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Abstract 

Manmade dams have been constructed from centuries for multiple purposes, and in the 

past decades they have been constructed in a fast pace, with the hotspot in tropical and 

subtropical regions. However, studies that explore hydrodynamics in these areas are scarce and 

biased to the rich literature available for temperate regions. Lakes and reservoirs have the same 

controlling mechanisms for physical processes and primary production, hence, analyses that 

were initially conceptualized for lakes are frequently applied for reservoirs. Nevertheless, 

longitudinal gradients in reservoirs challenges the application of these approaches.  

Degradation of water quality in reservoirs is a major concern, and it is expected to be 

aggravated with climate change. Therefore, studies that explore mechanisms controlling water 

quality are essential for the maintenance of these systems, especially in tropical and subtropical 

regions. The aim of this thesis is to comprehend the role of hydrodynamic processes in the fate 

of nutrients in reservoirs and its implications on water quality, in a subtropical region. With focus 

on the relevance of different density current patterns. For that, analyses combining field 

measurements and numerical simulations were performed in a medium to small size subtropical 

drinking water reservoir for a complete seasonal cycle. Measurements were conducted 

combining several approaches: traditional sampling, sensors in high temporal and spatial 

resolution, and remote sensing. Besides, hydrodynamic models were set up and calibrated to 

reproduce observations, and to simulate scenarios that assisted on the analysis. 

Results showed that different flow paths of density currents did not influence on 

phytoplankton dynamics. At the regions where the main nutrient supply was the river inflow 

(upstream), the density currents did not vary, the euphotic zone usually covered the entire depth, 

and vertical mixing was observed on a daily basis, turning the flow path of the density currents 

irrelevant. At downstream regions, the remobilization of nutrients in the sediment was the main 

source for primary production. Even though density currents had a seasonal pattern in the 

downstream region, thermal stratification conditions were the driver for variations in chlorophyll-

a concentrations, with peaks after vertical mixing. This mechanism had in its favor the frequent 

anoxic conditions in the hypolimnion that enhanced the dissolution of reactive phosphorus from 

the sediment. Anoxic conditions were easily reached because the sediment in the downstream 

area was rich in organic matter. Phytoplankton produced in the upstream area was transported 

by the density currents, and for this reason, large concentrations of chl-a was observed below 

the euphotic zone. Further, the extensive measurements of temperature, and flow velocities, 



Abstract 

2 

together with the hydrodynamic models, provided insights about the hydrodynamics of reservoirs. 

For instance, that the relevant processes occurred along the longitudinal, and mixing conditions 

varied along it. The relevance of inflow conditions regarding the presence of structures such as 

forebays and pre-dams, and the degree of stream shading in the catchment was assessed. And 

turbulence and internal waves had different features than the documented for high latitudes. 

Those findings can assist on the management of reservoirs, based on the comprehension of the 

physical processes. 
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1 Introduction 

1.1 Bias of limnology studies to temperate regions and the boom of tropic reservoirs 

Since the first studies about limnology, started by François-Alphonse Forel at the end of the XIX 

century in Switzerland (Forel, 1892), most of the progress in the subject have been developed in 

Europe and North America. And until this date a bias towards temperate inland waters exist 

(Winton et al., 2019). Although limnology comprise all inland waters including rivers and estuaries, 

natural lakes are concentrated at high latitudes (see Figure 1), which among others reasons can 

explain the bias.  

On the other hand, manmade dams have been constructed from centuries for multiple 

purposes, such as water supply, irrigation, flood control, and energy generation (Lehner et al., 

2011). As a consequence, reservoirs disrupt the natural course of running waters, changing the 

water body completely altering nutrient balances, flow of particulate matter, oxygen 

concentration, and temperature (Friedl and Wüest, 2002). On top of that, in the past decades 

dams have been constructed in a fast pace, the International Commission of Large Dams (i.e. 

dams with a height > 15 m) has the register of 58713 dams worldwide. Tropical regions are the 

hotspot for the construction of new dams (Zarfl et al., 2014), from 2001 to 2011 there was one 

project per year of dams larger than 103 km3 in tropical regions (Winton et al., 2019). However, 

small to medium-sized reservoirs are the most abundant. Based on data from Messager et al. 

(2016), reservoirs with a surface area between 1 and a 10 km2 and volume ranging from 106 to 

108 m3 were 37% of their estimates.  
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Figure 1: worldwide distribution of natural lakes and dams, data from Mulligan et al. (2020) and Messager et 

al. (2016), respectively. 

Major differences between inland waters in low and high latitudes rely on the discrepant 

distribution of seasonal solar radiation, from that different dynamics develop regarding mixing and 

stratification patterns, nutrient cycle, and dissolved oxygen concentrations (Lewis Jr, 1996; 

MacIntyre and Melack, 2010). These are basic processes that regulate mechanisms of great 

importance for the management of lakes and reservoirs and their impacts, such as the 

maintenance of the quality of the impounded area and downstream rivers (Winton et al., 2019), 

and the emission of greenhouse gases (Rosentreter et al., 2021). Winton et al. (2019) showed 

that data from reservoirs in tropical and subtropical regions are scarce, and even the classification 

of the mixing regime is difficult to define in those regions.   

1.2 Lakes vs. Reservoirs 

Natural lakes differ from reservoirs in several aspects. Starting from the morphometry, lakes have 

predominantly oval or elliptical shapes with maximum depths usually located at a central region, 

while reservoirs can be quite variable in shape (ovoid, triangular, dendritic, valley, etc.) and 

present continuous gradient of increasing depths from inflows to dam (Wetzel, 2001). In addition, 

there are also differences in water level fluctuations, inflow and outflow dynamics, residence time, 

deposition of sediments, and substance concentration gradients (Wetzel, 2001). These 

differences impact on physical and biogeochemical processes. 
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Reservoirs are usually built from the damming of rivers, therefore they transit from riverine 

to lacustrine environments. Kimmel and Groeger (1984) observed strong longitudinal gradients 

formed in reservoirs due to this transition, therefore they suggested the zonation of reservoirs in 

three parts: riverine, transitional and lacustrine zones. In this conceptual model the three regions 

differ in morphometry from narrow to broader areas, and the high flow velocities from the running 

waters gradually decrease. As a consequence, from the inflow to the dam direction, the turbidity 

decreases due to the settling of particles, and nutrient concentrations are still sufficient, making 

the transitional zone the ideal location for the growth of phytoplankton. However, the identification 

of zones is not always trivial because variable shapes of reservoirs, possible multiple inflows, and 

large variability in volumetric discharges of inflows and outflows can expand and compress the 

zones (Kimmel et al., 1990).  

Despite the differences between lakes and reservoirs, both aquatic environments share 

the same controlling mechanisms of both physical processes (Imberger and Hamblin, 1982), and 

primary production (Kimmel and Groeger, 1984). Hence, analyses that were initially 

conceptualized for lakes are frequently applied for reservoirs, such as the thermal classification 

of mixing regimes proposed by Lewis Jr (1983) (e.g. Winton et al., 2019), the application of 1D 

vertical models (Weber et al., 2017), dimensionless numbers as Lake and Wedderburn Number 

(Rueda et al., 2007), and linear relationships to predict chlorophyll-a (chl-a) concentration 

through total phosphorus (TP) inputs (Dillon and Rigler, 1974). However, horizontal heterogeneity 

in reservoirs challenges the application of these approaches. 

1.3 Water quality 

The maintenance of the water quality of inland waters is of great importance for several reasons, 

the basic is to assure the access of potable water and keep sustainable ecosystems in those 

environments. This is such an important topic that sustainable water security is one of the 

development goals proposed by the United Nations (Griggs et al., 2013), which the aim is provide 

universal access to clean water and basic sanitation. 

Water quality usually is assessed by their trophic state, which quantifies the biological 

productivity. The classification varies from oligo-, meso-, eutro- and hypereutrophic, 

corresponding for good, fair and poor estates (the last two), they usually are estimated through 

indices that account for concentrations of chl-a, TP, total nitrogen (TN), and turbidity (Cunha et 

al., 2021). Chl-a is used as a proxy for phytoplankton biomass, which is relevant since primary 
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production is associated to it. In turn, primary production depends on nutrient availability (TP and 

TN), and ambient conditions such as temperature, residence time and light availability (turbidity) 

(Le Moal et al., 2019). And algal blooms are episodic events where excessive phytoplankton 

biomass is developed, usually associated to nutrient over-enrichment (Paerl and Otten, 2013).  

Both, eutrophication and algal blooms, can deplete dissolved oxygen concentrations to 

hypoxic or anoxic levels due to the decomposition of organic matter that consume oxygen. The 

low levels of dissolved oxygen are problematic for biodiversity, nutrient biogeochemistry, emission 

of greenhouse gases, among others (Jane et al., 2021). Thus, the degradation of water quality 

due to eutrophication and algal blooms can result in alteration of odor and color, and the mortality 

of fish due to the depletion of oxygen concentrations to anoxic conditions and liberation of toxins. 

These problems can rise the costs for water treatment (Pretty et al., 2003), develop diseases 

during the events with acute intoxication (Roberts et al., 2020), and can potentially be a problem 

to humans through the bioaccumulation of toxins (Weirich and Miller, 2014; Alves and Mafra, 

2018), in addition entire communities are impacted on social, economic, and cultural aspects 

(Ellis et al., 2022). 

Therefore, algal blooms became a major concern regarding the water quality of inland 

waters (Brooks et al., 2016), and their incidence in lakes increased considerably since the decade 

of 1980 (Ho et al., 2019). There are indications that with climate changes blooms will be even 

more frequent due to warmer water temperatures, prolonged stratification with low levels of 

oxygen concentrations in the hypolimnion, and inflow regimes alterations (Nazari-Sharabian et 

al., 2018; Ho et al., 2019; Jane et al., 2021; Akomeah et al., 2021).  

Reservoirs are more susceptible to eutrophication, the accumulation of suspended solids 

traps organic matter and nutrients, turning the sediment into an internal supply of nutrients for 

algal growth (Maavara et al., 2020). And reservoirs usually are located in areas of high 

anthropogenic activities that can potentially increase nutrient loads (Kimmel and Groeger, 1984). 

On top of that, climate changes are expected to enhance those features by the increase input of 

sediment and nutrients from the catchment (Yasarer and Sturm, 2016). 

1.4 The role of hydrodynamics on water quality  

Relationships between nutrients and phytoplankton were first identified in the decade of 1970 and 

80, when the eutrophication of lakes and reservoirs was a massive problem (Dillon and Rigler, 

1974; Walker Jr, 1983). Thereafter, some regions made efforts on the reduction of point source 
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nutrients inputs, especially phosphorous, were successfully made to control and/or restore the 

trophic state of such systems (Gibson, 1986; Cullen and Forsberg, 1988). However, as previously 

mentioned, eutrophication still is a major concern for managers of reservoirs. 

Highly eutrophic water bodies can take a long time to respond to point source reductions 

of nutrients, remobilization of phosphorus from the sediment, i.e. internal loading, can supply 

phytoplankton for a long period (Marsden, 1989). It was the case of Lake Constance in Germany, 

that took approximately 20 years for re-oligotrophication (Gaedke et al., 1991; Gaedke, 1998). 

The remobilization of phosphorus from a particulate form in the sediment to a dissolved reactive 

form depends on the biological structure in the pelagic zone, temperature, pH, and especially 

dissolved oxygen concentrations, since phosphorus release is redox dependent (Søndergaard et 

al., 2003). Hence, in such environments physical processes regulate the availability of the 

reactive phosphorus produced in the deepest layers to the euphotic zone.  

