

LULC—Land Use and Land Cover Area (%)

Native forest (Cerrado) 17.5%
Planted forest 0.3%

Pasture 69.5%
Agriculture 11.9%

Water 0.3%
Urban areas 0.5%

This equipment is composed of a floating vessel with bathymetric sensors being moved
along the transversal section of the watercourse with the aid of ropes, controlled by the
research team, which was placed on both riversides (Figure 3). This dynamic measurement
allows the visualization of the profile of water speed and depth bathymetry.
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Figure 3. Utilization of the ADCP equipment in obtaining velocities and flows in the studied stretch
of the Bois River, using an inflatable boat for displacement from one side to the other of the river.

The analysis of the water quality parameters was dissolved oxygen (DO), organic
nitrogen ( Norg

)
, ammoniacal nitrogen (NH4), and biochemical oxygen demand (BOD5)

(Table 2). These parameters were chosen due to the ease of obtaining research institutions
in Brazil, an emerging country still with few investment resources in research. The analyses
have been conducted in the laboratory according to standard methods [31], except for
temperature (◦C), dissolved oxygen (mg/L), and saturation (%), which have been measured
in situ through a previously calibrated HQ30d Hach portable oximeter.

Table 2. Sampling point data in October, November 2015 and January, March 2016.

October 2015

Point Downstream
Distance T pH DO BODfast Norg NH4 Q H U

(km) (◦C) (mgO2/L) (mgO2/L) (µgN/L) (µgN/L) (m3/s) (m) (m/s)

1 49.33 26.97 6.80 6.76 1.65 154.00 476.00 - - -
2 48.75 27.03 6.90 6.74 1.81 252.00 280.00 3.56 1.03 0.23
3 48.04 27.07 7.00 6.78 1.81 196.00 224.00 - - -
4 47.71 27.30 7.10 6.86 1.07 336.00 448.00 4.04 0.80 0.28
5 47.01 27.30 7.20 6.85 2.47 392.00 392.00 - - -
6 38.09 28.67 7.30 5.69 7.75 1484.00 308.00 3.91 0.64 0.34
7 25.92 29.13 7.10 5.07 8.66 700.00 252.00 4.44 0.56 0.44
8 20.42 28.70 7.20 4.86 7.17 196.00 364.00 4.89 0.95 0.23
9 13.13 28.50 7.20 4.56 4.53 168.00 448.00 5.00 1.08 0.22

November 2015

Point Downstream
distance T pH OD BODfast Norg NH4 Q H U

(km) (◦C) (mgO2/L) (mgO2/L) (µgN/L) (µgN/L) (m3/s) (m) (m/s)

1 49.33 25.87 8.56 6.58 1.73 392.00 168.00 - - -
2 48.75 25.88 8.47 6.54 2.23 644.00 84.00 9.33 1.35 0.433
3 48.04 25.75 8.30 6.55 3.63 588.00 84.00 - - -
4 47.71 26.73 8.39 6.41 3.22 700.00 196.00 9.95 0.75 0.524
5 47.01 26.17 8.42 6.43 4.20 336.00 224.00 - - -
6 38.09 27.47 8.41 5.86 6.51 924.00 196.00 9.86 0.92 0.506
9 13.13 25.98 8.25 5.40 3.63 448.00 112.00 13.27 1.37 0.451

10 0.00 26.09 8.06 4.88 4.45 644.00 84.00 17.99 1.93 0.504
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Table 2. Cont.

January 2016

Point Downstream
distance T pH OD BODfast Norg NH4 Q H U

(km) (◦C) (mgO2/L) (mgO2/L) (µgN/L) (µgN/L) (m3/s) (m) (m/s)

1 49.33 26.73 7.10 6.74 3.30 28.00 224.00 - - -
2 48.75 26.27 7.48 6.80 2.97 168.00 112.00 12.84 1.36 0.471
3 48.04 26.00 7.68 6.79 4.37 196.00 168.00 - - -
4 47.71 26.03 7.81 6.79 5.19 252.00 196.00 13.60 0.95 0.595
5 47.01 26.33 7.03 6.72 6.27 168.00 252.00 - - -
6 38.09 26.37 7.98 6.01 11.21 84.00 252.00 - - -
7 25.92 26.30 7.95 5.41 5.36 196.00 252.00 - - -
9 13.13 26.07 8.15 5.52 4.20 112.00 224.00 15.31 1.38 0.524

10 0.00 26.47 7.25 5.40 2.97 168.00 252.00 15.63 1.70 0.459

March 2016

Point Downstream
distance T pH OD BODfast Norg NH4 Q H U

(km) (◦C) (mgO2/L) (mgO2/L) (µgN/L) (µgN/L) (m3/s) (m) (m/s)

