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Abstract

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 chlorophyill-
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,
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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 imnology studies to temperate regions and the boom of tropic reservoirs

Since the first studies about limnology, started by Frangois-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 Wuest, 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 10° km? 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 km? and volume ranging from 108 to

108 m® were 37% of their estimates.
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* Lakes
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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.

Maijor 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;
Maclntyre 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 (Sgndergaard 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 (Sgndergaard 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



Introduction

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.

density profile |°

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 Maclntyre, 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 (Maclntyre
etal., 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.

S

‘0

Catchment shading characteristics

&

- Remote sensing

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 )

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 (H7.7).
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 (~7.2and H7.5).

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 /)

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 (H7.3).

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 If)

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. 7, H2.2).

14
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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 (H3.7, H3.2and 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,
H1.2and H1.3).

Passauna Reservoir

Passauna reservoir is located between the latitudes 25.44° S and 25.54° S, it has an area of ~ 9
km?, volume of 60 x 108 m® 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 Passauna, 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 Parana state in Brazil. Right panel shows in blue line the Passauna River with its respective
catchment area in black line. Passalina 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 km? and mean depth of ~1 m?, 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 m® s™. The main inflow is Passauna River (75% of the total annual inflow),
followed by Ferraria River at latitude 25.47° S (average flow discharge of 0.15 m® s™), 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 m® s™) 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 /).

According to observations of the temperature profile at the intake region, the mixing
regime of Passaluna 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 /). 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 /). 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 /. 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).

17
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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 lll). 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 /V), 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 //), 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, H7.2 and H17.3 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 Ill), 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 /l/). The simulated scenarios
had not great differences in density current results, similar to what was observed with
temperatures. Thus, H7.2and H7.3 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 /), 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 A47.7. 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 /). 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 /). Passauna 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 Passauna 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 (> 16
°C) of Passauna 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 AH7.7. Although observed in all seasons, the HFIW had different frequencies and
amplitudes, but comparable kinetic energy (Appendix /).

Dissipation rates of turbulent kinetic energy (€) were estimated from continuous
measurements of vertical flow velocity in high resolution, hence, seasonal and diel patterns of €

were assessed, from 0.5 m above the bed until middle depths (Appendix /). 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 € also increased indicating the laminarization of the bottom
boundary layer. And at night-time, when € 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 €
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 Fernandez 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
Passauna 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 € presented by Simpson et al. (2021) depended on depth, while in Passauna
Reservoir € variations within one day were consistent in all depths where measurements were

performed, which also supports H7.7.

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 ~A7.2 and H7.3. 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 H7.2 and H7.3 are retained for thermal stratification. The temperature difference
between surface and bottom (AT) increased on average 0.5 °C for scenario (i), due to the cold
inflows along the bed, and scenario (ii) decrease AT in 0.2 °C (average calculated for AT 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 /V),
which complies with A/7.2and H7.3also 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 /), 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 /). 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 /). 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 /V). The 2D model, that
disregard the transversal dimension, had results closer to the observations with comparable
thermal stratification to the observations (Appendix ).

Therefore, vertical mixing processes had relevant differences along the longitudinal
dimension (supporting A2. 7). 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, H2.2is 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 /V), 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 /V). 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 A3. 7. 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 /V). 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-Junior et al., 2021), for
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Passauna 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 43.2, 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 #3.2. 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 /V). 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 /#3.3. Thus, it was common to observe
large concentrations of chl-a at depths below the euphotic zone in areas closer to the dam
(Appendix V). 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 Passauna 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 (Muller et al., 2012), although the reservoir ranges from oligo- to
mesotrophic (Fonseca Xavier et al., 2017). Passauna 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 (Sgndergaard et al.,
2003; Jane et al., 2021), the most available form of phosphorus for phytoplankton consumption.
Passauna Reservoir had the AHOD of 1.0 g of O, m™ day™’, 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 ~7.7. 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 (H7.2and H7.3),
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 AHZ. 7. 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
HZ2.2, 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 A3. 7 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 A3.2. 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 s™") 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 (107 — 10° W
kg™"). 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 Wuest

2002; Vorosmarty et al. 2003; Mendonca et al. 2017). Consequently, existing reservoirs suffer

from continuous reduction in storage volume (Wisser et al. 2013), poor water quality and harmful