For shallow water bodies strong winds that mix the entire water depth can be sufficient to 

resuspend solids from the bed and bring nutrients to the surface (Søndergaard et al., 2003). For 

stratified systems, mechanisms that can trigger the development of phytoplankton are the 

variations on the thickness of the upper mixed layer (UML) (e.g. Liu et al., 2012; Xu et al., 2021), 

and the upwelling of the hypolimnion forced by standing waves (e.g. Rao et al., 2012). More 

complex set ups involving hydrodynamics also interfere on water quality, for instance, results of 

a numerical simulation showed that Dianshan Lake would have less frequent algal blooms with 

the reduction of residence time (through flow discharges regulations), than the reduction of 

nutrient inputs (Chen et al., 2016). And algal blooms at Xiangxi Bay, a tributary of the Three 

Gorges Reservoir, are driven by nutrients inputs of the main reservoir, depending on an interplay 

of stratification conditions of the bay and main reservoir, and inflow conditions of the tributary, 

when certain density currents are formed the blooms occur (Long et al., 2019; Xu et al., 2021). 

Catchment characteristics also affects the water quality of the water body, depending on 

the activities in the area, such as agriculture that use fertilizes, nutrients loads from diffuse 

sources can be significant (Schindler, 2006). Therefore, for reservoirs that usually have one main 

inflow (Wetzel, 2001), the flow path of the inflowing river into the reservoir can rule the 

phytoplankton dynamics (Vincent et al., 1991). The water masses entering water bodies can be 

classified in three flow paths: under-, inter-, and overflows, see Figure 2. The currents enter the 

water bodies pushing the water with its initial momentum, then pass through an initial dilution 

when entering the reservoir, and afterwards follow a path of neutral buoyance, for this reason 
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they are called density or gravity currents. Their fate will depend on the density stratification of 

the reservoir and the inflow conditions; mainly temperature and substances concentrations that 

can potentially alter its density (Alavian et al., 1992). Hence, when the inflow density is larger than 

the observed in the reservoir an underflow is formed and the current moves along the bed; 

overflows occur when the inflow density is smaller and/or equal to the UML and the current goes 

over the surface; and interflows are resulted from currents of densities equal to the ones found in 

middle depths. 

 

Figure 2: Scheme of the different density currents flow paths, each panel demonstrates the different flow paths 

according to the interaction between inflow conditions and density stratification of the reservoir.  

1.5 Research needs 

Advances on the comprehension of the physical mechanism of density currents have 

been developed for years. For instance, Alavian et al. (1992) presented a good overview of the 

involved mechanisms and described the stages of the development of a density current. Rueda 

et al. (2007) pointed the uncertainties regarding the initial mixing of density currents and how 

they could influence on the prediction of density currents formation, and as consequence 

uncertainties on nutrients pathways. Progress on the physical process itself was made through 

modeling, laboratorial experiments and field data (Cortés et al., 2014a; Cortés et al., 2014b; 

Cortés et al., 2015; Rueda and MacIntyre, 2009, 2010). And the use of tracers in hydrodynamic 

models to predict the flow path of density current was proven to be a good approach (Owens et 

al., 2014). 

The influence of the different flow paths of density currents on water quality was 

investigated by a few studies. Vincent et al. (1991) and Gibbs (1992) linked the density currents 

dynamics to water quality of Lake Rotoiti, a deep lake in New Zealand with two main basins. 

Depending on the flow path of the inflowing current, it passed through the lake directly to the 

outflow, or it entered into the main basin bringing nutrients and algae, and altering the residence 

time and its oxygenation. Lake Toolik, located in Alaska, was monitored over its summer 

stratification and the increase of primary production driven by overflows was captured (MacIntyre 

et al., 2006).  
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Although the existing interest in improve the knowledge of processes that degrade water 

quality and trigger algal blooms, not many studies linked the response of primary production in 

accordance to density currents patterns. Such relationships have not been assessed for 

reservoirs, which can potentially have its effects augmented by some of their peculiarities. For 

instance, their location on catchments with larger loads of nutrients, the predominance of a single 

major inflow, and the continuous bottom slope. Therefore this thesis explore the relationship 

between density currents and water quality in a subtropical reservoir. It presents an extensive 

description of hydrodynamics processes, providing a contribution to reduce the gaps related to 

the knowledge about low latitude environments, with focus on features that are specific for 

reservoirs. 

In the next chapter the objectives and tested hypotheses of the thesis will be presented, 

followed by the outline containing an overview of the methods, publications that support the 

findings, and the study site. Then results are discussed, and lastly the conclusions are stated. 
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2 Objectives 

The principal objective of this thesis is advance in the comprehension of the role of hydrodynamic 

processes in the fate of nutrients in reservoirs and its effect on water quality, in a subtropical 

region, especially the impact of different density current patterns. For that, the following research 

questions with their respective hypotheses are going to be addressed: 

Q1. Which are the main hydrodynamic processes in a subtropical reservoir? 

Hypothesis 1.1. Physical processes in a subtropical region are significantly different than in 

a temperate region, regarding their relevance, and temporal dynamics. 

Distinct dynamics in mixing and stratification, turbulence, and internal 

waves, are expected due to distinguish meteorological conditions of each 

climate zone. 

Hypothesis 1.2. Forebays and pre-dams play an important role in the hydrodynamic 

processes of reservoirs. In such systems the rates of heat exchange with 

the atmosphere are faster than in the deeper regions inside the reservoir. 

As consequence, they alter the water inflow temperature dynamics and 

associated processes. 

Hypothesis 1.3. Changes in river inflow temperature, due to stream shading conditions in the 

catchment area, can alter the flow path dynamics within the reservoir. 

Alterations are caused by changes in inflow water density driven by 

temperature. 

Q2. In which dimensionality do the relevant processes occur? 

Hypothesis 2.1. The usual continuous bed slopes observed in reservoirs create a depth 

gradient along the longitudinal. Thus, processes over the vertical dimension 

have their relevance and characteristics altered towards the downstream 

direction.  

Hypothesis 2.2. Owning to the strong longitudinal gradients observed in reservoirs, the 

hypothesis that physical processes along the longitudinal regulate thermal 

stratification is tested through the application of hydrodynamic models of 

distinct dimensionalities. While, the relevance of the transversal dimension 

is negligible. 
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Q3. Which are the main relationships between hydrodynamics and water quality? 

Hypothesis 3.1. Seasonal variations of chlorophyll-a depend on internal loading, therefore 

they are ruled by thermal stratification.  

Hypothesis 3.2. Seasonal variations of chlorophyll-a are driven by different density currents 

entering the reservoir. Overflows result in larger concentrations of 

chlorophyll-a, because nutrients are being delivered at the euphotic zone. 

Likewise, underflows result in lower concentrations of chlorophyll-a. 

Hypothesis 3.3. Density currents can also influence on chlorophyll-a distribution patterns 

through the advection/redistribution of phytoplankton biomass. 
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3 Outline 

To address the objectives and to test the hypotheses, analyses combining field measurements 

and numerical simulations were performed in a medium to small size subtropical drinking water 

reservoir. The reservoir was monitored for a complete seasonal cycle. In situ measurements were 

conducted through different approaches: traditional sampling (for water quality parameters), and 

sensors in high temporal and spatial resolution (for water quality parameters, flow velocities, and 

temperature). In addition, remote sensing images were used to estimate chl-a concentrations at 

the surface. Hydrodynamic models were set up and calibrated to reproduce observations, and 

later to simulate scenarios that assisted on the test of the hypotheses. Results from a hydrological 

model were used to feed the boundary conditions of inflow discharges and water temperature of 

the hydrodynamic model. Besides, the hydrological model considered different degrees of stream 

shading conditions in the catchment to simulate changes in water temperature. Figure 3 presents 

an overview of the studied system indicating the associated processes, monitoring approaches, 

and related parameters. 

 

Figure 3: Graphical abstract of the study showing the assessed processes, indicating the relevant parameters and 

applied methods. 

Four peer-reviewed publications contain the main findings supporting this thesis 

(Appendices). Following, there is a brief description of each publication highlighting their 

contributions to the research questions and hypotheses, at the end of the section the study site 

is presented. 
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Hydrodynamics and mixing mechanisms in a subtropical reservoir 

Ishikawa, M., Bleninger, T., & Lorke, A. (2021). Hydrodynamics and mixing mechanisms in a subtropical 

reservoir. Inland Waters, 11(3), 286-301. doi: 10.1080/20442041.2021.1932391 (Appendix I) 

The characterization of the main physical processes occurring in a subtropical reservoir 

was performed through high resolution observations of temperature, flow velocities and 

meteorological conditions (Q1). Over the study it was explored the main drivers of mixing and 

stratification, water movement, wave motion, and turbulence, in diel and seasonal scales (H1.1). 

An investigation of the flow path of density currents was performed. It considered temperature as 

a proxy for density, and with observations of temperatures at the inflow, after the forebay, and 

the profile in a deeper region of the reservoir the flow paths were estimated (H1.2 and H1.3). 

The effect of stream shading on the inflow characteristics in a downstream reservoir 

Ishikawa, M., Haag, I., Krumm, J., Teltscher, K., & Lorke, A. (2021). The effect of stream shading on the 

inflow characteristics in a downstream reservoir. River Research and Applications, 37(7), 943-954. doi: 

10.1002/rra.3821 (Appendix II) 

Based on the potential effect of inflow temperature on flow paths within the reservoir, this 

study evaluated different scenarios of stream shading in the catchment to assess its influence on 

density currents within the reservoir. For that, inflow temperatures were simulated with the 

distributed water-balance model LARSIM-WT with 0 and 100% stream shading in the catchment. 

The results were assessed together with the measured temperature profile (H1.3). 

Effects of dimensionality on the performance of hydrodynamic models for stratified lakes and 

reservoirs 

Ishikawa, M., Gonzalez, W., Golyjeswski, O., Sales, G., Rigotti, J. A., Bleninger, T., Mannich, M., and Lorke, 

A. (2022). Effects of dimensionality on the performance of hydrodynamic models for stratified lakes and 

reservoirs. Geosci. Model Dev., 15, 2197-2220. doi: 10.5194/gmd-15-2197-2022 (Appendix III) 

Three hydrodynamic models of distinct dimensionalities were applied for the same 

subtropical reservoir, all of them are widely used to simulate stratified lakes and reservoirs. The 

models are General Lake Model (GLM), a 1D vertical model which is horizontally averaged, CE-

QUAL-W2 a 2D model laterally averaged, and the 3D model was Delft3D-FLOW. Their 

performance regarding water level, temperature stratification, substance transport as a proxy for 

density currents, and flow velocities (only for the 2 and 3 D) were compared with the aim to 

understand how the physical processes were affected according to their simplifications. Thus, it 

was possible to identify which dimensions were paramount for the processes and the 

mechanisms behind them (Q2, H2.1, H2.2). 
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Hydrodynamic drivers of nutrient and phytoplankton dynamics in a subtropical reservoir 

Ishikawa, M., Gurski, L., Bleninger, T., Rohr, H., Wolf, N., Lorke, A. (2022). Hydrodynamic drivers of nutrient 

and phytoplankton dynamics in a subtropical reservoir. Water, 14(10), 1544, doi: 10.3390/w14101544. 

(Appendix IV) 

This work explored the water quality dynamics based on the fate of nutrients within the 

reservoir according to physical processes, and its response on primary production (Q3). For that, 

extensive measurements were performed combining different approaches: traditional sampling 

and in-situ sensors for nutrients and chlorophyll-a (chla), remote sensing images for chla, and the 

3D hydrodynamic model for the physical processes. Measurements provided temporal and 

spatial dynamics, thus observations of chla were explained accordingly (H3.1, H3.2 and H3.2). 

And the simulation of two scenarios with the hydrodynamic model assisted on the evaluation of 

the influence of inflow temperatures and the role of the forebay on reservoir hydrodynamics (Q1, 

H1.2 and H1.3). 

Passaúna Reservoir 

Passaúna reservoir is located between the latitudes 25.44° S and 25.54° S, it has an area of ~ 9 

km2, volume of 60 × 106 m3 and maximum depth of 17.5 m close to its dam, thus it is in the size 

range of small to medium (Figure 4). Thirty-four percent of the reservoirs in the tropical and 

subtropical region are in the same size range of Passaúna, and they represent 14% of all 

reservoirs worldwide (estimation based on data from Messager et al., 2016). 
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Figure 4: Map of the study site within the South American continent in the left panel, where the gray background 

indicates the location of Paraná state in Brazil. Right panel shows in blue line the Passaúna River with its respective 

catchment area in black line. Passaúna Reservoir area is presented with colors indicating the depths (data from Sotiri 

et al., 2019). Within the right panel there is the indication of the weather stations, the monthly monitored points, and 

the monitoring platform (in front of the intake station). The legend of each symbol is present inside the right panel at 

the top left. 

