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Abstract
Conservation and improvement of water quality in water bodies is an important matter to maintain all of its uses as well 
as other human necessities like microclimate regulation and leisure. Lakes and reservoirs have a complex circulation 
behavior with vertical temperature profiles changes along the time, resulting in differences in water density and a vertical 
stratification condition. This characteristic can directly affect the water quality conditions perturbing its main indicators. 
This study aims to evaluate the quasi-3D models’ capacity to represent the hydrodynamic behavior of a tropical lake and 
its effects on the main variables that characterize its water quality. To achieve this objective, high-frequency monitor-
ing data were collected, the lake was represented in a quasi-3D model, and the accuracy of the result was evaluated 
by applying statistical indices. The evaluation showed good agreement between field measures and simulated results 
when compared with other applications. The connections between hydrodynamic behavior and water quality were 
seen with the simulations results analysis, which showed that mixing events and long stratification periods perturb the 
water quality, the first with re-suspended bed material and the second blocking the surface and bottom exchanges. 
The application of a 3D model gives the capacity to reproduce the reservoir spatial variability and its vertical profiles, 
which is necessary to study the constituents’ distributions across the water column. Therefore, the hydrodynamic and 
water quality behavior of lakes was accurately represented by the model, as well as the importance of improving high-
frequency monitoring techniques.

Keywords High-frequency monitoring · Hydrodynamic modeling · Water quality modeling · Tropical lakes · Delft 3D · 
Temperature monitoring

1 Introduction

Reservoirs have different uses, such as hydropower gen-
eration, water supply, irrigation, and flood hazard mitiga-
tion. Conservation and improvement of water quality in 
such water bodies is an important matter for all of those 
uses as well as other human necessities like microclimate 
regulation and leisure. Some aspects in terms of water 
quality are affected by catchment area such as soil propri-
eties, green cover, land use, and wastewater generation. 
Local climate, hydrology, and residence time play effective 

roles in reservoir hydrodynamics, forming a very complex 
physical and chemical network of interactions [15, 21, 27].

Lakes and reservoirs have some differences from rivers 
that make the understanding and modeling its water qual-
ity condition more difficult. Some of them are the lower 
flow velocities, longer retention time, vertical stratification, 
and being a sink of nutrients, sediments and toxins [20, 
26].

Lakes and reservoirs have a complex circulation behav-
ior which varies depending on morphometry, wind, radi-
ant energy, cloud cover, rain, air temperature, to mention 
some. The combination of all mentioned variables dictates 
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how the vertical temperature profiles change along the 
time, resulting in differences in water density and a verti-
cal stratification condition. The vertical stratification char-
acteristics (onset, duration, strength and turnover) can 
directly affect the water quality conditions perturbing its 
main indicators such as algae, nutrients, organic matter, 
and dissolved oxygen (DO) [19].

The upper layer (epilimnion) has a strong mixing 
movement, which keeps algae in suspension and regis-
ters higher temperatures. The middle layer (metalimnion) 
is characterized by a high temperature gradient, limiting 
the exchanges between bottom and surface’s layers. At 
deeper depths (hypolimnion), the colder waters present 
higher levels of organic matter and low levels of oxygen. 
Once the mixing occurs, the poor water quality in deeper 
layers tends to rise, reducing DO and increasing nutrients 
[19, 21].

Long retention time is also an important characteris-
tic of water quality management. It collaborates with the 
particles’ sedimentation, due to the low water velocity, 
which causes the accumulation of those particles in the 
bed material. Usually, these particles include high loads of 
nutrients and organic matter, which are the main source 
of the lakes’ eutrophication. This accumulation can pro-
vide algal bloom episodes, which are harmful to fishes and 
humans [12, 15].

Therefore, the knowledge of the lake’s hydrodynamic 
behavior and the capacity to manage the variables that 
can compromise its water quality is a key factor to main-
tain the reservoir available for all its environmental ser-
vices [27]. This discussion points to the necessity of moni-
toring, analysis and establishment of auxiliary tools that 
can represent external variables, environmental interac-
tions, and physical local proprieties [7, 34].