46


file:///G:/Papers/01_Hydrodynamics/01_Review/Answer_Reviwers/R3_Hydrodynamics%20and%20mixing%20mechanisms%20in%20a%20subtropical%20reservoir.docx%23_ENREF_28
file:///G:/Papers/01_Hydrodynamics/01_Review/Answer_Reviwers/R3_Hydrodynamics%20and%20mixing%20mechanisms%20in%20a%20subtropical%20reservoir.docx%23_ENREF_72
file:///G:/Papers/01_Hydrodynamics/01_Review/Answer_Reviwers/R3_Hydrodynamics%20and%20mixing%20mechanisms%20in%20a%20subtropical%20reservoir.docx%23_ENREF_6
file:///G:/Papers/01_Hydrodynamics/01_Review/Answer_Reviwers/R3_Hydrodynamics%20and%20mixing%20mechanisms%20in%20a%20subtropical%20reservoir.docx%23_ENREF_15
file:///G:/Papers/01_Hydrodynamics/01_Review/Answer_Reviwers/R3_Hydrodynamics%20and%20mixing%20mechanisms%20in%20a%20subtropical%20reservoir.docx%23_ENREF_15
file:///G:/Papers/01_Hydrodynamics/01_Review/Answer_Reviwers/R3_Hydrodynamics%20and%20mixing%20mechanisms%20in%20a%20subtropical%20reservoir.docx%23_ENREF_61
file:///G:/Papers/01_Hydrodynamics/01_Review/Answer_Reviwers/R3_Hydrodynamics%20and%20mixing%20mechanisms%20in%20a%20subtropical%20reservoir.docx%23_ENREF_42
file:///G:/Papers/01_Hydrodynamics/01_Review/Answer_Reviwers/R3_Hydrodynamics%20and%20mixing%20mechanisms%20in%20a%20subtropical%20reservoir.docx%23_ENREF_66

Appendix |

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 (Fried|
and Wuest 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;

Wouest 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
Passauna Reservoir is a valley-shaped drinking water reservoir. It has a surface area of 9
km?, a volume of approximately 60 x 10° m?, 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 m®s™, it provides the water

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

(SANEPAR 2013). The Passauna 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 km? 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 ).
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Figure 1. Bathymetric map of Passauna Reservoir with colors representing water depth in meter (Sotiri et al.
2019). Passauna 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 Parand (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 — Inflow temperature in Passauna 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 + 0.1°C and
0.01°C 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— In addition to the oxygen sensor in the Passauna 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 L™"and an accuracy of +
0.3 mg L™". 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 Sl 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
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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 Parana).

Meteorological conditions — 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 Parana (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 — Estimations were made following Imboden and Wiest (1995):

S = SWg + LW, — LW, —E + H (1)

where Sis the surface heat flux, SW,eis the net shortwave radiation, LW, is the incoming
longwave radiation from the atmosphere, LW, is the outgoing longwave radiation from the water

surface, £is the latent heat flux and His the sensible heat flux, all fluxes in W m™.

51


file:///G:/Papers/01_Hydrodynamics/01_Review/Answer_Reviwers/R3_Hydrodynamics%20and%20mixing%20mechanisms%20in%20a%20subtropical%20reservoir.docx%23_ENREF_17
file:///G:/Papers/01_Hydrodynamics/01_Review/Answer_Reviwers/R3_Hydrodynamics%20and%20mixing%20mechanisms%20in%20a%20subtropical%20reservoir.docx%23_ENREF_62
file:///G:/Papers/01_Hydrodynamics/01_Review/Answer_Reviwers/R3_Hydrodynamics%20and%20mixing%20mechanisms%20in%20a%20subtropical%20reservoir.docx%23_ENREF_25

Appendix |

Mixing and stratification indices — Buoyancy frequency (AN), Schmidt Stability (S7), Lake
number (Ly), thermocline depth and Upper Mixed Layer (UML) thickness were calculated, using
Lake Analyzer (Read et al. 2011).

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

UML )

) 'z
RIUML: % (2)

g'(m s7) is the reduced gravity due to density differences, g = —g(,oh — pe/ph) where
o and o, are the water densities (kg m™) in the hypolimnion and in the epilimnion, respectively.
Z. (m) is the UML depth and v-(m s7") 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 (R,.) was calculated at a temporal resolution of 5 min:
. N°
ngrad = 2 2
(6u/éz) +(ov/oz)

where v is the longitudinal and v is the transversal horizontal velocity in (m s™),

)

corresponding to the North and East velocity components.