A bridge crosses the reservoir at latitude 25.45° S, which constrain the reservoir and 

forms a forebay of 0.28 km2 and mean depth of ~1 m2, other than that it has an elongated valley 

shape with a continuous slope. In operation since 1990, it was constructed for water supply of 

part of Curitiba and other three neighbor cities attending ~ 600 million people with an average 

production rate of 1.8 m3 sī1. The main inflow is Passaúna River (75% of the total annual inflow), 

followed by Ferraria River at latitude 25.47° S (average flow discharge of 0.15 m3 sī1), the 

remaining inflows are intermittent. The outflows are the intake for water production, and at the 

dam through a bottom outlet (continuous discharge of approximately 0.5 m3 sī1) and a spillway.  
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4 Discussion 

This chapter presents discussions merging the results from the four published articles 

presented in Chapter 3. The articles are referenced according to their respective location in the 

appendices section, and presenting their contributions to reject or retain the raised hypotheses. 

Each subchapter correspond to a research question following the same order as they were 

presented in the outline. 

4.1 Hydrodynamics in a subtropical reservoir 

The main characteristics of the physical processes in a subtropical reservoir were identified based 

on high resolution measurements of meteorological conditions, flow velocities, and temperature, 

performed over a year. The dynamics of mixing and stratification, longitudinal transport, flow 

velocities, turbulence and wave motion were explored in diel and seasonal scales (Appendix I). 

According to observations of  the temperature profile at the intake region, the mixing 

regime of Passaúna Reservoir was classified as warm discontinuous polymictic, which is 

expected for lakes of medium depths in tropical and subtropical regions (Lewis Jr, 1983). 

Intermittent mixing occurred over the autumn and winter season, while persistent stratification 

was observed over spring and summer. Mixing events were driven by prolonged periods of heat 

loss by the water surface when air temperatures dropped, wind was not relevant due to its low 

intensities (Appendix I). On the other hand, stratification was promoted by the warming of the 

surface, and also by the addition of cold inflow waters at the bottom layers of the water column 

(Appendix I). This mechanism was caused by density currents in the underflow form, which can 

be significant for the formation of temperature stratification in low latitudes (Lewis Jr, 2000; Xing 

et al., 2014)  

For this reason, the temperature of inflowing waters into the reservoir were assessed, 

considering the river inflow temperature and the temperature measured right after the forebay 

(Appendix I). The shallow depths at the forebay promoted fast heat exchanges, as consequence 

water temperature entering the reservoir after the forebay was warmer and varied more than the 

river temperature, respective mean ± standard variation of 19.6 ± 3.6 and 16.8 ± 2.6 °C. This 

mechanism is similar to differential cooling, where the littoral regions of lakes cool faster than the 

pelagic zone, creating a horizontal temperature gradient that enables water circulations (Doda et 

al., 2022). 
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Hence, to test the influence of the forebay and the inflow temperature on thermal 

stratification of the reservoir, a 3 dimensional hydrodynamic model was used to reproduce the 

monitored year (Appendix III). Results had a good agreement with observations, and errors were 

comparable to values found in the literature. Thermal stratification and mixing events were well 

reproduced, while flow velocities had the main pattern well reproduced, but rather 

underestimated magnitudes. Then, other two scenarios were set up (Appendix IV), to test to 

which extent the forebay was influencing on inflow temperatures and on downstream temperature 

profiles. Scenario (i) had the forebay completely removed. While scenario (ii) had warmer inflow 

temperatures (according to changes on catchment stream shading, Appendix II), to understand 

the role of the river inflow temperature on density currents. At the end, the simulated 

temperatures from the scenarios had minor differences with the original simulation at the intake 

region (where the temperature profile was measured continuously), temperatures differed in the 

second decimal. This result indicates that the temperature stratification at lacustrine regions of 

the reservoir had minor influence from changes in inflow temperatures and the forebay. Although 

a few underflows events were relevant for the re-stratification of the intake region, they occurred 

when the inflow temperature had the largest difference with reservoir bottom temperatures (inflow 

colder). Which provided the conditions for consistent underflows, also for the simulated 

scenarios, that are independent from the forebay (scenario i) and the overall warmer water inflow 

temperature (scenario ii). Hence, H1.2 and H1.3 are rejected when considering the thermal 

stratification of the lacustrine zone, since the alterations to test the relevance of the forebay and 

the water inflow temperature were not significant. 

Density currents patterns were evaluated through the model using a tracer as a proxy 

(Appendix III), similar to the application done by Owens et al. (2014). At the intake region it was 

observed that density currents had a seasonal variability, with predominantly underflows over 

autumn and winter, coinciding with the period where re-stratification was promoted by them, while 

spring and summer varied between inter- and overflows (Appendix III). The simulated scenarios 

had not great differences in density current results, similar to what was observed with 

temperatures. Thus, H1.2 and H1.3 were also rejected for alterations in density current patters 

at the lacustrine region. Both hypotheses were expected to be retained, however it is likely that 

the long residence time of the study site reduce the influence of inflow/upstream characteristics 

and meteorological conditions were more relevant for thermal stratification at the downstream 

region for most of the time. And it is possible that in systems with shorter residence time density 
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currents along the entire reservoir have a greater influence from inflow temperatures and the 

presence of the forebay, which as consequence have relevance on thermal stratification. 

Monthly averaged temperature profiles were smooth over depth, and marked layers of 

epi-, meta- and hypolimnion were not observed (Appendix I), which is a feature commonly found 

in higher latitudes (e.g. Pernica and Wells, 2012), confirming that dynamics of a same process 

differ from temperate to subtropical, as stated in H1.1. Owning to the medium depths of the 

reservoir and air temperatures varying in a range of 10 °C every day, the temperature profiles 

had large variability within 24 hours, and for this reason the averaged profiles were close to a 

continuous gradient (Appendix I). Even though, flow velocities had as main characteristic 

opposing flow directions in upper and lower layers, which are only possible when the water 

column is divided in layers of different densities (Appendix I). Passaúna Reservoir had stable 

density layers due to the larger dependency of density at warmer temperatures, the minimum 

observed temperature at the reservoir was of 16 °C at the bed.  

In turn, flow velocities were driven by wind following a dynamic similar to the observed in 

standing waves (Mortimer and Horn, 1982), however they did not developed to oscillating internal 

seiches. Motivated by this finding, de Carvalho Bueno et al. (2022) investigated the reasons for 

the absence of seiches in Passaúna Reservoir. The study concluded that the continuous bottom 

slope and the curvature of the reservoir damped the development of the wave. Besides that, high 

frequency internal waves (HFIW) were observed all year round, while most studies on the subject 

were performed only over seasons of stable stratification (e.g. Saggio and Imberger, 1998; 

Antenucci and Imberger, 2001). The premise for the formation of such HFIW is the presence of 

layers of distinct densities (Thorpe et al., 1977), for this reason most of studies aiming in explore 

the phenomena focused on periods of stable stratification. Due to the warm temperatures (Ó 16 

°C) of Passaúna Reservoir, stable stratification was easily formed during autumn and winter 

through intermittent mixings and stratifications, which was unexpected since previous studies 

were performed in temperate regions. The presence of HFIW in all seasons is a marked difference 

of the subtropical reservoir when compared to the temperate region, which is another feature 

confirming H1.1. Although observed in all seasons, the HFIW had different frequencies and 

amplitudes, but comparable kinetic energy (Appendix I). 

Dissipation rates of turbulent kinetic energy (Ƭ) were estimated from continuous 

measurements of vertical flow velocity in high resolution, hence, seasonal and diel patterns of Ƭ 

were assessed, from 0.5 m above the bed until middle depths (Appendix I). Dissipation rates 
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were similar over seasons, and the main distinctions were observed close to the bed at the largest 

flow velocities intensities where Ƭ also increased indicating the laminarization of the bottom 

boundary layer. And at night-time, when Ƭ was on average one order of magnitude larger than 

day-time. It coincided with stronger acoustic backscatter signal from measurements of the 

acoustic Doppler current profiler, which is an evidence of biomixing due to the diel migration of 

zooplankton (Lorke et al., 2004). 

The role of the turbulent mixing produced by aquatic biota is not well solved, and only a 

few studies were able to captured data to assess it. Simoncelli et al. (2018) did not find a 

significant contribution of vertically migrating zooplankton (Daphnia magna) to observations of 

turbulence in small manmade lakes, similar to results from Noss and Lorke (2014) based on 

laboratory observations. On the other hand, Simpson et al. (2021) estimated that ~36 % of the Ƭ 

in the bottom boundary layer was driven by biogenic mixing (most likely zooplankton, although 

fish in the study site had the same migrating pattern). More recently Fernández Castro et al. 

(2022) demonstrated with observations in the ocean, that turbulence generated by a large 

aggregation of anchovies was comparable to geophysical mixing. Therefore, observations in 

Passaúna Reservoir indicated that biomixing was significant, in compliance with the recent 

literature. However subtropical environments potentially have other species to the ones found on 

temperate regions. Different organisms have distinct migrating patterns and moving mechanisms 

that possibly reflect on dissipation rates intensities and diel distribution. For example, the diel 

variations of Ƭ presented by Simpson et al. (2021) depended on depth, while in Passaúna 

Reservoir Ƭ variations within one day were consistent in all depths where measurements were 

performed, which also supports H1.1. 

4.2 Longitudinal processes  

According to the simulated scenarios the temperature profiles at the lacustrine region had rather 

minor influence from the forebay and inflow temperatures, rejecting H1.2 and H1.3. However, 

water temperatures at the upstream region of the reservoir had significant changes in the 

simulated scenarios, until approximately 1.7 km from the bridge after the forebay, therefore for 

this region H1.2 and H1.3 are retained for thermal stratification. The temperature difference 

between surface and bottom (ƌT) increased on average 0.5 ËC for scenario (i), due to the cold 

inflows along the bed, and scenario (ii) decrease ƌT in 0.2 ËC (average calculated for ƌT in all 

grid cells that had a significant difference from the original simulation). Until the farthest location 
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from inflow where differences were significant the mean depth is 5.8 m, and for this area 

persistent stratification was not observed through the hydrodynamic model. Instead, thermal 

stratification was formed during the day and mixing occurred over nights, which fits on the 

classification of warm continuous polymictic. The wide diel variation of air temperature that 

resulted in smooth averaged temperature profiles and diel stratification of the UML in regions of 

larger depths, whereas in shallower locations it promoted the entire mixing of the water column 

over every night. Thus, the distinct mixing regimes from upstream to downstream regions 

supports H2.1.  

In the same way, density currents simulated by scenarios were also significant different 

in upstream parts. The absence of the forebay increased underflows (scenario i), and warmer 

inflow temperatures brought inflows closer to the surface (overflows, in scenario ii). Both 

differences were observed in the same region where temperature was altered (Appendix IV), 

which complies with H1.2 and H1.3 also for density currents. Nevertheless, in the most upstream 

parts, region that could be considered the riverine zone, most of the flow path was in the form of 

underflows (>90% of the simulation period) for the three simulations. The river inflow temperature 

was consistently colder than temperatures observed inside the reservoir (Appendix I), hence it 

had larger density and formed underflows. It agrees with the theoretical description of density 

currents, inside the reservoir the current will pass through a dilution due to the entrainment of the 

surrounding water and may change the flow path (Alavian et al., 1992). 

After the initial underflow, the density current in inner parts of the reservoir could follow 

three paths. The first was to keep moving through the bed as underflow, which mainly occurred 

in cold seasons when inflow had the lowest temperatures. In the second, the density current 

eventually detached from the bed and entered in a layer of neutral buoyance, as the reservoir 

increases the depth due to its constant bottom slope, thus forming an interflow. And lastly, an 

overflow usually was only formed after a mixing of the water column where the tracer was then 

carried over the surface. Vertical mixings were common at upstream regions where significant 

differences were observed in the simulated scenarios. 