1 49.33 26.23 7.48 6.61 1.24 112.00 0.00 - - -
2 48.75 26.50 7.56 6.45 2.72 280.00 0.00 7.23 0.98 0.325
3 48.04 26.63 7.58 6.42 3.30 70.00 98.00 - - -
4 47.71 26.63 7.70 6.47 8.57 280.00 56.00 8.30 0.92 0.489
5 47.01 27.57 7.69 6.36 5.36 420.00 84.00 - - -
6 38.09 27.07 7.58 5.47 4.95 224.00 168.00 8.34 0.72 0.446
9 13.13 27.40 7.67 5.59 2.39 336.00 0.00 11.97 1.24 0.436

10 0.00 27.17 7.57 5.54 0.99 406.00 98.00 14.25 1.69 0.459

2.3. Modeling Tool

The model QUAL2Kw has a general mass balance described by Equation (1), which
considers the entrances and exits, longitudinal diffusion, constituent mass generation, and
consumption “ci” in the element “i”, except for the variables related to algae [28].

dci
dt =

Qi−1
Vi

ci−1 − Qi
Vi

ci −
Qab,i

Vi
ci +

E′i−1
Vi

(ci−1 − ci) +
E′i
Vi
(ci+1 − ci) +

Wi
Vi

+ Si +
E′hyp,i

Vi
(c2,i − ci) (1)

where Wi = external load of the part in the element i (g/d or mg/d), Si = sources and
abstractions of the part due to reactions and mass transference mechanisms (g/m3/d or
mg/m3/d). The mass exchange between the water surface and sediment zone is given by
the exchange of outflows in the element I, being E′hyp,i = flow (m3/d) and the difference of
concentration on the water surface (ci) and the sediment zone (c2,i).

For automatic calibration, the model uses the Genetic Algorithm (GA) to maximize the
quality of result adjustments for the model in comparison to the measured data, adjusting
all the model state variables [32]. The optimization of the best fit between the simulation
and the observed data is performed through the Root Mean Square Error (RMSE) index,
that is, by the smallest difference between the model predictions and the observed data for
the different parameters analyzed [33]. The program requires an adjustment formula in
which, as its result increases, the adjustment value also increases. As the RMSE decreases
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as the adjustment improves, the use of the inverse of RMSE is suggested [34]. Thus, the GA
maximizes the f (x) adequation function, as presented in Equation (2).

f (x) =

[
q

∑
i=1

wi

]


q

∑
i=1

1
wi


∑m

j=1 Oi,j
m[

∑m
j=1(Pi,j−Oi,j)

2

m

] 1
2



 (2)

where Oi,j= observed value, Pi,j = predicted value, m = number of pairs of predicted and
sampled values, wi = weighting factor, and q = number of different state variables included
in the reciprocal of the weighted normalized RMSE.

2.4. Model Calibration
2.4.1. River Discretization

Four relevant tributaries have been considered as punctual releases, respectively titled
Mutum Stream, Cavalo Morto Stream, Grande Stream, and Santo Antônio Stream (Figures 1
and 4). The upstream in point 2 has an abstraction point which is the collection from an
industry. Between spots 3 and 4, there are two tannery factory collection areas and the
respective effluent disposals. Between 4 and 5 are found the waste disposal of a WTS
(Water Treatment Station) and the treated effluent of an industry. No other collection spots
have been found throughout the studied stretch, such as irrigation pumping, according to
the bestowal processes for the use of the Bois River watershed in the state of Goiás for the
state’s environmental regulatory body [35].
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January 2016 
Point Location Q T DO BOD Norg NH4 pH 
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Figure 4. System segmentation with locations of pollution sources along the Bois River. The same
nomenclature of abstractions, tributaries, and effluent discharge is present in Table 3.
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Table 3. Values applied in the Point Sources tab to perform model calibration in October, November
2015, and January, March 2016.

October 2015

Point Location Q T DO BOD Norg NH4 pH

Source (km) (m3/s) (◦C) (mgO2/L) (mgO2/L) (µgN/L) (µgN/L)

CAP1 48.75 0.056 - 0.00 0.00 0.00 0.00 -
CAP2 48.70 0.042 - 0.00 0.00 0.00 0.00 -
LTE 48.66 0.138 28.00 1.00 300.00 90000.00 50.00 7.00

CAP3 48.20 0.014 – 0.00 0.00 0.00 0.00 –
T 1 35.60 0.530 28.00 6.80 1.00 0.00 0.00 7.00
T 2 25.08 0.450 28.00 6.80 1.00 0.00 0.00 7.00
T 3 20.30 0.110 28.00 6.80 1.00 0.00 0.00 7.00
T 4 8.21 0.802 28.00 6.80 1.00 0.00 0.00 7.00