Classification of thermal stratification— 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 Srlower than 16.2 J m™
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 L™") differences in oxygen concentrations. Right after or before a mixing event, oxygen
differences were more variable with standard deviations around 1.8 mg L™" for bin classes of Sr
of 10 J m™, while at higher thermal stability, the standard deviation was lower than 1 mg L™
(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 (&) 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 — 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 s™'. We analyzed 20 wave events during the mixed period and 45 events
during stratification (Table S| 2 and Table Sl 3). The kinetic energy of the waves was estimated
as the integral of the log averaged velocity spectra of each wave event between 5x107*to 5x107°
Hz during mixed and 1x1072 to 1x1072Hz 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 ms™"in January 2019 t0 2.0 + 0.9 m s™" in November 2018. Major wind speeds exceeding
8 m s~ 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 m*®s™. The discharge of the main inflow (Passauna River) was
1.8 + 1.4 m3s™"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 m™, but it varied tenfold throughout the year, with
a minimum monthly averaged value in June 2018 (9.5 + 9.3 J m™) and a maximum of 122.8 +
18.5 J m™ in January 2019 (Figure 2d). Based on our threshold, 95 out of 343 days were
classified as mixed (Sr< 16.2 J m™). 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 S| 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 m™ (mixed) to 30 J m™ (stratified). Without cooling at the

54



Appendix |

reservoir bottom, the Schmidt stability would have increased to 23 J m™ 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
L™", which is in the range of hypoxia. During mixed periods, the bottom concentration was on
average 5.3 + 1.7 mg L™". During stratification, the oxygen concentration consistently decreased
at an average rate of 0.3 mg L™ day™". 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, Ly fell to values close to unity, indicating that
wind forcing could easily promote a complete vertical mixing. Throughout the mixed period Ly
was always < 5 and commonly < 1. Although Ly 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 Srof
14.1 J m™). During summer, the stratification was strong, thus Ly was consistently higher than
10 and most stable conditions were observed in January 2019. On average, Lywas 11.9 + 15.3
during stratified conditions. During strong wind events in October and November, £y 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 bottomn (blue
line). (f) Daily averaged Lake Number (Ln, solid line). The dotted horizontal line indicates L.n =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 (N 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
(ADO + 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 Passauna 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
Passauna River (Figure Sl 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
8" and 6.33 + 0.90 °C on March 12" (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 Sl 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 Sl 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 Passauna
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 Passauna 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 Passauna 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 s~ during low-flow conditions, with frequent events exceeding 4 cm s~ and sporadic periods
of velocities up to 10 cm s™" (Figure 5). We used a threshold of 3.5 cm s~ (corresponding to the
90" 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 s~ with temporal resolution of 5 min. The white line marks the thermociine depth. (c) Time
averaged temperature profile for the same time period as in panel (a) and (b), the gray background color marks the
stanaard 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. (1)
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 s™" in
the bottom layer (lower half of the water column) and 4.9 + 1.4 cm s™" 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 cms™" for bottom and 4.5 + 0.9 cm s™" at the surface (Figure S| 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 (< 1.25 m s™"), moderate (> 1.25 m s™" and < 2.5 m s™") or strong (> 2.5
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m s™"). 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 6¢),
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) x 10 m s™" versus (1.0 + 0.5) x 10 m s™"), and
kinetic energy (spectral variance of vertical velocity: (2.9 + 2.7) x 107° J kg™ versus (2.1 + 1.3) x
107% J kg™"). 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 5" 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 S 2). (b) Power spectral
density of vertical velocity fluctuations observed during mixed (4 Aug 2018 1800 h to 2330 h, wave #9 in Table S/ 2)
and auring stratified conditions (16 Jan 2019 1000 h to 2330 h, wave #4171 in Table S/ 3). (c) Maximum buoyancy
frequency versus peak frequencies of internal waves for mixed (blue circles) and stratified (black triangles) conditions.
The aashed 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 (¢) for the entire period varied between 107°
- 107 W kg™". During the strongest wind events, ¢increased to 107 W kg™ at the upper end of
the high-resolution profile (~ 8 m above the bed), but those were sporadic events. Mean (log-
averaged) ¢ during mixed conditions (7.2 x 107" W kg™") did not differ significantly from those
observed during stratified conditions (5.2 x 107"® W kg™). During both periods, & were nearly
constant over the observed depth range (0.5 to 8 m above the bed), but decreased slightly

towards the bed (Figure 7a).
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Figure 7: Vertical profiles of mean dissjpation rates of turbulent kinetic energy (solid lines) and range of
variability (filled area shows the 5" to 95" percentile): (a) Averaged over all measurements during mixed (blue) and
during stratified (black) condiitions. 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 s™') and over periods
of enhanced flow (currents, flow speed > 3.5 cm s™). (¢) Mean dlissipation 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 € was higher in the lower part of the water
column and increased towards to bed (Figure 7b). Near to the bottom ¢ was about one order of
magnitude higher (2 x 10™° W kg™") than during calm periods (3.3 x 107" W kg™).