Although the influence in temperature stratification and the flow path of the density 

currents were minor in the lacustrine region according to the simulated scenarios, the processes 

occurring along the longitudinal dimension of the reservoir were essential for the dynamics of 

downstream regions. This was clear when simulating the reservoir with models of distinct 

dimensionalities (Appendix III). When using a 1D vertical model, considering that the reservoir 
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was homogeneous along horizontal layers, thermal stratification was more stable than 

observations due to colder temperatures at the deepest layers. The longitudinal dynamic of 

density currents described in the previous paragraph was disregarded by the 1 D model, and 

inflowing waters were placed close to the bed for most of the time (Appendix III). Similar to the 

dynamics observed with the substance transport of the 3D model at the most upstream part of 

the reservoir where >90 % of flow paths were underflows (Appendix IV). The 2D model, that 

disregard the transversal dimension, had results closer to the observations with comparable 

thermal stratification to the observations (Appendix III). 

Therefore, vertical mixing processes had relevant differences along the longitudinal 

dimension (supporting H2.1). And although thermal stratification in the lacustrine region did not 

depend on physical conditions upstream (i.e. inflow temperature and the presence forebay), the 

process of the longitudinal transport was relevant for it. Hence, H2.2 is confirmed. 

4.3 Relationships among hydrodynamics, nutrient delivery, and phytoplankton dynamics 

Continuous measurements of chlorophyll-a (chl-a) at the monitoring platform located at the intake 

region did not presented marked seasonal variations (Appendix IV), however, peaks were 

observed after mixing events. Dividing the data in mixed and stratified season, with mixed season 

during from the first to the last mixing event of the monitored year, the mixed period had significant 

larger concentrations than the remaining time (Appendix IV). This result highlights that the 

phytoplankton dynamics in this region depended mainly on thermal stratification with nutrient 

supply from internal loadings from the sediment, supporting H3.1. At lacustrine zones, internal 

loads usually are the main source of nutrients, since nutrients from inflowing waters are consumed 

and/or sediment before reaching lower reaches of the reservoir (Kimmel et al., 1990). 

On the other hand, upstream regions had greater influence from nutrients of inflowing 

waters. This was clear from the longitudinal concentrations measurements of total phosphorus 

and total nitrogen that had strong decays from the river to regions not much farther to the forebay 

(Appendix IV). Chl-a did not presented a continuous decay gradient from headwaters to dam, but 

larger concentrations were always located closer to the forebay (Appendix IV). The pronounced 

longitudinal gradients were in accordance with the descriptions of  Kimmel and Groeger (1984), 

but the riverine, transitional, and lacustrine zones were not identified. Although other studies 

usually do this classification (e.g. de Oliveira et al., 2020; de Moura-Júnior et al., 2021), for 
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Passaúna Reservoir the comprehension of the drivers for the longitudinal gradient was more 

important than have clear delimitations of the zones.  

It was expected that each pattern of density currents could influence on phytoplankton 

dynamics according to the depth where nutrients were inserted. As stated in H3.2, overflows 

were expected to enhance primary production with the delivery of nutrients at the euphotic zone, 

while inter- and underflows would be unfavorable for algal growth when located below the 

euphotic zone (Vincent et al., 1991; Cortés et al., 2014a). However, density currents did not have 

great impact on phytoplankton, rejecting H3.2. At the lacustrine region density currents had a 

seasonal pattern, however nutrient concentrations were low and phytoplankton depended on the 

remobilization of nutrients from the sediment through the mixing of the water column. And at 

upstream regions, where nutrients from river inflow was the main supply for primary production, 

density currents did not varied seasonally being mainly underflows. There were a few moments 

when overflows occurred through the entire reservoir, but these were isolate events. The shallow 

depths at the entrance of the reservoir provided an environment where the active euphotic zone 

was covering the entire water column (Appendix IV). In addition, the frequent mixing at the 

upstream region redistributed nutrient concentrations over depth, turning the density current type 

irrelevant, and seasonal variations in phytoplankton in accordance with the density currents were 

not observed. 

With the identification of the euphotic zone reaching the bed of the reservoir in upstream 

regions, it was possible to identify that in that area the large concentrations of chl-a at the deepest 

layers were in a productive zone. Then, with the measurements over the longitudinal it was clear 

that the phytoplankton produced close to the inflow was being carried to downstream parts of 

the reservoir according to the density currents, supporting H3.3. Thus, it was common to observe 

large concentrations of chl-a at depths below the euphotic zone in areas closer to the dam 

(Appendix IV). Furthermore, the transport of phytoplankton to deep layers close to the dam 

resulted in the deposition of fresh organic matter in the sediment of the lacustrine region. This 

was confirmed by Marcon et al. (2022), where the organic matter content in the sediment was 

assessed for different regions of Passaúna Reservoir. According to the study, at downstream 

regions the organic matter content was in the range of 20-50%, while upstream it was 23%, and 

both locations had comparable sediment thickness. 

The transport of fresh organic matter to the sediment at the lacustrine zone of the 

reservoir, resulted in areal hypolimnetic oxygen deficit (AHOD) rates in the same order of 
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magnitude of eutrophic lakes (Müller et al., 2012), although the reservoir ranges from oligo- to 

mesotrophic (Fonseca Xavier et al., 2017). Passaúna Reservoir had warmer water temperatures 

when compared to temperate lakes, which contributes to the high AHOD rates, caused by the 

decrease of solubility of dissolved oxygen in larger temperatures. Anoxic conditions are favorable 

for the remobilization of phosphate from the sediment to the water column (Søndergaard et al., 

2003; Jane et al., 2021), the most available form of phosphorus for phytoplankton consumption. 

Passaúna Reservoir had the AHOD of 1.0 g of O2 mī2 dayī1, therefore anoxic conditions at the 

hypolimnion were easily reached over thermal stratification even during the cold seasons. Hence, 

it is reasonable that peaks of chl-a were observed after mixing events. Moreover, the emission of 

greenhouse gases depend on sediment properties, therefore the patches of sediment 

composition induced by the transport of phytoplankton through density currents can be a relevant 

aspect to be considered in order to map emissions in reservoirs. 
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5 Conclusions 

Over this thesis the assessment of the water quality of a subtropical drinking water reservoir was 

done through the interpretation of its hydrodynamics. High resolution measurements during a 

complete seasonal cycle, combined with hydrodynamic models assisted on the identification of 

the main processes involved, and provided insights about the interpretation of reservoirs physical 

processes.  

The assessment of mixing and stratification processes, one of the few in such resolution, 

confirmed the expected mixing regime by former studies (Lewis Jr, 1983). In addition, it was 

observed that physical processes had contrasts in temporal dynamics between subtropical and 

temperate regions, confirming H1.1. For instance, the smooth temperature profiles due to the 

larger diel variation of air temperature; internal waves, where oscillating internal seiches were 

absent (feature that was already explored by other study), and high frequency internal waves 

were observed during all seasons. Further, biomixing caused diel variability on turbulence, a topic 

yet not much explored in general and with potential to have a relevant difference from high 

latitudes. 

The influence of the forebay and inflow water temperature were tested (H1.2 and H1.3), 

and based on results from the 3D hydrodynamic model both were relevant, for water temperature 

and density currents dynamics, until a certain extent of the reservoir. For locations far from the 

inflow (lacustrine zone) alterations on inflow water temperature and the removal of the forebay 

were not relevant. In the downstream region water temperature profile was mostly driven by 

meteorological conditions, and density currents in the form of underflows. The difference between 

the two regions indicates the presence of a longitudinal gradient on physical processes, an insight 

that confirms H2.1. Besides, the mixing regime in the shallower region of the reservoir was warm 

continuous polymictic, since it mixed and stratified on a daily basis. While the lacustrine zone was 

warm discontinuous polymictic with a marked seasonal variability. On top of that, the downstream 

region was not affected by alterations at the inflow but it depended on processes occurring along 

the longitudinal. Through the 1D hydrodynamic model it was possible to see that if the longitudinal 

dimension was disregarded the thermal stratification was not well reproduced, nevertheless, the 

same was not observed when disregarding only the transversal dimension. Thus, confirming 

H2.2, the longitudinal dimension contain relevant processes for downstream regions.  

With the comprehensive understanding of the hydrodynamic processes it was possible to 

make links with water quality. Seasonal variations were small and only observed at downstream 
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regions, where larger concentrations of chl-a were driven by the supply of nutrients from sediment 

remobilization caused by vertical mixing, retaining H3.1 for the lacustrine zone. Density currents 

had a marked seasonal variability in the region, however they were not a source of nutrients for 

phytoplankton. On the contrary, at upstream regions density currents were mostly underflows, 

the euphotic zone usually covered the entire depth which turns the flow path irrelevant, and daily 

vertical mixings diminished possible seasonal properties, rejecting H3.2. And lastly, it was 

confirmed that density currents transported phytoplankton to deeper layers of the reservoir 

(H3.3). 

Insights regarding the management of reservoir can be derived from this thesis. For 

example, at the lacustrine zone algal blooms have higher chances to occur during the mixing 

seasons. In addition, the phytoplankton formed upstream is carried downstream by density 

currents and deposits in the lacustrine region, forming is a stock of nutrients for internal loading, 

and consuming dissolved oxygen in fast rates. The different flow paths of density currents did not 

affected water quality dynamics, therefore the presence of forebays or pre-dams, and alterations 

of stream shading in the catchment were not a harm for the water quality of the reservoir. 

Nevertheless, further studies in environments with shorter residence time and steeper slopes 

should be conducted, since these are features that could change the observed results. And it 

should be highlighted that the application of methods initially developed for lakes should be 

applied with caution to reservoirs, since the second have strong gradients not only on substance 

concentrations, but also on physical processes. 

Lastly, the findings regarding hydrodynamics not only contributed to the comprehension 

of the water quality, but also to the literature of tropical and subtropical inland waters. The novel 

aspects presented, for instance the observed diel variability of dissipation rates, indicating a 

relevance of biomixing; and the high frequency internal waves, leave open questions for further 

research about their relevance in such systems.  
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Abstract 

With the aim to improve current knowledge on physical processes in tropical and 

subtropical reservoirs, we explore the dynamics of prevailing hydrodynamic processes in a small 

to medium-size reservoir based on one-year continuous measurements of temperature, flow 

velocity and turbulence. The mixing regime of the reservoir is characterized as warm polymictic 

and extended periods of comparably strong density stratification were observed during all 

seasons, interrupted by several mixing periods between autumn and winter. The stratification was 

affected by lateral, density-driven flows from the main river inflow. A forebay through which the 

river enters the reservoir influenced the density currents and reduced the occurrence of 

underflows. Flow velocities in the middle of the reservoir were generally small and higher velocities 

(currents >3.5 cm sī1) were driven by wind. These currents were more frequent during stratified 

than during mixed periods. No basin-scale internal waves (seiches) were observed, but 

propagating, high-frequency internal waves with periods between 2 and 17 min were present at 

all seasons. Dissipation rates of turbulent kinetic energy were generally small (10ī10 ² 10ī9 W 

kgī1). Wind-driven currents were associated with enhanced dissipation rates at the bottom-

boundary layer, but represented only 10% of the total monitored period. We identified several 

aspects, in which the observed hydrodynamics of the reservoir differed from that of more 

commonly studied temperate aquatic systems. We expect that our findings are representative for 

a large number of small to medium sized lakes and for a growing number of reservoirs located in 

the tropical and subtropical zone.  

Keywords: forebay, density currents, subtropical reservoir, physical limnology 

 

Introduction 

Reservoirs have been constructed for diverse purposes including hydropower production, 

flood control and water storage for drinking water production and irrigation (Lehner et al. 2011). 