November 2015

Point Location Q T DO BOD Norg NH4 pH
Source (km) (m3/s) (◦C) (mgO2/L) (mgO2/L) (µgN/L) (µgN/L)

CAP1 48.75 0.056 – 0.00 0.00 0.00 0.00 -
CAP2 48.70 0.042 - 0.00 0.00 0.00 0.00 –
LTE 48.66 0.138 26.00 2.00 600.00 80000.00 300.00 8.00

CAP3 48.20 0.014 – 0.00 0.00 0.00 0.00 -
T 1 35.60 1.337 27.00 6.80 2.00 0.00 0.00 8.50
T 2 25.08 1.135 27.00 6.80 2.00 0.00 0.00 8.50
T 3 20.30 0.939 27.00 6.80 2.00 0.00 0.00 8.50
T 4 8.21 4.720 27.00 6.80 2.00 0.00 0.00 8.50

January 2016

Point Location Q T DO BOD Norg NH4 pH
Source (km) (m3/s) (◦C) (mgO2/L) (mgO2/L) (µgN/L) (µgN/L)

CAP1 48.75 0.056 – 0.00 0.00 0.00 0.00 –
CAP2 48.70 0.042 – 0.00 0.00 0.00 0.00 –
LTE 48.66 0.138 26.00 2.00 900.00 50000.00 3000.00 8.50

CAP3 48.20 0.014 - 0.00 0.00 0.00 0.00 -
T 1 35.60 0.284 27.00 6.80 2.00 0.00 0.00 8.00
T 2 25.08 0.290 27.00 6.80 2.00 0.00 0.00 8.00
T 3 20.30 1.132 27.00 6.80 2.00 0.00 0.00 8.00
T 4 8.21 0.320 27.00 6.80 2.00 0.00 0.00 8.00

March 2016

Point Location Q T DO BOD Norg NH4 pH
Source (km) (m3/s) (◦C) (mgO2/L) (mgO2/L) (µgN/L) (µgN/L)

CAP1 48.75 0.056 - 0.00 0.00 0.00 0.00 -
CAP2 48.70 0.042 - 0.00 0.00 0.00 0.00 -
LTE 48.66 0.138 26.00 2.00 700.00 30000.00 100.00 7.00

CAP3 48.20 0.014 - 0.00 0.00 0.00 0.00 -
T 1 35.60 1.589 27.00 6.80 2.00 0.00 0.00 7.50
T 2 25.08 1.891 27.00 6.80 2.00 0.00 0.00 7.50
T 3 20.30 0.150 27.00 6.80 2.00 0.00 0.00 7.50
T 4 8.21 2.280 27.00 6.80 2.00 0.00 0.00 7.50

Since the effluent disposal spots are close to each other, situated in kilometers 48 and
47, for model calibration purposes, a single disposal spot at km 48.66 has been considered,
summing up all the effluents disposal loads.

The studied Bois River stretch has been segmented into 9 stretches with distinct
distances, for a total of 49.3 km in extension (Figure 4), which presents the unifilar diagram
of the main river and the extensions of each stretch, respectively. It is observed that
the source of the river coincides with monitoring point 1 and all the point sources are
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represented, ranging from water abstractions to waste disposals with their respective
locations along the main river’s course.

2.4.2. Input Data

The hydraulic characteristics of the studied stretch have been found through classi-
fication curves that correlated average speed (U) and depth (H) with the river’s flow (Q)
(Equations (3) and (4)):

U = aQb (3)

H = αQβ (4)

in which, U = average speed (m/s), H = depth (m), a, b, α, and β are empirical coefficients.
The exponents “b” and “β” and coefficients “a” and “α” were calculated for the same

sampling spots of the flow measuring (2, 4, 6, 9 e 10) and considered for the stretches
defined in the QUAL2Kw (Figure 5). The determination coefficient of Equations (3) and (4)
was interpreted using the Pearson Scale, in which 0.00–0.19 is very weak, 0.20–0.39 is weak,
0.40–0.69 is moderate, 0.70–0.89 is strong, and 0.90–1.00 is extraordinarily strong.
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Figure 5. (a) Unload speed coefficients (U) in the function of the flow (Q) of points 2, 4, 6, 9, and 10;
(b) depth unload coefficients (H) in the function of the flow (Q) of points 2, 4, 6, 9, and 10.
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The literature reports several conceptual and empirical formulas relating K2 to the
depth and velocity of the watercourse because they are an easily obtainable input data.
The QUAL2E model manual [11] records 17 equations and comments that no universal
equation is better than the others for all applications. Thus, among the three main equations
based on the velocity and depth of the watercourse [36–38] and that have ranges of action
that complement each other, the formula of O’Connor and Dobbins [36] is the one that fits
the conditions of the studied river stretch.