Numerical models are an alternative to study lakes’ 
thermal behavior and water quality. They have been devel-
oped to simulate a wide variety of pollutants, coupled with 
watersheds, groundwater, and bottom sediments. Those 
representations provide comprehensive frameworks pre-
dicting the impact of human activities on water quality. 
However, for expressive and trustful results, input data 
with high quality are needed [7, 9, 34].

The interest in understanding lakes’ hydrodynamics and 
its effects on the water quality grew, aiming at an appro-
priated management of the reservoirs and contributing 
areas. Tracing a timeline to the lakes’ water quality in the 
twenty-first century, the first papers highlighted are the 
ones published by Hodges, Imberger, Laval and Bonnet, 
Poulin, Devaux in 2000 [14]. Those two works explained 
items like the difficulty of modeling vertical stratification 
and getting accurate results with a scale smaller than 
monthly or weekly, the wind role on the hydrodynamics, 

and the importance of a hydrodynamic model as input to 
the water quality simulations.

Keeping with the modeling timeline, in 2001 Ambro-
setti and Barbianti [1] described the physical process on 
the lake and advanced on the occurrence of the mixing 
event. In 2003 the eddy turbulence was observed on small 
scale [39], and in 2008, it was correlated with phyto spring 
bloom by Peeters, Straike, Lorke, and Ollinger [29]. Another 
important contribution on this period was the books from 
Chapra (2008) and Ji (2008); they presented the basis of 
the theory of water quality modeling.

Since 2010, the research changed to another level with 
the improvement of the computation capacity, and mod-
els are now capable of representing the global warming 
impacts on the lakes mixing regime [22]. Across the years, 
indices were created, aiming to describe the power of 
lakes’ stratification, and in 2011, they were compiled and 
automatically calculated by a numerical code proposed 
by Read et al. [31].

The lakes’ research field kept on improving with the 
equipment development, reducing the frequency meas-
ures and producing even more accurate results [2, 21, 25, 
34]. Also, the attempts to model the effects between the 
lakes’ physical characteristics and process on the water 
quality are improving with development of coupled sys-
tems [12, 24, 30, 37, 38].

An important part of the water quality modeling is to 
be able to represent the algal role in the ecosystem, and 
this segment still needs model development and improve-
ment. Some researchers have published relevant material, 
trying to show how to use biomass indicators to measure 
and model the algal organisms [32], also the role of algal 
blooms on the public health [4].

Based on the context here discussed, some questions 
were identified. This paper focuses on the reservoir man-
agement theme, intending to improve the operator’s 
capacity to forecast situations that can compromise its 
uses, by applying the quasi-3D mathematical modeling 
tool. To do, a quasi-3D model was used to represent the 
thermal changing and its consequences in the hydrody-
namics and the water quality.

1.1  The 3D hydraulic modeling

Numerical models are needed to describe nonhydrostatic 
flows, in which the water surface slope variations are rapid, 
and the waves are short, invaliding the use of simpler 
methods of approximations. In 3D simulation cases, it is 
necessary to have a numerical scheme that can minimize 
problems with stability, due to the time step dependence 
from the special discretization, wave velocity, or the Cou-
rant number [7, 40].
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The solution proposed by Leendertse (1967) and Stel-
ling (1983) [23, 35] is a way of factorizing the barotropic 
pressure and the continuity equation. It was extended 
to the 3D models by using the Reynolds-averaged 
Navier–Stokes equations (RANS) continuity (1) and 
momentum (2) equation. In this model, the hydrostatic 
and the hydrodynamic components of the pressure are 
considered separately. 

In the above equations, xi is the position at coordi-
nates axes i,j, and k, ρ is the temperature-dependent 
water density, ui  is the time averaged velocity compo-
nent at direction i, p is the hydrostatic pressure, μ is the 
water dynamic viscosity, δij is the Kronecker delta, and 
u

′

i
u

′

j
 is the Reynolds stress [25]. Considering that vertical 

acceleration and diffusion can be neglected, the motion 
equation in vertical direction can be well simplified as 
shown in (3), resulting in the so-called quasi-3D model

Several numerical solutions for this approach are 
available as the ones proposed by Casulli et al. and Ji [2, 
3, 6, 11] and consider using a staggered grid as shown in 
Fig. 1. A reference water elevation h is considered, and 
η is the depth above the reference. The Reynolds stress 
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terms require closure equations to be determined, and 
different models can be employed [36].