During the last two decades, their number as well as plans for, and construction of, new reservoirs 

has been strongly increasing, with tropical regions, including Southeast Asia, South America and 

Africa being hotspots of dam construction (Zarfl et al. 2014; Best 2019). Despite the 

socioeconomic benefits that reservoirs provide, they disrupt the natural course of substances by 

trapping large amounts of sediments, organic matter, nutrients and pollutants (Friedl and Wüest 

2002; Vörösmarty et al. 2003; Mendonça et al. 2017). Consequently, existing reservoirs suffer 

from continuous reduction in storage volume (Wisser et al. 2013), poor water quality and harmful 
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algae blooms (Winton et al. 2019), and are a globally significant source of the greenhouse gas 

methane (Deemer et al. 2016). A profound understanding of the processes that control these 

adverse effects of reservoir construction is urgently required to identify and to implement potential 

mitigation measures during design and operation of existing and future reservoirs.  

The fate of particulate and dissolved substances entering reservoirs with river inflow 

depends on flow velocity, density stratification, turbulent mixing and other hydrodynamic 

processes in the reservoirs. Two physical quantities are of paramount importance, the distribution 

of the rate of dissipation of turbulent kinetic energy and the path along which water and particles 

travel (Imberger 1998). River inflows, rich in nutrients and organic matter, can enter the reservoir 

as underflows, favoring the deposition of particles on the bed, or as overflows, delivering nutrients 

to the photic zone and thus promote phytoplankton growth (Rueda et al. 2007; Cortés et al. 

2014). The lack of deep-water renewal by underflows and weak vertical mixing promote the 

formation of hypoxic or anoxic conditions in deeper layers of stratified reservoirs (Fer et al. 2002; 

Yoshimizu et al. 2010; Lemmin 2020). Oxygen depletion triggers the formation of toxic 

substances, such as hydrogen sulfide, causes enhanced release of phosphorus and promotes 

the production and potential emission of the greenhouse gases methane and nitrous oxide (Friedl 

and Wüest 2002; Bastviken et al. 2004; Baulch et al. 2011). 

Besides density currents formed by inflowing water, the main energy sources inducing 

currents and vertical mixing in reservoirs are wind and convection (Imberger and Hamblin 1982; 

Wüest and Lorke 2003). Convective mixing mainly occurs when air temperature falls below water 

surface temperature and plays a major role in the seasonal mixing dynamics. Wind energizes 

mixing in the surface layer and induces flows that can cause tilting of density gradients and 

internal waves. Processes driven by wind and convection contain most of the kinetic energy in 

small and medium-sized stratified lakes and reservoirs (Woolway and Simpson 2017), for larger 

water bodies, circulation patterns are more relevant (Imberger 1998). 

Although physical processes in reservoirs have been studied and conceptualized 

comprehensively (Imberger and Hamblin 1982; Stevens 1999; Cortés et al. 2014), most existing 

studies were based in temperate regions. Similar to a general bias in limnological studies towards 

mid/high latitudes (Lewis Jr 1987; Winton et al. 2019), field observations of reservoir 

hydrodynamics in tropical and subtropical regions, where dam building is now concentrated, are 

sparse. Comprehension of reservoir hydrodynamics is essential for successful mitigation of 
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adverse effects of reservoir construction, for achieving good water quality and drinking water 

safety, as well as for predicting future changes.  

The objective of this study is to contribute to the understanding of prevalent hydrodynamic 

processes and main drivers of density stratification in small to medium-size subtropical reservoirs. 

We analyze continuous measurements of temperature, flow velocity and turbulence over a 

complete seasonal cycle in a drinking water reservoir located in South Brazil. The analysis 

includes diel to seasonal dynamics of stratification and flow paths of inflowing water, typical 

patterns of wind-generated currents and internal wave motion, as well as the vertical distribution 

of dissipation rates of turbulent kinetic energy. We relate these patterns to existing concepts for 

describing hydrodynamic process and emphasize differences to more widely studied temperate 

lakes and reservoirs. 

Study Site 

Passaúna Reservoir is a valley-shaped drinking water reservoir. It has a surface area of 9 

km2, a volume of approximately 60 × 106 m3, it is 11 km long and has a maximum depth of 15 m 

(Carneiro et al. 2016). With a production rate of approximately 1.8 m3 sī1, it provides the water 

supply for 650,000 inhabitants of the western region of Curitiba and three neighbouring cities 

(SANEPAR 2013). The Passaúna River enters the reservoir at the northern end through a forebay, 

which has a geometrical constriction due to the embankment of a bridge (Ferraria Bridge). This 

region of approximately 0.28 km² area and an average depth of 1 m is called the Buffer, as it 

attenuates variations of the river inflow. The intake tower of the treatment facility is located close 

to the reservoir bank and water is abstracted near the surface. The reservoir outflows are a 

spillway and a bottom outlet at the dam (Figure ).   

file:///G:/Papers/01_Hydrodynamics/01_Review/Answer_Reviwers/R3_Hydrodynamics%20and%20mixing%20mechanisms%20in%20a%20subtropical%20reservoir.docx%23_ENREF_9
file:///G:/Papers/01_Hydrodynamics/01_Review/Answer_Reviwers/R3_Hydrodynamics%20and%20mixing%20mechanisms%20in%20a%20subtropical%20reservoir.docx%23_ENREF_52


Appendix I 

49 

 

 Figure 1: Bathymetric map of Passaúna Reservoir with colors representing water depth in meter (Sotiri et al. 
2019). Passaúna River enters the reservoir in the North through a shallow forebay (Buffer). The intake location of the 
water treatment plant and the locations of monitoring and weather stations are marked by symbols.  

According to the Environmental Protection Agency of Paraná (Fonseca Xavier et al. 

2017), the reservoir is classified as oligotrophic to moderately degraded, based on monitoring 

data from 1999 to 2013. 

Methods 

Data collection and processing 

The measurements for this study were made between February 2018 and February 2019. 

The locations of the sampling sites are marked on the map shown in Figure .  
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Temperature ² Inflow temperature in Passaúna River was recorded by a combined 

temperature oxygen sensor (miniDOT, Precision Measurement Engineering, Inc) at a sampling 

interval of 15 min, accuracy of ± 0.1 °C and resolution of 0.01 °C. At the boundary between the 

Buffer region and the main reservoir (Ferraria Bridge) water temperature was measured by a 

thermistor logger (Minilog-II-T, Vemco) with a sampling interval of 1 min, precision of ± 0.1ºC and 

0.01ºC resolution. This logger was lost and its last record was on 12 Aug 2018. Eleven 

temperature loggers of the same type were deployed as a vertical chain nearby the intake station, 

at a mean water depth of 12 m. The vertical spacing of the loggers was 1 m starting with the first 

logger at 1 m above the bed. The chain was deployed with a subsurface up-drift buoy located 11 

m above the bed. Therefore, the thermistors measured at fixed distances above the bottom when 

the water level was larger than 11 m, and at fixed distances below the surface at lower water 

levels. Additional temperature profiles were measured at monthly intervals at five locations along 

the main axis of the reservoir (Figure ) with a CTD (Conductivity-Temperature-Depth profiler, 

Sontek Cast-Away). Sampling took place in February, April, May, June, August, November and 

December 2018, and in February 2019. 

Dissolved oxygen concentration ² In addition to the oxygen sensor in the Passaúna River, 

two optical oxygen sensors (miniDOT, Precision Measurement Engineering, Inc) were deployed 

together with the second-lowest thermistor (2 m above the bed) and with the uppermost 

thermistor (between the water surface and around 1 m depth, depending on water level). They 

measured at a sampling interval of 5 min, with a resolution of 0.01 mg Lī1 and an accuracy of ± 

0.3 mg Lī1. The sensors were cleaned during the monthly sampling campaigns.  

Flow velocity - Nearby the thermistor chain (< 50 m distance), an upward-looking acoustic 

Doppler current profiler (ADCP Signature 1000, Nortek AS) was deployed at the bottom of the 

reservoir (approximately 12 m water depth). The instrument configuration was modified during 

the sampling period to improve the data quality and to have better usage of batteries according 

to the maintenance schedule (deployment configurations are summarized in Table SI 1). All types 

of measurement started around 0.60 m above the bed, including frame height and the blanking 

distance above the instrument. Vertical profiles of the mean three-dimensional flow velocity were 

measured along four inclined beams up to a depth of 1.5 m below the water surface and with 

spatial and temporal resolution of 0.5 m and 5 or 10 min, respectively. High-resolution profiles of 

the vertical flow velocity, including turbulent velocity fluctuations, were measured along a 

vertically oriented beam. The maximum range of these measurements varied between 5.62 and 



Appendix I 

51 

8.20 m above the bed, with a vertical resolution of 2 to 4 cm and a sampling frequency of 1 or 4 

Hz (Table SI 1).  

In addition to flow velocity, the ADCP recorded profiles of acoustic echo intensity along 

its vertical beam. The measurements were made using the instrument®s echo sounder mode and 

resolved the entire water column with a vertical resolution of 1.2 cm and a sampling frequency of 

1or 4 Hz.  

Initial ADCP data processing was conducted using a commercial software provided by 

the manufacturer (Ocean Contour, Nortek AS). The velocity processing included bin mapping, 

removal of unreliable data near the water surface (side lobe interference), thresholds for minimum 

signal correlation as well as for minimum and maximum signal amplitudes. Echo amplitude was 

converted into volume backscatter strength using corrections for speed of sound and the two-

way transmission loss along the beam. In addition to quality screening, spike removal was applied 

to the high resolution data of vertical velocities using the method of Goring and Nikora (2002) 

with adaptions following the suggestions of Wahl (2003).  

Reservoir operation and water level - From the built-in pressure sensor of the ADCP, the 

water level was derived by assuming a constant density of water, and by taking ADCP frame 

height into account. Water abstraction rates at the intake station, as well as water level and 

volumetric outflows at the dam (spillway and bottom outlet) were provided by the reservoir 

operator (SANEPAR, Sanitation Company of Paraná).  

Meteorological conditions ² We used measurements of air temperature, wind speed, 

shortwave radiation, humidity and air pressure from two different weather stations. For the period 

February to May 2018 we used data from the Solarimetric station operated within the Smart 

Energy project at the Technology Institute of Paraná (TECPAR), which is located 4 km east of the 

reservoir. Measurements were recorded with a temporal resolution of 1 min, which we 

subsequently averaged over 10 min. In May 2018, SANEPAR installed a weather station directly 

at the dam and its data was used instead of the TECPAR station, as it is closer to the reservoir. 

The dam station provided data in 10 min intervals. 

Surface heat balance ² Estimations were made following Imboden and Wüest (1995): 

HELWLWSWS outinnet +--+=           (1) 

where S is the surface heat flux, SWnet is the net shortwave radiation, LWin is the incoming 

longwave radiation from the atmosphere, LWout is the outgoing longwave radiation from the water 

surface, E is the latent heat flux and H is the sensible heat flux, all fluxes in W mī2. 
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Mixing and stratification indices ² Buoyancy frequency (N), Schmidt Stability (ST), Lake 

number (LN), thermocline depth and Upper Mixed Layer (UML) thickness were calculated, using 

Lake Analyzer (Read et al. 2011).  

The mixed layer Richardson number (
UMLRi ) was computed using equation 2:  

2
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UML=                  (2) 

g' (m sī2) is the reduced gravity due to density differences, ( )hehgg rrr--='  where 

Ƹh and Ƹe are the water densities (kg mī3) in the hypolimnion and in the epilimnion, respectively. 

ze (m) is the UML depth and u* (m sī1) is water friction velocity due to wind stress.  

To analyze the stability of shear flows in high-frequency internal wave motions, the 

gradient Richardson number (Rigrad) was calculated at a temporal resolution of 5 min: 
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where u is the longitudinal and v is the transversal horizontal velocity in (m sī1), 

corresponding to the North and East velocity components.  