The reaeration coefficients K2 (Table 4) to find the O2 concentrations have been cal-
culated for each river stretch according to the values of depth and speed measured in
the watercourse. That way, the O’Connor and Dobbins empirical model [36] presented
in Equation (3) has been applied, and it has an approximated application band for speed
varying between 0.05 m/s and 0.8 m/s, and depth between 0.6 m and 4.0 m.

K2 = 3.93U0.5H−1.5 (5)

Table 4. K2 values in function of speed and depth, distributed in 5 collection points in the months of
October 2015, November 2015, January 2016, and March 2016.

Sample Point

Month/Year

October 2015 November 2015

U H K2 U H K2
(m.s−1) (m) (d−1) (m.s−1) (m) (d−1)

2 0.23 ± 0.01 1.15 ± 0.02 1.53 ± 0.01 0.43 ± 0.03 1.58 ± 0.17 1.31 ± 0.15
4 0.28 ± 0.01 1.00 ± 0.04 2.08 ± 0.03 0.52 ± 0.02 1.21 ± 0.04 2.14 ± 0.03
6 0.34 ± 0.01 0.83 ± 0.05 3.05 ± 0.02 0.51 ± 0.02 1.220.12 2.06 ± 0.06
9 0.22 ± 0.01 1.20 ± 0.01 1.40 ± 0.01 0.45 ± 0.01 1.50 ± 0.01 1.44 ± 0.01

10 - - - 0.50 ± 0.07 2.26 ± 0.08 0.82 ± 0.13

Sample Point

Month/Year

January 2016 March 2016

U H K2 U H K2
(m.s−1) (m) (d−1) (m.s−1) (m) (d−1)

2 0.47 ± 0.01 1.64 ± 0.03 1.29 ± 0.02 0.33 ± 0.01 1.38 ± 0.02 1.39 ± 0.02
4 0.60 ± 0.02 1.37 ± 0.02 1.89 ± 0.01 0.49 ± 0.05 1.20 ± 0.12 2.09 ± 0.10
6 - - - 0.45 ± 0.00 1.27 ± 0.00 1.84 ± 0.00
9 0.52 ± 0.00 1.49 ± 0.01 1.56 ± 0.01 0.44 ± 0.01 1.40 ± 0.01 1.57 ± 0.01

10 0.46 ± 0.03 2.19 ± 0.09 0.82 ± 0.05 0.46 ± 0.05 2.04 ± 0.07 0.91 ± 0.07

The coefficients which integrate the nitrification phenomenon were calibrated in a
chart, using Microsoft Excel’s Solver tool, then inserted in the QUAL2Kw model in the
“Reach Rates” chart.

For such, Equations (4) and (5) have been used to simulate the concentration of organic
nitrogen and ammoniacal nitrogen with random constant values along with the group of
data of each sampling campaign. For the coefficients RO2amon, the admitted value was of
4.3 mg O2/mg Namon and for KnitrOD the value of 0.6 L/mg [32].

Norg = Norg0 e−Koa t (6)

Namon = Namon0 e−Kan t +
Koa Norg0

Kan − Koa
(e−Koa t − e−Kan t) (7)

Next, the optimization of the constant’s ballots through the minimization of error
between the observed and simulated values. The error was calculated from the square of
the difference between the observed values with the estimated values by the simulation.
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2.4.3. Model Implementation

The calculation time assumed was of 5.625 min using the Runge–Kutta integration
method. Fifteen days were adopted for the repetition of simulations and the solution
method adopted for the pH was the Newton–Raphson one. The sediment diagenesis and
hyporheic zone simulation were disregarded because their contribution to the dissolved
oxygen consumption was too small [32].

In the hydraulic model QUAL2Kw (“REACH” tab), discharge coefficients α, β, a, and b
of each studied section were released. In the “REACH RATES” tab, the average of K2 values
obtained in the sampling campaigns of October/November 2015 and February/March
2016 was inserted, to be calibrated by the model. In the same tab, the values for K1 = 0.1
were inserted for every segment of the stretch, where we have the usual values of this
constant for watercourses with clean waters varying from 0.08 to 0.20 [39]. The constants of
conversion of organic nitrogen to ammoniacal (Koa) and ammoniacal nitrogen to nitrate
(Kan) were also inserted and calibrated for the sampling campaign.

The entry data for the punctual loads found in the studied stretch were inserted in the
“Point Sources” tab, where the location of the disposal into the stretch must be mentioned,
as well as the flow and the respective quality data for each source (Table 3).

The tributaries outflows were estimated through the balance of entrances and releases
through the outflows measured in collection points. The collection outflows were obtained
through available bestowals in the environmental regulatory body of the state of Goiás,
Brazil [35]. The LTE flow was estimated and fixed for every month and the load concentra-
tions were estimated for each sampling campaign in a way to obtain the best adjustment,
as well as the DO, BOD, and pH values, as well as the temperature of the tributaries.