Water temperature and salinity concentration influ-
ence directly the water density, and those alterations can 
be represented by a transport Eq. (5), which describes 
the variations (c) in the temperature or the salinity 
depending on the time, velocity components (u, v, w), 
and the eddy diffusivity coefficients (horizontal vh

c
 and 

vertical vv
c
 ) [7, 26].

1.2  The 3D water quality modeling

Directly depending on the hydrodynamics is the water 
quality. A water quality model is based on the mass bal-
ance Eq. (6) associated with the hydrodynamic process. 
The base flow information (water depth, currents, turbu-
lence mixing, temperature, and sediment concentration) 
is provided by the hydrodynamic and sediment models 
and is used to characterize the laws governing chemical, 
biochemical, and biological processes, besides boundary 
and initial conditions [8, 20, 25].

In the above equation, C represents the state mass con-
centration per volume unit of a desired variable, Ui is the 
component velocity in xi direction, Dxi

 is the dispersion 
coefficient in  xi direction, S is the settling function, R is the 
reactive function, and Q is the loading function [20].

The main processes in pollutant interactions with the 
environment are the advection and dispersion term. The 
first one considers the inputs and outputs and the pol-
lutant downstream movement, while the dispersion term 
describes how the pollutant spreads in the water [10].
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Fig. 1  General grid solution for 
quasi-3D problem, Adapted 
from CASULLI; CHENG, 1992 [7]
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The reactivity term refers to the chemical and/or bio-
logical processes, and the loading term describes the influ-
ence of external forces. Other involved processes are the 
bed particle deposition and resuspension, represented by 
the settling term [20].

Numerical models that use this type of expression rep-
resent the concentration variation in time, and in the three 
directions, the velocities, due to the turbulent diffusivities, 
and sources–sinks per unit volume [25, 34].

2  Methods and materials

To achieve the research objective and improve the knowl-
edge of hydrodynamics behavior of tropical lakes, this 
work performed the steps of getting high-frequency 
monitoring data, lake representation in a quasi-3D model, 
including its calibration and validation, and the results 
accuracy evaluation. The specification of each phase is 
explained below.

2.1  Software of 3D modeling

The software chosen to model the described phenom-
enon in water bodies in this research was the Delft3D, 
which is a mathematic model based on the resolution of 
the Navier–Stokes equations, using the finite difference 
method. The main reasons for this choice were the model 
capacity of quasi tri-dimensional modeling, which applies 
to the research objective, the widespread and known reli-
ability of the software, and for being an open-source sys-
tem. Still, there are also some disadvantages in using the 
Delft3D model; among them, the major is the processing 
time [13].

The Delft3D has a set of modules covering a range 
of aspects, and each module can be executed indepen-
dently or in combination with other modules. All of them 
are dynamically interfaced to exchange data and results 
when the simulated process requires. The information 
exchanged between modules is provided automatically; 
each module writes its results in a communication file and 
reads from it the required information [13].

In this research, the modules used are FLOW and Water 
Quality. The first represents the lake’s hydrodynamic 
behavior, while the second focuses on the ecosystem rela-
tionships evaluations. Both modules count with ways of 
introducing the initial and boundary conditions, physical, 
numerical and process parameters, the domain represen-
tation, time frame, external in/out discharges through a 
user interface.

2.2  Model configuration

This research applied the Delft3D model to simulate 
hydrodynamic and water quality processes in a small tropi-
cal lake, Hedberg Lake. An orthogonal grid with 13-m cells 
was used to represent the spatial variations in the surface 
area, while the water column was described in 30 layers, 
with 0.2 m thickness, in the z-model.

The boundary conditions were defined using the col-
lected data. Physical and hydraulic parameters used were 
the lake’s bathymetry, upstream input, and the spillway 
rating curve. In the heat model, variables such as the radia-
tion, wind’s direction and velocity, air temperature, pre-
cipitation, humidity, and evaporation were used as models’ 
driving forces. Those data were collected from the local 
and nearby weather stations, as explained in The Monitor-
ing System section.