Classification of thermal stratification ² To account for seasonal changes of hydrodynamic 

processes, we compared statistical properties of measured and estimated parameters according 

to the thermal regime, which we classified as mixed or stratified. As there is no standard method 

for this classification, we tested threshold methods for several parameters. For our data, the most 

suitable was the daily averaged Schmidt Stability, calculated with the data from the thermistor 

chain. We chose a threshold of 10% of the maximum value of the daily averaged Schmidt stability 

to distinguish between mixed and stratified conditions, i.e. days with ST lower than 16.2 J mī2 

were considered as mixed, or otherwise stratified. A threshold in Schmidt stability was chosen 

instead of the temperature difference between surface and bottom as its performance for 

classifying mixed and stratified periods provided the best agreement with observed differences in 

oxygen concentration between surface and bottom water. Stratified periods coincided with large 

(> 1.6 mg Lī1) differences in oxygen concentrations. Right after or before a mixing event, oxygen 

differences were more variable with standard deviations around 1.8 mg Lī1 for bin classes of ST 

of 10 J mī2, while at higher thermal stability, the standard deviation was lower than 1 mg Lī1 

(Figure SI 1). According to this classification, weak thermal stratification can persist also during 

the mixed periods.  
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Dissipation rates - Dissipation rates of turbulent kinetic energy (Ƭ) were estimated from 

high-resolution profiles of vertical velocity fluctuations using the structure function method (Wiles 

et al. 2006; Guerra and Thomson 2017). The maximum along-beam distance over which the 

structure function was applied was chosen as the integral length scale of turbulent eddies. The 

integral length scale was obtained as the product of the integral time scale and the mean 

horizontal velocity calculated for each 10 min interval. The integral time scale of turbulence was 

determined by numerical integration of the velocity autocorrelation function from zero lag up to 

the lag distance at which the autocorrelation becomes zero or negative (Kundu and Cohen 2010). 

The temporal resolution of the dissipation rate estimates was 10 min. Fitting results with negative 

coefficients and with decreasing velocity variance for increasing separation distance were 

discarded. The first deployment configuration of the ADCP (from 23 Feb 2018 until 15 Mar 2018) 

was not favorable for resolving turbulent velocity fluctuations and many dissipation rate estimates 

had to be rejected. Therefore, we excluded the dissipation rates from this deployment. 

High frequency internal waves ² Amplitudes of high-frequency internal waves were 

characterized using band-pass filtered vertical velocity time series (high-resolution vertical 

velocities). Filter cut-off frequencies were chosen corresponding to periods of 1.5 and 18 min, 

respectively. Wave amplitudes were calculated as root-mean-square fluctuations of the filtered 

vertical velocities for 1 h periods and for each vertical measurement location. For further 

investigation, wave events were chosen through visual inspection of the vertical velocity time 

series, and selected when they included at least five consecutive wave cycles with peak values 

exceeding ± 0.5 cm sī1. We analyzed 20 wave events during the mixed period and 45 events 

during stratification (Table SI 2 and Table SI 3). The kinetic energy of the waves was estimated 

as the integral of the log averaged velocity spectra of each wave event between  5×10ī4 to 5×10ī3 

Hz during mixed and 1×10ī3 to 1×10ī2 Hz during stratified conditions; these ranges comprehend 

the observed wave peaks. 

Results 

Meteorological and hydrological forcing 

Monthly mean air temperature varied between 14.2 ± 4.5 °C (mean ± standard deviation) 

in August 2018 and 23.7 ± 3.7 °C in January 2019. Typical amplitudes of diel air temperature 

variations were 10 °C throughout the entire year, except for periods of strong decline of air 

temperature (e.g., middle of April, beginning of August and October, and February 2019 - Figure 

2). Monthly averaged wind speed showed no pronounced seasonal pattern and varied from 1.3 
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± 0.7 m sī1 in January 2019 to 2.0 ± 0.9 m sī1 in November 2018. Major wind speeds exceeding 

8 m sī1 occurred in June and in August (Figure 2). The water level in the reservoir varied by less 

than 1.5 m throughout the year with a maximum level at the beginning of March, when the water 

depth at the monitoring station was 12.4 m. From April to January, the water level decreased to 

10.9 m in January 2019. There was no spillway overflow after May 2018, but the intake kept a 

mean abstraction rate of 1.7 ± 0.3 m3 sī1. The discharge of the main inflow (Passaúna River) was 

1.8 ± 1.4 m3 sī1 on average. The averaged hydraulic residence time during the monitoring period 

was 325 days. 

Thermal Stratification 

Water temperature near the intake station followed closely the seasonal cycle of air 

temperature with maximum monthly mean temperatures of 27.5 ± 1.3 °C at the surface and 21.9 

± 0.2 °C at the bottom in February 2019. Minimum values of water temperature were observed 

in August 2018, 17.2 ± 0.6 and 16.5 ± 0.2 °C, at surface and bottom, respectively (Figure 2c).  

The average Schmidt stability was 47 J mī2, but it varied tenfold throughout the year, with 

a minimum monthly averaged value in June 2018 (9.5 ± 9.3 J mī2) and a maximum of 122.8 ± 

18.5 J mī2 in January 2019 (Figure 2d). Based on our threshold, 95 out of 343 days were 

classified as mixed (ST < 16.2 J mī2). The reservoir was continuously stratified before April and 

after October 2018, while alternating periods of mixed and stratified conditions occurred during 

autumn and winter (Figure 2). 

The break-up of thermal stratification was mainly promoted by negative surface heat 

fluxes (heat loss from the water), in combination with wind speeds above the average (Figure 2b). 

The first mixing event in the middle of April marked the beginning of the mixed season, when 

frequent mixing events took place, though there were intermittent periods of weak stratification 

throughout this period. During the mixed season, thermal stratification was re-established due to 

positive surface heat flux, but in some cases also due to decreasing water temperature at the 

bottom of the reservoir. Cooling of the bottom water is an indication of the presence of lateral, 

density-driven currents. For example on 21 Apr 2018, approximately three days after the first 

autumn overturn (Figure SI 2), the water temperature measured at the reservoir entrance 

(Ferraria Bridge) was up to 3 °C lower than the water temperature measured by the thermistor 

chain at the bottom of the reservoir. Within five subsequent days of bottom-water cooling, the 

Schmidt stability increased from 8.4 J mī2 (mixed) to 30 J mī2 (stratified). Without cooling at the 
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reservoir bottom, the Schmidt stability would have increased to 23 J mī2 during the same period, 

due to warming of the upper part of the water column.   

Thermal stratification is closely linked to vertical gradients in concentrations of dissolved 

substances.  Measured dissolved oxygen concentration in the bottom water and its temporal 

dynamics differed between periods classified as mixed and as stratified. During stratified 

conditions, the average oxygen concentration at the bottom of the reservoir was 1.7 ± 1.9 mg 

Lī1, which is in the range of hypoxia. During mixed periods, the bottom concentration was on 

average 5.3 ± 1.7 mg Lī1. During stratification, the oxygen concentration consistently decreased 

at an average rate of 0.3 mg Lī1 dayī1. Each transition from stratified to mixed conditions was 

accompanied by a sudden increase in oxygen concentration at the bottom (Figure 2d).  

The Lake Number describes the dynamic response of stratified water bodies to wind 

forcing. Approaching periods classified as mixed, LN fell to values close to unity, indicating that 

wind forcing could easily promote a complete vertical mixing. Throughout the mixed period LN 

was always < 5 and commonly < 1. Although LN is undefined in the absence of stratification, it is 

presented for the whole period since weak stratification was observed during the mixed periods 

(with temperature differences between surface and bottom lower than 1.1°C and maximum ST of 

14.1 J mī2). During summer, the stratification was strong, thus LN was consistently higher than 

10 and most stable conditions were observed in January 2019. On average, LN was 11.9 ± 15.3 

during stratified conditions. During strong wind events in October and November, LN occasionally 

dropped to values near unity (Figure 2). Although these periods were classified as stratified, 

dissolved oxygen concentration at the bottom increased during these events. Nevertheless, 

persistent differences between oxygen concentration at the bottom and the surface during these 

events suggest that the water column was only partially mixed.     
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 Figure 2: Time series of measurements and derived quantities: (a) 10 min averaged wind speed. (b) Daily 
averaged net heat flux at the water surface. (c) Water temperature (1 min resolution). (d) Daily averaged Schmidt 
stability (ST). (e) Dissolved oxygen concentration (DO) measured near the surface (black line) and at the bottom (blue 
line). (f) Daily averaged Lake Number (LN, solid line). The dotted horizontal line indicates LN =1. Grey background marks 
periods classified as mixed, while periods classified as stratified have white background. 

Monthly averaged temperature profiles did not feature well-defined layers of epilimnion, 

metalimnion and hypolimnion. Water temperature varied rather continuously and smoothly over 

depth (Figure 3). The absence of a persistent maximum of the buoyancy frequency marking the 

base of a seasonal mixed layer, i.e. a seasonal thermocline, is remarkable. Instead, the depth of 

the maximum buoyancy frequency (Nmax) fluctuated along the total depth during the mixed season 

and within the upper mixed layer during stratified conditions. The upper mixed layer was strongly 

affected by diurnal heating and its thickness showed large diel variations. The upper mixed layer 

temperature varied on average by 0.98 ± 0.63°C within 24 h, while the Schmidt stability changed 

on average by 32% over the day.  
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Figure 3: Monthly averaged temperature profiles measured near the water intake. Solid black lines are mean 
values of temperature and the standard deviation is marked by the gray shaded area. Dashed-dotted lines mark the 
mean depth of the upper mixed layer (UML), and the dotted lines its standard deviation. Labels in the upper part of 
each panel provide the monthly averaged value of the maximum buoyancy frequency (Nmax) ± standard deviation. Text 
labels in the lower part provide the mean difference of dissolved oxygen concentration between surface and bottom 
(ƌDO ± standard deviation). 

Flow paths of the river inflow  

The observations of thermal stratification and temperature profiles described above were 

undertaken at a deep reservoir location (7 km downstream the main inflow, and 4 km upstream 

the dam, Figure 1). In the following, we analyze longitudinal variations in water temperature. The 

temperature of the inflowing water from the Passaúna River was strongly affected by the shallow 

forebay region (Buffer). Water temperature measured at the transition from the Buffer to the main 

reservoir (Ferraria Bridge) was consistently higher than the temperature measured in the 

Passaúna River (Figure SI 3). Due to data logger loss, temperature measurements at Ferraria 

Bridge are only available for the period March to August 2018. During this period, the daily mean 

temperature difference between both sampling locations varied between 0.30 ± 0.42 °C on June 

8th and 6.33 ± 0.90 °C on March 12th (daily mean ± standard deviation). In comparison to the 

water temperature observed at the intake station, water temperature at Ferraria Bridge was more 

variable at seasonal as well as at diel time scales.  
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We analyzed the path of inflowing water into the main reservoir by comparing the inflow 

temperature at Ferraria Bridge with the surface and bottom temperature at the monitoring site in 

the main reservoir. We consider the water temperature observed at Ferraria Bridge as the inflow 

temperature into the main reservoir. Under consideration of the accuracy of the temperature 

loggers, we classified the inflow condition as an overflow, if the inflow temperature was exceeding 

the water surface temperature in the reservoir by 0.2 °C (Figure SI 4b).  Similar, we expect an 

underflow, if the inflow temperature was at least 0.2 °C cooler than the bottom water temperature 

in the reservoir (Figure SI 4a). All remaining situations are considered as interflow.  Underflow 

and interflow were the most frequent flow paths and accounted for 42% and 45% of all 

observations, respectively. Flow paths often varied within one day (Figure 4a), owing to the large 

amplitude of diel variation of water temperature in the forebay (~ 2 °C). At night, water 

temperature in the forebay frequently decreased to values lower than the bottom temperature in 

the reservoir and increased to values exceeding surface water temperature in the afternoon. 

Persistent underflow conditions mainly occurred during mixed periods, while for the flow paths 

during stratified periods flows paths depended on the season. Before the long mixed period over 

and inter flow were predominant. After the mixing season, combinations of interflow and 

underflow were more common. From March to August, 35 out of 164 days featured all three flow 

paths, 21 of them during stratified periods. 