The measured BOD in the analyses was the 5-days BOD, which has been transformed
into the BOD last (BODu) and inserted in the model for the calculation of BODfast (Equa-
tion (6)). The BODslow was considered null.

BODu =
BOD5

1− e−K15 (8)

in which, BOD5 = Biochemical Oxygen Demand in the 5th day, at 20 ◦C, K1 = deoxygenation
coefficient (day−1).

2.5. Uncertainty and Sensitivity Analysis

To evaluate the DO result in sampling campaigns, a Monte Carlo Simulation has
been conducted in distinct distances for the outreach of the 4 calibrated models, with 1000
rounds each, using the normal distribution. Among the evaluated parameters we have
LTE flow (QLTE), the DO, and saturation concentration (Cs) in the river, K1, and K2. These
parameters had certain percentage variations around the fixed value, reflecting the greater
or smaller uncertainty level, thus granting a vast range of values.

For such, QLTE and K1 have been varied in 30%, DO in the river in 10%, Cs in 5%, and
K2 in 50%. There is no uncertainty about river course distance, and in this case, the null
percentage variation was adopted. On the other hand, the uncertainty in the coefficient K2
is high, for being empirically found.

In this study, the uncertainty analysis through Monte Carlo Simulation with normal
distribution has also been conducted and conducted in the DO model for the coefficients
K1 and K2 in each sampling campaign using the same parameters and varying percentages
of the uncertainty analysis conducted in the earlier item. The data were separated into
two groups of samples for 1000 simulations, in which the first 500 values of all data
are associated with DOmín to below the median (Group 1) and the last 5000 values are
associated with DOmín above the median (Group 2).

The uncertainty and sensitivity analysis using Monte Carlo simulation was also ap-
plied in Osan Creek, South Korea, together with the QUAL2Kw model, to determine the
performance of the model. For each output, the model can produce histograms, frequencies,
error bars, and probability density functions [40]



Sustainability 2023, 15, 3828 13 of 21

3. Results and Discussion
3.1. Reaeration Rate

The unload coefficients result about speed (U) and depth (H), after applying the em-
pirical model of O’Connor and Dobbins [36], are presented in Figure 5. The determination
coefficient according to Pearson’s scale of correlation varied from a strong to extraordinarily
strong correlation in all points, except for point 10 (correlation very weak between speed
and flow (Figure 5a) at point 10).

Despite the weak correlation in finding unloading coefficients at point 10, the O’Connor
and Dobbins empirical equation [36] keeps being the most adequate for presenting trustwor-
thy relations for the hydraulic variables of speed and depth, which present more sensitivity
and a strong relationship with the reaeration coefficient [41].

However, even the equations of better performance show great preview errors of at
least 40–50% and, in a few regions, more than 100% for the reaeration coefficients. This level
of preview error in the coefficients of reaeration rate will continue to greatly impact the
uncertainty of previews of dissolved oxygen upon applying the water quality models [42].

The reaeration coefficient values obtained have an average of 1.62 d−1, minimum
value of 0.82 d−1, and maximum value of 3.05 d−1, with interval of 2.24 d−1 (Table 4).
In the southeast of Brazil, the K2 values varied from 16.94 to 373.79 d−1 [43], values
above the ones found in this study, it has been observed that the models developed for
temperate aquatic systems may underestimate the K2 in tropical flows, bringing uncertainty
to model metabolic rates, self-depuration capacity, or whatever other processes which
depend on reaeration [28].

3.2. Nitrification Rate

After the calibration of nitrification constants, the obtained result was the values and
errors for each sampling campaign (Table 5).

Table 5. Result of the calibration of the constant of organic nitrogen to ammoniacal (Koa) and the
constant of conversion of ammoniacal nitrogen straight to nitrate (Kan) and their respective errors.

Month/Year Koa Error Kan Error

October 2015 0.25 2.4743 0.20 0.0702
November 2015 0.20 0.3124 0.77 0.0242

January 2016 0.20 0.0372 1.00 0.0951
March 2016 0.25 0.1490 1.00 0.0309

The values obtained in this study (Koa between 0.20 and 0.25; and Kan between 0.20
and 1.00) are in line with the calibrated constants in the application of the QUAL2K model
to identify the contribution of ammonia nitrogen pollution from various sources. The
authors obtained values between 0.25 and 0.30 for the constant Koa and 0.22 to 0.28 for the
constant Kan [44].

3.3. Calibration

The model calibration was conducted by the genetic algorithm, using 100 generations
and 100 simulations within the same population once the increase in these parameters
does not result in sensible gains in adjustment quality [32]. The other parameters used
in the optimization of the PIKAIA genetic algorithm were values defined as standard by
the model.