2.3  Accuracy evaluation

The model’s calibration and validation were done by com-
paring the modeled results with the field measures, espe-
cially the temperature profile. This comparison is the first 
indication that the model represents a hydrodynamic and 
water quality system. Traditionally, the correlation coef-
ficient and standard error of estimate have been used to 
measure the efficiency of the model calibration. The most 
common indices to analyze time-dependent variables are 
the mean absolute error—MAE (7), Nash–Sutcliffe index 
(8), root mean square error—RMSE (9), and normalized 
mean absolute error—NMAE (10) [8, 28]:

In the above equations, n points to the sample size, e is 
the error, Ŷi is the predicted value of the criterion, Yi is the 
measured value of the criterion, and Yi is the mean of the 
measured values.
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Ŷi − Yi

�

∑

�

Yi − Yi

�

(8)RMSE =

√

√

√

√
1

n

n
∑

i=1

e2
i

(9)NMAE =

∑n

i=1

�

�

�

�
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The root mean square error (RMSE) has been used as a 
standard statistical metric to measure model performance 
in meteorology, air quality, and climate research studies. 
Another useful and widely used coefficient in model evalu-
ations is the MAE. The difference between them is that the 
MAE gives the same weight to all errors, while the RMSE 
penalizes variance, giving to errors with larger absolute 
values more weight than errors with smaller absolute val-
ues. When both metrics are calculated, the RMSE is never 
smaller than the MAE [8].

Researches about the use of metric indices conclude 
that RMSE is more appropriate to use than the MAE when 
model errors follow a normal distribution. The sensitivity 
of the RMSE to outliers is the most common concern, in 
practice; it might be justifiable to throw out the outliers 
that are several orders larger than the other samples, espe-
cially if the number of samples is limited. Finally, NMAE 
is normalized to the mean, enabling like comparisons 
between variables, and is absolute so that under- and 
overestimations do not cancel each other [9].

An important aspect of the error metrics used for model 
evaluations is their capability to discriminate it among 
model results. The more discriminating measure that pro-
duces higher variations in its model performance metric 
among different sets of model results is often the more 
desirable. In this regard, the MAE might be affected by a 
large amount of average error values without adequately 
reflecting some large errors. Giving higher weighting to 
the unfavorable conditions, the RMSE usually is better at 
revealing model performance differences [8].

Recognizing the limitations of the correlation coeffi-
cients, Nash and Sutcliffe (1971) proposed an alternative 
goodness-of-fit index, which is often referred to as the 
efficiency index (Ef). The advantage of the Nash–Sutcliffe 
index is that it can be applied to a variety of model types; 
for linear models, the efficiency index will lie in the interval 
from 0 to + 1. For biased models, the efficiency index may 
be algebraically negative. For nonlinear models, which 
most hydrologic models are of, negative efficiency can 
result even when the model is unbiased [28].

As well as RMSE and MAE, the Nash–Sutcliffe is a use-
ful index; however, it can be sensitive to several factors, 
including sample size, outliers, magnitude bias, and 
time-offset bias. So, it is better to use a combination of 
those index to assess model [8, 9, 21].

2.4  Study case

The Hedberg dam was built in 1811 in the Ipanema River 
and was used to provide water for a small village and a 
steel and metallurgic industry. The old constructions and 
equipment, still present, are symbol of the colonial herit-
age in the area, and the reservoir is still used as a water 

supply source, besides flow regulation, recreation, and 
landscape element. The former village and part of the 
catchment area are now part of Ipanema National Forest. 
The catchment has a land use that is a mix of urban and 
rural areas covering 234.86  km2 (Fig. 2) [16].

Experimental site is located at coordinates of 23° 25′ 44" 
S and 47° 35′ 39" W, State of São Paulo, Brazil, about 10 km 
from the City of Sorocaba. It is in tropical zone, with an 
annual rain depth of 1400 mm and the temperature range 
of about 18 and 22 °C [17].