To explore the importance of the forebay region for the path of the inflowing water into 

the main reservoir, we repeated the above analysis for the hypothetical case that the Passaúna 

River would flow directly into the main reservoir, without passing through the forebay. 

Consequently, we used observed river water temperature (upstream of the Buffer) instead of 

inflow temperature at Ferraria Bridge. Water temperature in Passaúna River was consistently 

colder, causing the complete absence of overflows (Figure 4b). In addition, the relative 

occurrence of interflow was reduced, while underflow increased from 42 to 95 % for the period 

March to August 2018. From September to March, interflow was the most frequent flow path. 

During a complete annual cycle, underflows would persist for 76 % of the time and interflow could 

be expected for the remaining 24 % of the year.   
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Figure 4: Stacked bar graphs showing the relative frequency of occurrence of different inflow characteristics 
(flow paths) of the Passaúna River into the main reservoir on a daily basis. (a) Based on observed temperature at 
Ferraria Bridge (due to the loss of the temperature logger used in this analysis the data ends on 12 Aug 2018). (b) 
Simulations based on river water temperature measured upstream of the forebay. Data are presented as daily averages 
of the relative contribution of different flow paths. Square symbols above both panels mark time periods classified as 
mixed.  

Flow conditions 

The mean flow speed (velocity magnitude averaged over depth and time) was around 2 

cm sī1 during low-flow conditions, with frequent events exceeding 4 cm sī1 and sporadic periods 

of velocities up to 10 cm sī1 (Figure 5). We used a threshold of 3.5 cm sī1 (corresponding to the 

90th percentile of all measurements) to identify the occurrence of currents (enhanced flow 

velocity). Currents were more frequent during stratified than during mixed periods, representing 

12% and 6% of the respective periods.  
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Figure 5: (a) Time series of wind speed for a mixed period. (b) Temporally averaged horizontal velocities in 
south to north direction in m sī1 with temporal resolution of 5 min. The white line marks the thermocline depth. (c) Time 
averaged temperature profile for the same time period as in panel (a) and (b), the gray background color marks the 
standard deviation. (d) Time series of wind speed during a stratified period. (e) Temporally averaged horizontal north 
velocities, with the same spatial and temporal resolution as for the mixed period, white line is the thermocline depth. (f) 
Averaged temperature profile for the time period in panel (d) and (e), the gray background color indicates the standard 
deviation.    

The mean magnitude of the currents during stratified conditions was 4.7 ± 1.2 cm sī1 in 

the bottom layer (lower half of the water column) and 4.9 ± 1.4 cm sī1 in the upper water layer 

(upper half of the water column). During mixed periods, the mean magnitude of the currents was 

4.3 ± 0.7 cm sī1 for bottom and 4.5 ± 0.9 cm sī1 at the surface (Figure SI 5a and 5e). Despite the 

small differences, a Wilcoxon rank sum test suggested a significant difference of both surface and 

bottom currents between mixed and stratified conditions (p-value < 0.001). Since one of the main 

forces generating currents is wind, the data were subdivided according to the thermal regime 

(mixed or stratified) and different wind speed categories. The wind speed was averaged over 6 h 

and classified as weak (Ò 1.25 m sī1), moderate (> 1.25 m sī1 and Ò 2.5 m sī1) or strong (> 2.5 
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m sī1). Wilcoxon rank sum test was applied to each pair of thermal regime for the same depth 

range and same wind classification. All six classifications showed significantly (p-value < 0.001) 

smaller currents during mixed conditions.  

The short-term dynamics of currents in response to wind revealed that currents were 

directly driven by wind stress at the water surface, or by a reversed return flow after the wind 

ceased. For both, mixed and stratified periods, flows were characterized by opposing flow 

direction between two density layers (Figure 5b and 5e). The return flow was most likely driven 

by horizontal pressure gradients resulting from longitudinal tilting of the vertical density structure. 

The motion did not evolve into persistent internal seiches and flow velocities decreased rapidly 

after the wind has ceased.  

We used the mixed-layer Richardson number to compare the observed response of the 

stratified reservoir to wind shear at the water surface following the classification proposed by 

Spigel and Imberger (1980). For 77% of the monitoring period pronounced seiches are expected 

to be excited by wind and to form billows at the thermocline, which have minor effects on the 

density structure, while most of the energy input is dissipated in the surface mixed layer (Regime 

3). This condition occurred mainly during stratified periods. During the mixed period, the 

classification indicates rapid mixing by wind shear, which causes rapid erosion of vertical density 

gradients (Regime 1, 16.5% of the monitoring period). In the remaining time (6.5%), Regime 2 

was observed during both mixed and stratified conditions, which is characterized by the presence 

of Kelvin Helmholtz billows due to the shear stress that can provoke significant interface 

displacements. In this case, the deepening of the thermocline is induced by the shear and 

upwelling of the thermocline to the water surface at the upwind end of the reservoir may occur 

(Figure SI 6). 

High frequency internal waves 

The high-resolution measurements of vertical flow velocities revealed the ubiquitous 

presence of periodic flow variations with periods between 2 and 17 min (Figure 6). Analysis of 

band-pass filtered velocity time series for selected periods (Table SI 2 and Table SI 3) showed 

that the frequencies of the oscillations were correlated with the buoyancy frequency (Figure 6c), 

suggesting that they are caused by internal waves. On average, wave frequencies were a factor 

of two smaller than the maximum buoyancy frequency, which describes the upper frequency limit 

for internal wave motion. Spectral analysis revealed the relevance of high-frequency internal 

waves for the temporal variability of flow velocity during both stratified and mixed condition.  Under 
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both thermal regimes, the largest share of spectral variance of vertical velocity was associated 

with internal wave motion. Spectral variance, as a measure of wave energy, increased with 

increasing distance from the bed. Compared to stratified conditions, internal waves during mixed 

conditions had longer periods (11.1 ± 3.5 min versus 5.1 ± 2.7 min), but comparable root mean 

square vertical velocity variations ((1.1 ± 0.6) × 10ī3 m sī1 versus (1.0 ± 0.5) × 10ī3 m sī1), and 

kinetic energy (spectral variance of vertical velocity: (2.9 ± 2.7) × 10ī6 J kgī1 versus (2.1 ± 1.3) × 

10ī6 J kgī1). The vertical displacement caused by internal waves was estimated by dividing the 

root mean square amplitude of the vertical velocities by the respective wave frequency. The mean 

vertical displacement amplitude during mixed conditions (0.73 ± 0.52 m) was more than twice as 

high as the mean amplitude during stratified conditions (0.30 ± 0.21 m). During the wave events, 

the 5th percentile of the gradient Richardson number was 0.16 ± 0.10 during mixed and 0.50 ± 

0.35 during stratified conditions. 
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Figure 6: Characteristics of high-frequency internal waves. (a) High-resolution vertical flow velocities with 
temporal resolution of 1 s exemplifying an internal wave event (14 Jul 2018, wave #2 in Table SI 2). (b) Power spectral 
density of vertical velocity fluctuations observed during mixed (4 Aug 2018 1800 h to 2330 h, wave #9 in Table SI 2) 
and during stratified conditions (16 Jan 2019 1000 h to 2330 h, wave #41 in Table SI 3). (c) Maximum buoyancy 
frequency versus peak frequencies of internal waves for mixed (blue circles) and stratified (black triangles) conditions. 
The dashed line shows a 1:1 relationship and the solid lines is a linear regression according to the equation provided 
in the graph.   

Turbulence 

Dissipation rates of turbulent kinetic energy (Ƭ) for the entire period varied between 10ī10 

² 10ī9 W kgī1. During the strongest wind events, Ƭ increased to 10ī6 W kgī1 at the upper end of 

the high-resolution profile (~ 8 m above the bed), but those were sporadic events. Mean (log-

averaged) Ƭ during mixed conditions (7.2 × 10ī10 W kgī1) did not differ significantly from those 

observed during stratified conditions (5.2 × 10ī10 W kgī1). During both periods, Ƭ were nearly 

constant over the observed depth range (0.5 to 8 m above the bed), but decreased slightly 

towards the bed (Figure 7a). 

  

Figure 7: Vertical profiles of mean dissipation rates of turbulent kinetic energy (solid lines) and range of 
variability (filled area shows the 5th to 95th percentile): (a) Averaged over all measurements during mixed (blue) and 
during stratified (black) conditions. The peak at a range of 4 m above the bed can be an artifact of the bad data band 
in this region (see Fig. 7a). (b) Averaged over periods of low flow velocity (flow speed < 3.5 cm sī1) and over periods 
of enhanced flow (currents, flow speed > 3.5 cm sī1). (c) Mean dissipation rates during day (black: 0800 h to 1600 h) 
and during night (blue: 2000 h to 0400 h). 
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When mean horizontal velocities were large Ƭ was higher in the lower part of the water 

column and increased towards to bed (Figure 7b). Near to the bottom Ƭ was about one order of 

magnitude higher (2 × 10ī9 W kgī1) than during calm periods (3.3 × 10ī10 W kgī1).  

Most pronounced differences in Ƭ were found between day and night (Figure 7c). Log-

averaged Ƭ at night (from 2000 h to 0400 h: 1.0 × 10ī9 W kgī1) were consistently one order of 

magnitude larger than during daytime (0800 h to 1600 h: 2.7 × 10ī10 W kgī1).  The diel variation 

of turbulent Ƭ followed periodic changes in acoustic backscatter strength (Figure SI 7), although 

no significant correlation between dissipation rates and echo intensity was observed (Figure SI 

9). The regular appearance of high backscatter intensity during nighttime and lower values at 

daytime was observed at varying intensity during all seasons and suggests the presence of 

zooplankton performing diel vertical migration. To check if the velocity measurements or the 

applicability of the structure function approach for estimating dissipation rates were compromised 

by the presence of zooplankton, we visually compared observed and fitted structure functions 

(Figure SI 8). Under both conditions, observed velocity variations along the beam followed the 

expected structure function dependence on distance.  

Discussion  

Peculiarities of a subtropical reservoir 

Stratification  

Passaúna reservoir was continuously stratified during spring and summer, while frequent 

periods of mixing and episodic stratification were observed throughout autumn and winter. The 

mixing regime can be classified as discontinuous warm polymictic (Lewis Jr 1983), which is 

characterized by more than one mixing period throughout the year. According to Lewis Jr (1996), 

this regime can be considered as typical for tropical lakes with 3 ² 10 m mean depth. Passaúna 

is located slightly south of the Tropic of Capricorn, therefore the temperature difference between 

surface and bottom was larger than in reservoirs of comparable size located at lower latitudes 

(Antenucci et al. 2012; Xing et al. 2014). Similar to an embayment of Lake Victoria (MacIntyre et 

al. 2002), these reservoirs were characterized by complete mixing and stratification on a daily 

basis (i.e. continuous warm polymictic), although the former observations did not cover a 

complete annual cycle. 

Despite the persistent seasonal stratification, a seasonal thermocline did not exist in 

Passaúna reservoir and the temporarily averaged temperature profiles had a nearly continuous 
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vertical gradient. Although the temperature difference between the reservoir surface and bottom 

was small in comparison to those typically observed in temperate lakes with a seasonal 

thermocline, the corresponding density difference and strength of stratification was of 

comparable magnitude, owing to the higher coefficient of thermal expansion of water at higher 

temperature. Therefore the maximum buoyancy frequency had values comparable to those found 

in the seasonal thermocline of temperate lakes (Boegman et al. 2003; Pernica and Wells 2012), 

although the depth at which the maximum occurred varied strongly in time. 

 The lack of a seasonal thermocline and the large amplitude of diel variations of near-

surface temperature rendered common metrics for estimating mixed layer depth and mixing 

status based on maximum buoyancy frequency, or based on temperature differences as 

problematic. Instead, we used a threshold value for the Schmidt stability corresponding to 10% 

of its seasonal maximum value for distinguishing between mixed and stratified conditions. Even 

though under mixed conditions there can be weak stratification, the criterion performed well in 

identifying periods of bottom water dissolved oxygen depletion and renewal. 