After auto-calibration, the estimation of concentrations of the total nutrient load of the
disposal of effluents were estimated, to obtain the best value for the reverse of the average
root of errors squared RMSE of each sampling campaign. The reaeration was simulated
by the model’s internal form, in which the method was selected according to depth and
speed relations.
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The inverse RMSE obtained by the auto-calibration was of 0.8055 for October 2015,
0.8153 for November 2015, 0.8026 for January 2016, and 0.8080 for March 2016.

The average of the inverse of the RMSE obtained in the calibration adjustment of the
model for the study section and for all the sample campaigns was 0.8154. The higher the
adjustment value (closer to 1), the more accurate the model will be. The RMSE obtained by
other researchers calculated for the model calibration showed good compatibility (95%) be-
tween the observational and predicted data [22,45–47]. Therefore, the data were associated
with a high level of accuracy. However, another study presented a lower adjustment value,
around 0.65 [48].

The calibration results for October 2015 (Figure 6a) had a good adjustment when
compared to the observed values, with value of the RMSE inverse of 0.8055. Regarding
the DO, the model simulates concentrations which reach a value of 4.40 mg/L and stay
below 5 mg/L through around 24 km of the stretch’s extension. The DO concentration has
a different behavior in comparison to other months, and about the measured data, as it
simulates starting from km 20, the recovery zone of the DO concentrations, while the data
still decline.
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Figure 6. The calibration results of QUAL2Kw for the Bois River in (a) October, (b) November of
2015 and (c) January, (d) March of 2016. The blue lines in the DO parameter graphs represent the
oxygen saturation concentration. Gray lines in all graphs represent simulated data.

The simulated BOD reaches a maximum value of 12.25 mg/L right after the LTE
disposal point and stays above 5 mg/L for 5 km of longitudinal extension of the river. In
the same way as DO, the measured data in the field for BOD have an atypical behavior,
where there is no exponential decay of the values. This behavior can be justified by the
existence of diffuse contributions, which were not considered in the simulation and can
contribute to the decay of DO data and increase in field BOD data [49].
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Norg does not have the standard limits recommended by CONAMA 357/2005 [46]
and has a good visual fit of field-measured data to simulated data. However, the NH4
levels remained above 500 µg/L, with a peak of 664.59 µg/L, in the same range as BOD
failed to comply with the law [50]. The NH4 values measured in the field initially showed
high concentrations, decreased, and then increased again halfway through the route, which
is inconsistent with the behavior of other months, which remain constant or continued to
decrease until the end of the stretch. The increase in NH4 load is related to several pollution
sources, mainly livestock confinement, followed by agricultural production, rural families,
industry, and soil erosion [44].

In November 2015, the calibrations results (Figure 6b) reached the value of 0.8153
as RMSE inverse to evaluate the model’s adjustment. The DO simulated concentrations
present themselves below the recommended standards [50], reaching a minimum value of
4.65 mg/L at km 32. The simulation remained below the concentrations measured on the
field. This degradation of quality is attributed to the existence of pollutant loads received
from upstream parts of the river that were not identified, as seen in the Gheshlagh River in
Iran [51]. This behavior may be justified too by the process of reaeration being higher than
the one simulated by the model, once that K2 is a determinant in the DO concentrations.

The BOD reaches its peak at 10.19 mg/L, after the LTE point, and stays above the
recommended standard through 5.84 km of its extension, following the tendency of the
observed data on the field. The other parameters are within the recommended values by
the current law, but the tendency of the data seen by Norg increased past km 25, while the
ones in the model have decayed. Other authors have found that besides the oxidation rate,
the nitrification and denitrification rates also have a significant influence on the simulation
of water quality [52].

In the month of January 2016, the calibration results (Figure 6c) also obtained a good
adjustment with the RMSE inverse value of 0.8026 and followed the tendencies of data
seen on the field. Most calibrated parameters kept themselves within the recommended
standards [50], except for the BOD, which lasted above 5 mg/L for approximately 25 km of
the river’s stretch, with a maximum value of 12.55 mg/L at 48.4 km away from downstream,
after the LTE point. Studies indicate that the critical conditions of the BOD parameter
originate from sources of agricultural wastewater discharge [44].

In March 2016 (Figure 6d), the calibration generated a value of the RMSE inverse of
0.8080. In the same way, as in January 2016, most calibrated parameters were within the
standard conditions [50], except for the BOD, which reached a peak of 9.32 mg/L and
remained above 5 mg/L for 5.84 km of extension.