The lake has 0.26  km2 of surface, a maximum depth of 
5 m, and the assessments about water quality in the catch-
ment show problems with low levels of dissolved oxygen 
and excess of nutrients, especially phosphorus [17, 33].

2.5  The monitoring system

A set of thermistors was positioned in the deepest point of 
the lake, to study its thermal behavior. It has four probes 
fixed in a rope and a plummet, with a float in the upper 
end. The time between measures was 1 min and the accu-
racy of the equipment is ± 0.2 °C. The monitoring cam-
paign was from July 2016 through November 2017, and 
the Secchi depth was measured monthly.

The monitoring system still counted with a meteorolog-
ical station that was placed at the banks. Air temperature, 
solar radiation, water level, wind’s velocity and direction, 
atmospheric pressure, relative humidity, and precipitation 
were measure each 10 min. Solar radiation was taken in a 
5-min interval to provide accurate representation of inci-
dent energy (Fig. 3). The lake bathymetry was taken from 
former studies.

To ensure the consistency of the measured data, they 
were compared with the data from the closest (1 km far) 
weather station from INMET—Meteorology National Insti-
tute [18]. Collected data showed good agreement with the 
INMET data, enabling its use.

Water quality indicators were used to calibrate and 
validate the model. They were the field measures of dis-
solved oxygen, biogeochemical organic matter, nitrate, 
ammonium, phosphorus, and chlorophyll-a, as an index 
for algae presence.

3  Results and discussion

3.1  Hydrodynamic model

The hydrodynamic model was calibrated and verified 
through the comparison of water temperature measured 
and simulated values. The period chosen for the calibra-
tion was from July 07 until August 19, and for the valida-
tion, it was September 27 to October 27 both from 2016.
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Parameters must be set up in the model’s calibration 
to adjust the simulated process to the local characteris-
tics (Table 1). The graphics in Fig. 4 represent simulation 
results compared to field measurements. As can be seen, 
the stratification and mixing events are simulated with 
consistency, as well as the oscillations in surface and bot-
tom temperature, and the gradient between them.

The accuracy of the model was evaluated by applying 
the indices described in the previous chapter (Table 2). The 
evaluation showed good agreement between field meas-
ures and simulated results when compared with literature 
values; for example, a study that modeled 34 lakes has an 
NMAE mean of 0.11, a maximum of 0.25, and a minimum 
of 0.04 [5].

This elevated level of trust is only possible because of 
the quality reached in the input data, which is an exam-
ple of how the model trustful results depend on input 
data. The statistic evaluation results are an effect of the 
improvement in the input data with the high-frequency 
monitoring.

After the calibration and validation was performed a 
simulation of an extended period (April–September 2017), 
which includes drought (July and August) and flood events 
(May and June). The hydrodynamic behavior (Fig. 5) con-
firms the reservoir polymictic bias with several stratifica-
tions and mix events along the semester. On the warm 
periods, the stratification events have a higher amplitude 
between the epilimnion and hypolimnion layers, reach-
ing almost 10 °C, while in the winter the difference stays 
close to 5 °C.

This result shows how the external variables influence 
the lake hydrodynamic behavior. The balance between 
solar radiation and the wind energy commands the ther-
mal stability of the lake, determining if it is stratified or 
mixed.

The external variables assessment demonstrates that 
the predominant wind direction is the same as the lake 
flow, which increases its influence. The combination of 
the decreasing radiation with the increasing wind veloc-
ity, raises the possibility of mixing events.

Fig. 2  Ipanema River watershed, with the Hedberg reservoir highlighted
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Fig. 3  Meteorological data used as input on the hydrodynamic model
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Table 1  Parameters used 
in the calibration of the 
hydrodynamic model

*The evaporation was given

Parameters Value Parameters Value

Wind stress—Cd 0,0001 [m  s−1] Dalton number* –
Vertical eddy viscosity—VEV 0 [m  s−1] Staton number 0.007
Vertical eddy diffusivity—VED 0 [m  s−1] Manning 0.025
Horizontal eddy viscosity—HEV 0,1 [m  s−1] Sechhi depth 0.7 m
Horizontal eddy diffusivity—HED 0,001 [m  s−1] Free convection 0
Cloud cover 0%

Fig. 4  Graphs that compare the measures from field probes and the model, being calibration (a) and validation (b), respectively



Vol.:(0123456789)

SN Applied Sciences (2021) 3:444 | https://doi.org/10.1007/s42452-021-04272-6 Case Study

Hedberg Lake has a polymictic characteristic, which 
means several mixing events throughout the year, and 
the model was successful in representing it. Because 
of its effects on the lake’s thermal behavior and con-
sequently in its water quality, a good simulation of the 
hydrodynamic behavior was possible to implement the 
ecological module.