Flow Conditions and High Frequency Internal Waves 

Flow velocities were generally low and currents, i.e. flow speeds exceeding 3.5 cm sī1, 

were less frequent and had smaller magnitudes during mixed periods. These flows were mainly 

driven by wind, or were opposing return flows after the wind has ceased. Basin-scale internal 

wave oscillations after excitation by wind were not observed. This is in contrast to many lakes and 

reservoirs with a seasonal thermocline, and to predictions from the classification scheme 

proposed by Spigel and Imberger (1980). The absence of internal seiches can probably be 

attributed to the combination of weak wind and continuous stratification over depth. In addition, 

the rather complex shape and curvature of the reservoir could be a reason for the absence of 

internal seiches in Passaúna. However, Imam et al. (2020)  showed that under homogeneous 

wind, the fundamental mode of internal seiches can also be excited in multibasin reservoirs, while 

seiches in sub-basins are mainly generated by spatial heterogeneous winds. Thus, considering 

that all sub-basins of Passaúna Reservoir have similar orientation and assuming that wind 

direction was similar in all sections, we expected that the Lake Number could be suitable indicator 

for internal wave dynamics in our study.  

In contrast, high-frequency (propagating) internal waves were present during all seasons. 

In most of our observations, they were generated along shear layers, for instance at the interface 

between the opposing currents shown in Figure 5b and 5e, suggesting that they are generated 
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by Kelvin-Helmholtz instabilities (Thorpe et al. 1977; De Silva et al. 1996). Spectral analysis of 

our high-resolution velocity measurements revealed that most of the velocity variance in the 

reservoir interior was associated with high-frequency internal waves during both mixed and 

stratified conditions.  

Most longer-term observations of high-frequency internal waves have been conducted in 

temperate lakes with a seasonal thermocline and did not include measurements during mixed 

periods (Thorpe et al. 1996; Saggio and Imberger 1998; Antenucci and Imberger 2001). 

Measurements in the littoral zone of temperate Lake Constance showed that high-frequency 

internal wave activity was restricted to the stratified season (Lorke et al. 2006), with no detectable 

wave motion in winter, although the observations did not include the entire water column of the 

deep lake. The year-round internal wave activity in Passaúna reservoir can be explained by the 

comparably strong density stratification caused by small vertical variations of temperature in 

tropical and subtropical regions.  

Turbulence 

Average dissipation rates of turbulent kinetic energy did not differ between mixed and 

stratified conditions and were within the range of typical values reported for the interior of 

seasonally stratified, temperate lakes (Wüest and Lorke 2003). Ƭ did not increase towards the 

bed when horizontal velocities were smaller than 3.5 cm sī1, which represents 90% of the total 

measurement period. We consider the low Ƭ near the bed as an indication of flow laminarization 

in the bottom boundary layer at low flow velocity. When currents were present, turbulent bottom 

boundary layers developed, causing an intensification of Ƭ towards the bottom by bed shear. 

Since our measurements started ~ 50 cm above the bed, the turbulent boundary layer may have 

been compressed to a thin layer near-bed region at low flow conditions. 

When compared to the few reported measurements of Ƭ made in the tropics, the observed 

values are indeed small. In shallow lakes of the amazon flood plain (MacIntyre et al. 2019), where 

winds hardly exceed 2 m sī1 and turbulence was found to be mainly controlled by the heat flux at 

the water surface, Ƭ was low (2 × 10ī9 W kgī1), but still one order of magnitude larger than the 

mean Ƭ observed in Passaúna. However, our measurement range ended 3-4 m below the water 

surface and did not resolve the surface layer. 

Low Ƭ throughout the water column under both stratified and mixed conditions indicate 

weak vertical mixing, which complies with the rapid and persistent build-up of thermal 

stratification and associated decline in bottom-water dissolved oxygen concentration. An upper 
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bound of the vertical eddy diffusivity (Kz) can be estimated from simultaneous measurements of 

Ƭ and stratification by assuming a constant (maximum) mixing efficiency Ƌ, where ὑᾀ ɜ‐Ⱦὔς, 

and Ƌ = 0.2 as suggested by Osborn (1980). Although the continuing debate about the 

appropriate mixing efficiency, the value of 0.2 was supported in recent reviews (Gregg et al. 2018; 

Monismith et al. 2018). Hence, based on day and night averaged values of Ƭ, vertical eddy 

diffusivity in Passaúna reservoir can range from 3.1 × 10ī8 to 1.3 × 10ī7 W kgī1, which is lower 

than or comparable to the molecular diffusivity of heat and only one to two order of magnitude 

higher than molecular diffusivities of dissolved quantities, such as oxygen.  

Our observations suggest that shear instabilities and high-frequency internal waves may 

contribute to vertical mixing throughout the water column. Laboratory experiments suggest that 

stratified shear flows becomes unstable if the gradient Richardson number falls below a critical 

value of 0.25 (Miles 1961), which occurred in our observations more frequently during internal 

wave events. Laboratory experiments and observations from temperate lakes and reservoirs 

showed that these propagating internal waves dissipate most of their energy by shoaling at the 

sloping boundaries along the basin (Imberger and Ivey 1993; Boegman et al. 2005; Lorke 2007), 

thereby strongly contributing to basin-scale vertical mixing (MacIntyre et al. 1999; Gloor et al. 

2000; Wüest and Lorke 2003). Although our measurements did not resolve these boundary 

mixing processes, the ubiquitous nature of high-frequency internal waves during all seasons 

suggest, that they play an important role in controlling the weak vertical mixing in Passaúna 

reservoir.  

Our measurements did not allow for a conclusive explanation for the enhanced turbulence 

during nighttime. Because Ƭ were enhanced throughout the entire water column, also under 

conditions of strong thermal stratification, nighttime convective mixing can be ruled out as a 

potential forcing for the enhanced turbulence. Interestingly, in Valle de Bravo a tropical reservoir 

in Mexico, where turbulence is mainly driven by the wind at daytime,  average values of Ƭ are 

larger during the daytime, in the order of 10ī6 W kgī1and 10ī7 W kgī1 than at nighttime (Anis and 

Singhal 2006). Therefore, the coincidence with variations in acoustic backscatter strength, which 

was supposedly caused by migrating zooplankton, may suggest a strong contribution of 

swimming zooplankton to small-scale turbulence. However, no direct correlation between Ƭ and 

acoustic backscatter could be observed. We believe that the causes are low frequency variation 

of the backscatter strength in the long-term records and the likely presence of more than one 

species of zooplankton with different contributions to backscatter strength (Lorke et al. 2004). As 
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recently reviewed by Kunze (2019), the potential contribution of swimming zooplankton to vertical 

mixing in the ocean has been controversy discussed in the literature. Laboratory measurements 

with migrating freshwater zooplankton point toward negligible contribution to energy dissipation 

and vertical mixing in stratified lakes (Noss and Lorke 2014). Field measurements on the potential 

of vertical migrators to generate biomixing in lakes supported this conclusion (Simoncelli et al. 

2018), although observations are rare (Simoncelli et al. 2017).  

Role of the forebay on flowpaths 

The forebay region promoted heat exchange with the atmosphere more rapidly than the 

main reservoir, which affected the density-driven flow paths of the river into the reservoir. 

Forebays, or purposely constructed pre-dams, are features of many reservoirs. The effect of 

upstream located dams on the flow paths and stratification in downstream reservoirs has been 

studied for reservoir cascades at larger scales (Hocking and Stra¶kraba 1994; Wiejaczka et al. 

2018; Long et al. 2019). Smaller pre-dams and impoundments, like the forebay region studied 

here, received less attention, although they may have a similar or more significant impact on 

stratification and mixing than differential cooling from side arms observed in tropical lakes and 

reservoirs (Verburg et al. 2011; Yang et al. 2019).  

 At Passaúna Reservoir the particularly higher temperatures at Ferraria Bridge during 

spring and winter caused a frequent occurrence of overflows and interflows. The inflowing water 

affected the temperature stratification in the main reservoir mainly by adding cooler water to the 

bottom layer as underflows (as observed in middle April), which is an important process affecting 

vertical stratification in low latitude lakes (Lewis Jr 2000; Xing et al. 2014). It can be expected, 

that the inflow of warmer water as an overflow also contributed to vertical density stratification. 

However, the configuration of our measurements did not allow to quantify the corresponding 

increase in stability. With a mean horizontal flow speed of 2 cm sī1, the water travel time from 

Ferraria Bridge to the thermistor chain at the monitoring site was around four days. During that 

time, the surface temperature was affected by several heating and cooling cycles due to heat 

exchange with the atmosphere.  

Due to ongoing siltation of the forebay, a scenario has been analyzed in which the forebay 

was completely filled with sediment and the inflow enters the reservoir with river water 

temperature. Thus, the inflow would change to predominantly underflows. Lower bottom water 

temperature would promote stronger stratification and reduce the frequency and duration of 

mixing events in the reservoir. However, bottom water renewal may also reduce the duration of 
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anoxic periods. The flow paths of the river into the reservoir not only affect stratification, mixing 

and bottom-water oxygen concentration, it additionally can be relevant for algal growth, if the 

inflowing waters are a main source of nutrients for the reservoir. Overflows deliver nutrients to the 

photic zone and can be expected to promote algae blooms (Rueda et al. 2007), and also 

interflows followed by mixing with the upper mixed layer can increase primary production 

(MacIntyre et al. 2006).  

In our analysis of flow paths, we considered water temperature as the main factor 

influencing water density, therefore the effect of total solids was neglected. The maximum 

concentration of total solids during an extreme event was 0.16 g Lī1 and the dissolved part was 

0.14 g Lī1 during our sampling period (Oliveira et al. 2019). Density differences lower than 0.14 

g Lī1, which could lead to a wrong flow path classification, represented 14% of the observed 

situation with the forebay, and 11% of the simulated period. The consideration of total solids 

would increase the density of the inflow and the likelihood of underflows. As underflows were 

already the predominant flow paths in our simulations, we expect that the simulation results are 

not affected by neglecting the contribution of total solids to water density. 

Conclusions  

High-resolution measurements of an annual cycle of stratification, flow, and turbulence 

revealed detailed insights into the hydrodynamics of a subtropical reservoir classified as 

discontinuous warm polymictic. The thermal regime was characterized by persistent stratification 

from spring to summer, and alternating periods of mixing and stratification during winter. Density 

stratification was particularly stable, related to the strong temperature dependence of density at 

high water temperature.  

In addition to meteorological forcing, stratification was affected by lateral flows related to 

river inflow. The density-driven flow paths of the main river inflow were affected by the shallow 

forebay in the inflow region, a structure similar to widespread pre-dam areas. The forebay has a 

faster heat exchange than the rest of the reservoir, therefore, it strongly influenced the variation 

of the flow paths of the inflowing water and supposedly also on the thermal regime in the reservoir. 

Future research on the importance of such forebays and on the their potential in controlling mixing 

and water quality in the reservoir as engineering measures, should include more detailed 

experimental and numerical characterization of the density current propagation and dispersion.   

Currents in the reservoir were mainly driven by wind and basin-scale internal waves were 

absent, most likely because of continuous, rather than layered vertical stratification. Propagating, 
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high-frequency internal waves, in contrast, were present throughout all seasons. Turbulence and 

turbulent transport in the reservoir interior was weak. As a consequence, dissolved oxygen 

concentration near the bottom decreased rapidly even during shorter periods of stratification 

during the mixing season. Turbulence in the pelagic zone was possibly affected by migrating 

zooplankton.  

The observed hydrodynamic characteristics is potentially representative for a large 

number of small to medium sized lakes and for a growing number of reservoirs located in the 

tropical and subtropical zones. Future research should therefore aim at assessing the broader 

relevance as well as at gaining more detailed understanding of (i) the conditions that lead to the 

suppression of basin-scale internal waves, (ii) the generation mechanism of high frequency waves 

and their importance for boundary mixing processes, and (iii) the role of biogenic mixing in this 

type of aquatic system. As the two latter processes are not resolved in commonly applied 

numerical models, they potentially limit our capabilities to predict hydrodynamic conditions and 

water quality in tropical reservoirs. 
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