Most pronounced differences in € were found between day and night (Figure 7¢). Log-
averaged ¢ at night (from 2000 h to 0400 h: 1.0 x 107® W kg™") were consistently one order of
magnitude larger than during daytime (0800 h to 1600 h: 2.7 x 107'°W kg™"). The diel variation
of turbulent & followed periodic changes in acoustic backscatter strength (Figure Sl 7), although
no significant correlation between dissipation rates and echo intensity was observed (Figure Sl
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

Passauna 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 — 10 m mean depth. Passaulna
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 (Maclntyre 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

Passauna 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 s,
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 Passauna. 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 Passauna 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 Passauna 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 (Wuest and Lorke 2003). ¢ did not increase towards the

bed when horizontal velocities were smaller than 3.5 cm s™', which represents 90% of the total
measurement period. We consider the low € 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 ¢ 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 ¢ made in the tropics, the observed

values are indeed small. In shallow lakes of the amazon flood plain (Maclintyre et al. 2019), where

winds hardly exceed 2 m s™" and turbulence was found to be mainly controlled by the heat flux at
the water surface, € was low (2 x 107 W kg™), but still one order of magnitude larger than the
mean ¢ observed in Passauna. However, our measurement range ended 3-4 m below the water
surface and did not resolve the surface layer.

Low ¢ 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 (A-) can be estimated from simultaneous measurements of
£ and stratification by assuming a constant (maximum) mixing efficiency /; where K, = T'e/N?,

and / = 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 ¢, vertical eddy

diffusivity in Passauna reservoir can range from 3.1 x 10 to 1.3 x 107" W kg™, 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; Wuest 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 Passauna
reservoir.

Our measurements did not allow for a conclusive explanation for the enhanced turbulence
during nighttime. Because ¢ 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 ¢ are
larger during the daytime, in the order of 107°W kg~'and 107" W kg~'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 ¢ 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 Straskraba 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 Passauna 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 s™, 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
(Maclintyre 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 L™ and the dissolved part was

0.14 g L™" during our sampling period (Oliveira et al. 2019). Density differences lower than 0.14

g L™, 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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1 | INTRODUCTION

During the last two decades, dam construction has been increasing
and by considering the ongoing construction and planning of new

Ingo HaagZ® |

Julia Krumm? | Katharina Teltscher® |

Abstract

In thermally stratified reservairs, inflows form density currents according to the inter-
play between inflow temperature and reservoir stratification. The temperature of
inflowing water is affected by catchment properties, including shading by riparian
vegetation. We hypothesize that the degree of shading in the catchment can affect
the inflow dynamics in downstream reservoirs by changing inflow temperature and
consequently the nature of the density current. We test it for a subtropical drinking
water reservoir by combining catchment-scale hydrological and stream temperature
modeling with observations of reservoir stratification. We analyze the formation of
density currents, defined as under, inter and overflow, for scenarios with contrasting
shading conditions in the catchment. Inflow temperatures were simulated with the
distributed water-balance model LARSIM-WT, which integrates heat-balance and
water temperature. River temperature measurements and simulations are in good
agreement with a RMSE of 0.58°C. In simulations using the present state of shading,
underflows are the most frequent flow path, 63% of the annual period. During the
remaining time, river intrusion form interflows. In a scenario without stream shading,
average inflow temperature increased by 2.2°C. Thus, interflows were the most fre-
quent flow path (51%), followed by underflows (34%) and overflows (15%). With this
change, we would expect a degradation of reservoir water quality, as overflows pro-
mote longer periods of anoxia and nutrient loads would be delivered to the photic
zone, a potential trigger for algae blooms. This study revealed a potentially important,
yet unexplored aspect of catchment management for controlling reservoir water
quality.

KEYWORDS
density currents, reservoirs, riparian vegetation, stream shading, water quality

dams this trend is expected to continue (Zarfl, Lumsdon, Berlekamp,
Tydecks, & Tockner, 2014). The current boom of dam construction
documented by Zarfl et al. (2014) was based on estimates of hydro-

power dams only, additional dams are constructed for flood control
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and water storage for drinking water and irrigation (Grill et al., 2019;
Lehner et al., 2011). Dams disrupt natural hydrological, geological and
biogeochemical cycles (Friedl & Wilest, 2002; Poff, Olden, Merritt, &
Pepin, 2007; Vérosmarty et al., 2003). The consequences of river
damming for water quality and biodiversity have been intensively
assessed for downstream river reaches and river basins (Bunn &
Arthington, 2002; Vérésmarty et al., 2010), but also water quality in
the impounded water bodies is of great concern, as it potentially jeop-
ardizes their economic and societal values.