In all sampling campaigns, the BOD remained above 5 mg/L for at least 5 km, being in
discrepancy with the legislation, once it allows values above the standard up to the course
distance to reach a total mixture (mixture zone). Considering the disposal of sewers in a
margin and using the Yotsukura method [53] for the finding of the mix zone for the river
section after the disposal of effluents (point 40), there is an average of 1.5 ± 0.5 km until
reaching the mixture zone.

The application of the QUAL2Kw model reproduces, in a general manner, the expected
behavior for the analyzed parameters (Figure 6), except for a few punctual results. This is
due to the complexity of the analyzed problem, taking the uncertainties into consideration
associated to the disposal loads, diffuse loads, and flow variations (flow control) [54].
In addition to diffuse loads, other studies attribute these changes to contributions from
groundwater, which can be simulated in QUAL2Kw as diffuse loads in the model, which
was not carried out in this article [55].

Certain errors were reported for being unavoidable because only one sample is col-
lected per day, so the simultaneous sampling in each point cannot be guaranteed. However,
the water quality may vary depending on the sampling time throughout the day [56].

Moreover, the application of the model in the rain made it difficult to calibrate the
model, mainly because of the difficulty of estimating the effluent loads, whether from point
sources or diffuse ones that were accentuated because of the surface runoff.
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3.4. Uncertainty and Sensitivity Analysis

The uncertainty analyses results are represented as accumulated frequency distribution
of the DO parameter (Figure 7) for the sampling campaigns of October 2015 at km 32.00,
November 2015 at km 42.55, January 2016 at km 16.77, and March 2016 at km 47.36,
respectively.

Sustainability 2023, 15, x FOR PEER REVIEW 16 of 22 
 

 

In the month of January 2016, the calibration results (Figure 6c) also obtained a good 
adjustment with the RMSE inverse value of 0.8026 and followed the tendencies of data 
seen on the field. Most calibrated parameters kept themselves within the recommended 
standards [50], except for the BOD, which lasted above 5 mg/L for approximately 25 km 
of the river’s stretch, with a maximum value of 12.55 mg/L at 48.4 km away from down-
stream, after the LTE point. Studies indicate that the critical conditions of the BOD param-
eter originate from sources of agricultural wastewater discharge [44]. 

In March 2016 (Figure 6d), the calibration generated a value of the RMSE inverse of 
0.8080. In the same way, as in January 2016, most calibrated parameters were within the 
standard conditions [50], except for the BOD, which reached a peak of 9.32 mg/L and re-
mained above 5 mg/L for 5.84 km of extension. 

In all sampling campaigns, the BOD remained above 5 mg/L for at least 5 km, being 
in discrepancy with the legislation, once it allows values above the standard up to the 
course distance to reach a total mixture (mixture zone). Considering the disposal of sewers 
in a margin and using the Yotsukura method [53] for the finding of the mix zone for the 
river section after the disposal of effluents (point 40), there is an average of 1.5 ± 0.5 km 
until reaching the mixture zone. 

The application of the QUAL2Kw model reproduces, in a general manner, the ex-
pected behavior for the analyzed parameters (Figure 6), except for a few punctual results. 
This is due to the complexity of the analyzed problem, taking the uncertainties into con-
sideration associated to the disposal loads, diffuse loads, and flow variations (flow con-
trol) [54]. In addition to diffuse loads, other studies attribute these changes to contribu-
tions from groundwater, which can be simulated in QUAL2Kw as diffuse loads in the 
model, which was not carried out in this article [55]. 

Certain errors were reported for being unavoidable because only one sample is col-
lected per day, so the simultaneous sampling in each point cannot be guaranteed. How-
ever, the water quality may vary depending on the sampling time throughout the day 
[56].  

Moreover, the application of the model in the rain made it difficult to calibrate the 
model, mainly because of the difficulty of estimating the effluent loads, whether from 
point sources or diffuse ones that were accentuated because of the surface runoff. 

3.4. Uncertainty and Sensitivity Analysis 
The uncertainty analyses results are represented as accumulated frequency distribu-

tion of the DO parameter (Figure 7) for the sampling campaigns of October 2015 at km 
32.00, November 2015 at km 42.55, January 2016 at km 16.77, and March 2016 at km 47.36, 
respectively. 