One example of this influence is demonstrated 
in Fig. 6, with the temperature and density profile in 
a stratified and a mix situation. A stratified condition 
means separated layers across the water column, where 
the warm and so lighter water stays upper of the colder 
and heavier bottom layer, avoiding exchanges between 
them.

In the exposed example, a stratified condition impli-
cates in a proximally 3.3 °C and 1.3 kg m-3 difference 
between the lake’s bottom and surface. On the other 
hand, the mixing event is characterized by having a 
minimum difference across the water column, with no 

layer segregation. This dynamic has a serious impact on 
water quality and was simulated in sequence.

3.2  Water quality

Water quality models provide a wide view of the ecosys-
tem, describing its components, interactions, and mass 
transport along the watercourse. In this work, the objec-
tive goes beyond demonstrating that lakes and reservoirs 
water quality can be well represented by 3D mathematical 
models, and the goal is to evaluate the effect of the water 
column thermal behavior on the water quality, especially 
in small and shallow lakes with faster responses to the 
external influences.

The month of July of 2017 was used to verify the model 
performance, crossing model results with the statics analy-
ses produced by the box plots of the historical measures 
time series. The simulation results are described in Fig. 7. 
The model’s purpose is to be able to reproduce the envi-
ronmental bias, the low and high peaks of each compo-
nent. So the results show that the model can represent the 
behavior of all control variables in the environmental, and 
so the model is well calibrated and validated.

The water quality simulation includes different hydro-
logic situations (droughts and floods) and typical hydro-
dynamic behavior, with strong stratification moments and 
mixing events on the lake, which showed direct effects on 
its water quality (Fig. 8). Using the algae mass as a proxy 
to the biological activity, it can be noted that the mixing 
event causes a reduction in the biomass, while the strati-
fication promotes its development. Thus, the algae maxi-
mum values (0.001 gC  m−3—using 1 gC: 30 gChl a [9, 10]) 
were registered in the stratification period, with propitious 

Table 2  Calibration and validation statistical indices founded for 
the simulations

Calibration indices Validation indices

MAE 0.07 bottom MAE 0.02 bottom

0.08 surface 0.34 surface
Nash Sutcliffe 0.42 bottom Nash Sutcliffe 0.29 bottom

0.39 surface 0.62 surface
RMSE 0.6 bottom RMSE 0.43 bottom

0.85 surface 0.86 surface
NMAE 0.0044 bottom NMAE 0.28 bottom

0.0057 surface 0.32 surface

Fig. 5  Temperature profile 
and water level results from 
the quasi-3D simulation of 
six months (April–September 
2017)
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external conditions (high radiation and low wind speed) 
and available nutrients.

The nutrient consumption performed by the algae bal-
ances the NO3 and PO4 budget; as can be seen in Fig. 8, 
algae peaks provoke a nutrient decrease (July). The algae 
development also affects the DO concentration; as this 
organism can produce oxygen, the algae peak is followed 
by higher DO concentrations.

The main addition to the organic matter concentration 
is the basin input, which enters the lake by the wash load 
and the river contribution. It is also affected by the algae 
behavior; once at the end of its life cycle, they will con-
tribute to the organic matter load. The low water velocity 
promotes the organic matter particle decay, accumulating 
it on the deeper layers. This material can be resuspended 
after strong mixing events.

Biochemical organic demand has an inverse relation-
ship with dissolved oxygen, and high values of BOD mean 
that the DO is being consumed in the organic matter trans-
formation. As the bottom layers are accumulating organic 
matter, the oxygen demand increases, reducing the DO 
availability in these areas.