The efficient trapping of nutrients, including phosphorous and nitro-
gen (Akbarzadeh, Maavara, Slowinski, & Van Cappellen, 2019; Maavara
et al, 2015), in combination with prolonged water residence time and
the potential development of thermal stratification, promote eutrophica-
tion and harmful algae blooms in the impoundments (Winton, Calamita, &
Wehrli, 2019). Nutrient enrichment is the primary cause for eutrophica-
tion and the occurrence of harmful algae blooms, which nowadays are
the main problems related to water quality (Paerl & Otten, 2013;
Schindler, 2012; Smith & Schindler, 2009). The possible consequences
are the killing of fish due to the depletion of oxygen or the release of
toxins from algae and sediments, as well as increased concentration of
suspended and dissolved substances that affect odor and color. Such
degradation of water quality increases treatment costs (Dodds
et al., 2009; Pretty et al., 2003; Walker Jr, 1983).

In addition to climatic and geographic boundary conditions, reser-
voir water quality is controlled by the inflowing nutrient load and res-
ervoir hydrodynamics. In stratified reservoirs, inflows form density
currents that are classified according to their depth of intrusion:
underflows follow the reservoir bottom, overflows stay at the reser-
voir surface, and interflows enter at intermediate depths
(Wetzel, 2001). The type of density current depends on inflow tem-
perature and reservoir stratification and eventually controls the distri-
bution of the nutrient load in the reservoir and its availability for algae
growth (Ayala, Cortés, Fleenor, & Rueda, 2014; Rueda, Fleenor, & de
Vicente, 2007).

Water temperature of the inflowing streams depends on meteo-
rological and hydrological conditions (Caissie, 2006; B. W. Webb,
Hannah, Moore, Brown, & Nobilis, 2008). However, stream tempera-
ture is also affected by catchment properties, including shading by
riparian vegetation. In particular, stream water temperature has been
observed to increase following deforestation, or to decrease in
response to tree growth in many studies (see reviews in Beschta,
Bilby, Brown, Holtby, & Hofstra, 1987; D. R. Moore, Spittlehouse, &
Story, 2005). More recently, the impact of riparian vegetation on
stream water temperature has been studied using different empirical
and modeling approaches. These studies showed, that the magnitude
of temperature reduction due to riparian vegetation depends on many
different aspects, including vegetation density, vegetation height,
stream width, stream orientation, contribution of net shortwave radia-
tion to the overall energy budget, geographical latitude, solar angle
and many others (e.g., Dugdale, Malcolm, Kantola, & Hannah, 2018;
Garner, Malcolm, Sadler, & Hannah, 2014, 2017; Garner, Malcolm,
Sadler, Millar, & Hannah, 2015; Kalny et al, 2017; D. R. Moore
et al,, 2005; R. Moore, Leach, & Knudson, 2014; Regenauer, Haag, &

Aigner, 2019; Trimmel et al., 2018). In general, the effect of dense
riparian vegetation is most pronounced during times of high water
temperature, when the energy budget is dominated by short wave
radiation (e.g., Garner et al, 2014; Hannah, Malcolm, Soulsby, &
Youngson, 2008). It is thus well established that riparian vegetation
helps to reduce maximum stream water temperatures and thermal
variability. Consequently, shading is often considered in catchment
management and stream restoration efforts and is among the three
most important environmental state variables in assessments of
stream restoration success (Feld et al., 2011).

The effect of stream shading on inflow dynamics in downstream
reservoirs has not been studied. We hypothesize that the degree of
shading in the catchment can affect the inflow dynamics in down-
stream reservoirs by changing inflow temperature and consequently
the nature of the density current. As riparian stream shading is closely
related to land use in the catchment, this mechanism would constitute
an unexplored influence of catchment management on reservoir
water guality. Here we test this hypothesis for a tropical drinking
water reservoir. We combine catchment-scale hydrological and
stream temperature modeling with observations of reservoir stratifica-
tion and analyze the formation of density currents for scenarios with
contrasting shading conditions in the catchment. We further discuss
the potential implications of stream shading for reservoir water quality
and the broader relevance of the studied process.