  
(a)  (b)  

  
(c)  (d)  

3.7

96.3 95.7 95.0 92.5
75.4

9.4 0.0 0.0
0

20
40
60
80

100

<0 >=0 >=1 >=2 >=3 >=4 >=5 >=6 >=7%
 o

f v
al

ue
s (

%
)

DO (mg/l)

1.9

98.1 97.4 95.8 94.0 84.5

21.6
0.0 0.0

0
20
40
60
80

100

<0 >=0 >=1 >=2 >=3 >=4 >=5 >=6 >=7%
 o

f v
al

ue
s (

%
)

DO (mg/L)

0.9

99.1 98.2 96.0 93.6 86.7

49.4

2.8 0.0
0

20
40
60
80

100

<0 >=0 >=1 >=2 >=3 >=4 >=5 >=6 >=7

%
 o

f v
al

ue
s (

%
)

DO (mg/L)

3.8

96.2 94.8 93.7 90.8 86.6
71.0

22.4
0.5

0
20
40
60
80

100

<0 >=0 >=1 >=2 >=3 >=4 >=5 >=6 >=7

%
 o

f v
al

ue
s (

%
)

DO (mg/L)

Figure 7. Accumulated frequency distribution of the DO concentrations for the calibration in the
month of: (a) October 2015, (b) November 2015; and (c) January, (d) March/2016.

These results show that in the month of October 2015 (Figure 7a), only 9.4% of the
simulations led to the regulatory compliance for Class 2 water bodies and that 66% of
the simulations led to an ODmín between 4 and 5 mg/L. In the month of November 2015
(Figure 7b), there is a 21.6% probability that the sewage disposal will lead to compliance,
within the assumed conditions, and 62.9% of the simulations led to the ODmín value
between 4 and 5 mg/L. In January/2016 (Figure 7c), the scenario improves with the
percentage of regulatory compliance, which raises to 49.4%, and the ODmín stayed within
the values of 5 and 6 mg/L with a 46.6% probability. The best scenario of compliance
with the regulation happens in the month of March 2016 (Figure 7d), where 71% of the
simulations for the ODmín are found above 5 mg/L, with a 48.6% probability of staying
within the values between 5 and 6 mg/L, and 21.9% of simulations leading to 6 and 7 mg/L.

The sensitivity analysis results (Figure 8) show that for all the sampling campaigns,
through visual analysis, the K1 results in Group 1 and 2 do not have significant differences,
where the average of both samples tends to be equal and the K1 value is not a determinant
in the ODmín values. However, the K2 values in Group 2 samples of all the sampling cam-
paigns are associated with much higher values than in Group 1 sample, being significantly
different. With basis on the non-parametric t-test, it has been confirmed that there are
differences between the sampling groups 1 and 2, for the K2 variable, with a 5% (p ≤ 0.05)
significance; that is, the K2 coefficient is a determinant for the ODmín results.
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Figure 8. Monte Carlo Simulation for the sensitivity analysis of the K1 and K2 parameters at km 32.00
for October 2015 (a); at km 42.55 for November 2015 (b); at km 16.77 for January 2016 (c); at km 47.36
for March 2016 (d).

3.5. Difficulties

The Bois River receives various discharges and has extractive activities that may
complicate the application of a model. After the model was applied, a visit was made to
the Bois River in order to comprehend the results. During the visit, it was noted that, in
addition to locations with water supply for industrial (Figure 9a,b) and human consumption
(Figure 10a), there was also the discharge of effluents (Figure 10b), as well as the removal of
sand (Figure 11a) and its processing (Figure 11b) for use in construction. Other withdrawals
of water, whether for local agriculture and livestock, can occur in the Bois River and may
influence the model, as has already been observed in other studies [45].
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4. Conclusions and Recommendations

The goal of this study was to evaluate the representability of the QUAL2Kw model to
simulate the DO, BOD, and other quality parameters for water quality in the rainfall season
of a stretch of river in the Brazilian Cerrado. This model is used for small rivers with flow
conditions of a stationary state.

The DO concentration remained below 5 mg/L for a long stretch, in October, when
the flow was the lowest. The BOD and NH4 presented greater concentration and did not
follow the Brazilian legal requirements. BOD remained above 5 mg/L in an extension of at
least 5 km in all sampling campaigns.

Regarding the water quality simulation results, which do not follow the legal require-
ments of a few parameters in all samples, the use of downstream water by the population
might be harmed by the activities conducted in the Bois River watershed. The activities
increase the spring source’s organic load, thus needing greater environmental inspection.

The model QUAL2Kw, despite showing good adjustment in the calibration act, also
showed high dispersion between data collected in the field and simulated data for the
Bois River in the rainfall season. The most critical scenario happened in the smallest flow
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detected at the source, where the greatest concentration of pollutants was seen. Despite
that, the model will aid in the management of surface waters in the rivers of the Cerrado
in Goiás. The sensitivity analysis exposed and confirmed how significant the reaeration
coefficient is in the determination of DO concentrations.

The main difficulties faced from data collection to analysis and understanding of
results were limited resources for acquiring samples and laboratory analysis and find-
ing studies in regions with similar characteristics that presented the same conditions for
applying the model.

The recommendations for future works are to estimate the downstream diffuse load of
the effluent disposal points to reduce the uncertainty about punctual load; and to extend the
studied stretch throughout the river to evaluate the behavior of DO in the recovery zone.
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