Exchanges between the epilimnion and the hypolim-
nion are needed to renew the DO on the deeper waters. 
This communication is blocked by the density difference 
in a stratified condition, which causes a DO vertical profile 
with high concentrations on the surface and very low at 
the bottom (Fig. 9). The longer the reservoir stays stratified, 

the worse the water quality on the bottom gets which is 
the explanation for the whole column have bad water 
quality results after a mixing event (Fig. 8: 20 May; 10 June; 
20 August).

The oxygen depletion on the deeper layers is one of 
the major water quality problems. It makes possible the 
anaerobic organisms to develope, resulting in greenhouse 
gases production [16].

4  Discussions

In this article, we demonstrate the performance of a 
numerical tool to simulate the hydrodynamic and water 
quality behavior in small tropical lake under stratifying 
and mixing conditions. The quasi-3D model, coupled 
with appropriate boundary conditions and forcing data, 
showed good results in representing accurately the tem-
perature along the water column in tropical lakes.

The consequences of the thermal behavior over the 
water quality can be investigated with the model to 
explain the evolution of the state variables. A gain of the 
3D model is to be able to reproduce the reservoir spatial 
variability and vertical profiles, which was useful in the 
proposed research.

The connections between hydrodynamic and water 
quality can relate to the analyses of simulations results 
in the z-dimension. The studied lake has a polymictic 

Fig. 6  Graphs that compare the temperature (left) and density (right) profile between mixed and stratified condition
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behavior, with several events of mixing along the simu-
lated period. This hydrodynamic particularity is more often 
found on tropical lakes and perturbs the water quality 
each time the column overturns.

This is an example of how the lake’s thermal condition 
can determine its water quality. An “intense” lake’s mixing 
regime has higher upward vertical velocities, which refeed 
the water column frequently with constituents and nutri-
ents, which were adsorbed on the sediments. The water 
enrichments with nutrients can lead to eutrophication and 

algal blooms, causing damage to the water quality and 
limiting its uses.

Analyzing specifically the algae component, stratified 
periods mean better conditions to its development, with 
the turbidity reduction and consequential increase in the 
light penetration in the water. Apart from that, the mixing 
event is also important for the algae, and it represents the 
process of the nutrients to be recycled and become avail-
able again.

Fig. 7  Hedberg Lake water quality calibration results of algae, biochemical organic demand and nutrients
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Fig. 8  Hedberg Lake water quality simulation results
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The simulation also showed the reflection of the hydro-
dynamic behavior on the OD. Long periods of stratification 
are also problematic to the water quality, once they drop 
DO levels down at the deeper layers, enabling anaerobic 
organisms to develop and increasing greenhouse gas 
generation.

Hence, the influence of the temperature gradient in the 
hydrodynamic and water quality of lakes is verified, as well 
as the importance of improving monitoring techniques. 
The high-frequency monitoring used showed that it can 
create a good database for 3D hydrodynamic modeling, 
providing a better quality of its results.

5  Conclusions

It is necessary to understand lakes’ hydrodynamics and 
water quality, due to its intense relationship with socie-
ty’s development. Limnology field studies are evolving to 
improve the management of the reservoirs, but still has 
gaps to fill. These are mostly concentrated in representing 
the algal role in the ecosystem by coupled models, and 
the interaction between sediments, hydrodynamics, and 
water quality.

In this context, this research applied a quasi-3D model 
to represent the lake’s hydrodynamic and water quality. 
This work, based on previous experiences, was able to 
demonstrate this tool capacity to represent accurately the 
change in the lakes’ thermal regime. A gain of this type of 
tool was to be able to reproduce the reservoir spatial vari-
ability and vertical profiles.

Those relations make the tool even more important 
because it shows that lakes’ hydrodynamics affects the 
water quality also in other aspects, beyond the ones 
already known, such as the water turbidity. The linking 
between climate change impacts and the state of the 
water quality is showed with the content of this research, 
such as the importance of capacity to forecast and know 
the lake’s thermal condition.

The hypothesis here discussed demonstrated the math-
ematical model can be applied in lakes’ management, 
improving its efficiency, the knowledge of its dynamics, 
and operator’s capacity to prevent harmful events.
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