2 | METHODS

2.1 | Studysite

Passalna reservoir is a drinking water reservoir in a tropical to sub-
25°30" and longitude:
49°22'), It produces around 1.8 m*® s~ of drinking water for parts of
the city of Curitiba and three neighboring cities (SANEPAR, 2013).
The reservoir has a maximum depth of 15 m, a surface area of 9 km?

tropical region in south Brazil (latitude:

and an approximate volume of 60 x 10° m? (Carneiro, Kelderman, &
Irvine, 2016). The catchment of the reservoir covers an area of
143 km? (Figure 1). Mean air temperature within the catchment was
approximately 18.7°C and mean vyearly precipitation approximately
1,650 mm (years 2009 through 2018). A relatively high proportion of
the catchment (44% for catchment of gauge Campo Largo) was cov-
ered by broad-leaved mainly evergreen forest (Figure 1). Passalina
River is the dominant inflow to the reservoir. It drains an area of
approx. 100 km? and delivers around 75% of total annual inflow to
the reservoir (Carneiro et al., 2016). Simulated mean annual discharge
at gauge Campo Largo (84 km?) reached approx. 2 m® s~! (2010
through 2018).

2.2 | Observational data

The investigation period of the present study covers 1 year from
March 2018 through February 2019. During that period, water

s
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FIGURE 1 Map of the catchment of Passalna reservoir, including
all stream segments and sub-catchments resolved by the model
(LARSIM). The locations of water temperature gauges, discharge
gauges, rain gauges and meteorological stations used in this study are
marked by symbols (see legend) [Color figure can be viewed at
wileyonlinelibrary.com)

temperature was monitored in the Passaina River and reservoir. At
Passatina River, water temperature was measured approximately 3 km
upstream of the reservoir inflow near the gauging station Campo
Largo using a temperature sensor (miniDOT, Precision Measurement
Engineering Inc.) with a temporal resolution of 15 min, an accuracy of
+0.1°C and a resolution of 0.01°C (Figure 1). In the reservoir, a vertical
thermistor chain with 11 temperature sensors (Minilog-1I-T, Vemco)
was deployed close to the intake station of the waterworks (Figure 1),
at a mean water depth of 12 m. The chain was fixed at the bottom
with the first logger being 1 m above the bed and all remaining sen-
sors were arranged with a fixed vertical spacing of 1 m. The sampling
interval was 1 min, precision and accuracy of the sensors was +0.1°C
and of 0.01°C, respectively.

Additional data for modeling discharge and river water tempera-
ture was provided by the Federal University of Parana (UFPR). Mea-
surements of mean daily discharge were available for four gauges
within the catchment (Figure 1). These discharge data were used to
calibrate and validate the water balance model over a period of sev-
eral years (see below; Krumm, Haag, & Wolf, 2019). To simulate dis-
charge and river water temperature during the period of investigation
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(March 2018 through February 2019) we used daily precipitation from
four rain gauges within the catchment along with additional measure-
ments of air temperature, global radiation, humidity and wind speed
from two meteorological stations west of the catchment (Figure 1).

2.3 | Integrated water balance and stream water
temperature modeling

2.3.1 | Model overview

River discharge and stream water temperature were modeled using
LARSIM-WT (Large Area Runoff SIMulation Model - Water Tempera-
ture - Haag & Luce, 2008). LARSIM is a process-oriented and spatially
distributed water balance model, which simulates all major aspects of
the terrestrial water cycle (LEG, 2019). LARSIM also includes an
optional water temperature module (WT), which simulates water tem-
perature throughout the complete river network on a physical basis
(Haag & Luce, 2008).

Heat transport within the river network was modeled using the
one-dimensional advection-dispersion equation. The local heat balance,
that is, the source-sink term in the advection-dispersion equation,
accounts for heat exchange with the atmosphere and at the river bed:

dWT_R5+RL+H5+HL+Hbed

dt cpspyh 1)

with WT denoting water temperature (°C), t time (s), cp,y the specific
heat capacity of water (Jkg °C1), pw water density (kgm 3),
h average water depth of the river reach (m), Rs net shortwave radia-
tion (W m~2), R, net longwave radiation (W m~2), Hs turbulent flux of
sensible heat (W m~2), H, turbulent flux of latent heat (W m~2) and
Hyeq the conductive heat flux at the riverbed (W m~2).

In general, the parametrization of the heat fluxes follows the
approach of Sinokrot and Stefan (1993) by using relationships, which
were originally derived for open water bodies. Applying these open
water body formulae to small rivers with riparian vegetation is a sim-
plification. Nonetheless, this simplified approach is well established
and validated in the scientific literature on river water temperature
modeling and it is commonly used to evaluate the effect of riparian
vegetation on river water temperature (e.g., Dugdale, Hannah, &
Malcolm, 2017; Garner et al., 2017; Haag & Luce, 2008; Sinokrot &
Stefan, 1993; Trimmel et al., 2018). All terms of the heat balance and
their parametrization in LARSIM-WT are described in detail in Haag
and Luce (2008). For that reason, we only briefly describe the fluxes,
which are influenced by riparian vegetation in the following. Net
shortwave radiation Rs at the water surface was calculated from mea-
sured incoming shortwave radiation Rgp, (W m~2) and the albedo of
the water surface. For the present study, albedo was assumed to be
constant at a value of 0.06. To account for shading by riparian vegeta-
tion, a shading factor fgaqe is used, where fq,qq4. = O corresponds to no
shading (i.e., a sky view factor of 1) and fiaqe = 1 for complete shad-
ing (i.e., a sky view factor of 0):
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Rs = (1~ fshade) (1 — albedo)Rgop (2)

The turbulent fluxes of latent heat H, and sensible heat H, were
simulated with an aerodynamic approach:

Hy = —pw LK\ (esarwt — Eair) (3)

P .
H;= —!’wLKL?’m (WT — Tair) (4)

with L denoting the latent heat of vaporization (J kg ~2), ecat s the sat-
uration vapor pressure (hPa) at the water surface with temperature
WT, e,i- the actual measured vapor pressure in the air (hPa), y the psy-
chometric constant at normal pressure (0.655 hPa °C~1, P the mea-
sured atmospheric pressure (hPa) and T, the measured air
temperature (“C). The aerodynamic coefficient for turbulent exchange
of water vapor K, (m s 1 hPa’i) was derived as a function of mea-
sured wind speed vyi,g (M s ) by the approach of Rimsha and Dons-
chemko (1958), which produces realistic results over a wide range of
environmental conditions. Within this formula, we accounted for the
effect of wind sheltering by riparian vegetation with a wind shield fac-
tor fuing, Where f,,q = O corresponds to no wind sheltering and
fwina = 1 corresponds complete wind sheltering:

,  0:211+0.103V, (1 Funa)
te 86.4 x 10°

(3)

Following commonly applied models in stream water temperature
modeling (e.g., Bogan, Mohseni, & Stefan, 2003; Bustillo, Moatar,
Ducharne, Thiéry, & Poirel, 2014; Sinokrot & Stefan, 1993), we
neglected the possible minor effect of stream shading on longwave
radiation in the present study. Mumerical analysis by Regenauer
et al. (2019) demonstrated that this effect is much less important than
the shading of shortwave radiation and the wind sheltering especially
for situations with high shortwave radiation and high air
temperatures.

24 | Application to the Passalna catchment
In LARSIM-WT, the catchment of Passalina reservoir was represented
by sub-catchments and their corresponding river reaches (Figure 1).
The sub-catchments and corresponding river reaches were delineated
based on a Digital Elevation Model and a digital river dataset. The
model was forced by measured data from nearby rain gauges and
meteorological stations at daily resolution, which were spatially inter-
polated within the model. The discharge model was calibrated using
measured time series of four discharge gauges (Figure 1). Simulated
discharge was in good agreement with observations yielding Nash
Sutcliffe efficiencies of 0.77 at gauge Campo Largo (Krumm
et al., 2019) (Figure 2).

Forests and riparian vegetation within Passatina catchment is
mainly made up by broad-leaved mostly evergreen trees, resulting in

an almost constant mean leaf area index throughout the year. There-
fore, with respect to river shading, we did not have to take into
account seasonal changes of the leaf area index of riparian vegetation.
Moreover, almost all river reaches in the Passalna catchment were
less than approximately 5 m wide. With respect to river shading, we
thus assumed that overhanging canopies of typical riparian trees on
both banks may cover the river width completely. Consequently, for
dense riparian vegetation we assumed a constant sky view factor that
is uniformly distributed throughout the complete hemisphere above
the river surface. Thus, we did not take into account additional
influencing factors for estimating the shading factor fiage, such as
height of trees, width of river reaches, solar angle, stream orientation
or the proportion of direct and diffuse global radiation
(DeWalle, 2008; Garner et al., 2017; R. Moore et al., 2014; Regenauer
et al., 2019). Even for river reaches completely covered by dense
riparian trees, still a minor part of the shortwave radiation reaches the
water surface. Based on literature data we assumed that approxi-
mately 15% of Rgep reach the water surface when a river reach was
completely covered by dense riparian trees (e.g., Garner et al., 2017;
Regenauer et al., 2019; Trimmel et al., 2018). Thus, complete shading
of a river reach by riparian vegetation was simulated with faq. = 0.85.
Literature data also indicate that dense riparian vegetation reduces
wind speed to approximately 60% of standard measurements, and
that shading and wind sheltering are closely correlated. These
assumptions are also corroborated by a different study, in which we
simulated long-term river water temperature for the complete river
network of the federal state of Baden-Wirttemberg in Germany
(approximately 36.000 km?). Optimizing and validating simulation
results at 200 measurement locations indicated that water tempera-
tures of narrow rivers under dense forest vegetation are simulated
best by assuming f.pade = 0.85 and f,ing = 0.4 (Haag, 2018). Thus, also
in the present study completely shaded river reaches were modeled
with faage = 0.85 and f,,;,q = 0.4, whereas no shading was parameter-
ized by fohage = 0.0 and fuing = 0.0. For situations between maximum
shading and wind sheltering on the one hand and no shading and wind
sheltering on the other hand, fsnage and fying values were interpolated
linearly (e.g., Caissie, 2006; Regenauer et al., 2019; Sinokrot &
Stefan, 1993).

Exact values of the present state of stream shading along the river
reaches were not available, since land use data were not accurate
enough to account for small strips of riparian vegetation along the riv-
ers and precise ground mapping of riparian vegetation was not exis-
tent. Therefore, we used the proportion of forest within each sub-
catchment as a proxy for the spatial distribution of the proportion of
riparian vegetation. We then introduced a factor to multiply the rela-
tive proportion of forest within each sub-catchment to get the relative
proportion of riparian vegetation of the river reaches. We optimized
this factor to fit the measured stream water temperature with the
model, but did not allow fsp.4e to exceed a maximum value of 0.85 in
any river reach. Within our approach, we thus assumed that the actual
proportion of riparian vegetation was proportional to the proportion
of forest within the sub-catchments. We obtained a mean factor of
1.6. Based on observations in the field, this factor seemed reasonable,
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FIGURE 2 (a) Spatial averages of observed air temperature and incoming shortwave radiation Ry, within the catchment of gauge Campo

Largo in a daily resolution. (b) Observed precipitation along with measured and simulated hydrographs of the Passauna River at gauge Campo
Largo. (c) Time series of observed (dotted black line) and simulated (solid lines) water temperature in the Passatina River at the temperature gauge
(site Minidot). The black dashed line is the observed temperature, blue solid line shows water temperature simulated by the LARSIM-WT model
for the present state of shading. The red and green lines show the simulation results for scenarios with no shading and full shading, respectively.
All data are shown as daily mean values [Color figure can be viewed at wileyonlinelibrary.com]

since there were many riparian vegetation strips outside forested
areas, which increased the first estimate of riparian shading. The opti-
mized factor yielded degrees of shading ranging from 55% to 85%
(i.e., finage varied between 0.55 and 0.85), for the present state of
stream shading. The wind shield factor was assumed to vary linearly
with the shading factor, as described above. Thus, fuma varied
between 0.26 and 0.40.

To analyze the potential effect of stream shading on river water
temperatures and inflow dynamics into the reservoir, we defined two
scenarios: “full shading™ and “no shading.” In the full shading scenario
for all river reaches we used fshage = 0.85 and fiing = 0.40. In the no
shading scenario, both parameters were fixed at zero for all river
reaches.

241 | Classification of reservoir inflow dynamics
The inflow regime of the river into the reservoir depends on the dif-
ference in water density between river water and the seasonally strat-
ified water in the reservoir. Water samples from the analyzed period
had maximum total solid concentration of 0.16gl™* (Oliveira
et al, 2019) and the density of the river and reservoir water was
mainly controlled by the water temperature.

The intrusion depth of density currents formed at the reservoir
entrance was assessed by the difference between the temperature of
the inflowing river water and the temperatures observed at the reser-
voir surface and bottom. The inflow was considered as an overflow,

80

where the river water floats on top of the reservoir, when the temper-
ature of the Passal(ina River was higher than the measured surface
temperature in the reservoir. When the inflow temperature was lower
than the temperature measured close to the reservoir bed, the inflow
was classified as underflow, where the river flows along the reservoir
bottom. For all other periods, the inflow was considered as interflow,
similar to the analysis made by Ishikawa, Bleninger, and Lorke (2021)
- accepted at Inland Waters. This analysis was done based on daily

mean temperatures.

3 | RESULTS

3.1 | Meteorological conditions and river discharge
During the study period (March 2018-February 2019) average air
temperature was 18.3 + 3.9°C (mean + SD), which was about 0.5°C
warmer than the long-term annual average. Air temperature varied
seasonally with mean values of 15.1 + 3.1°C during winter (June to
September 2018) and 21.9 + 2.5°C in summer (March 2018 and
December 2018 to February 2019). The average of mean daily short-
wave radiation Rg,, was 184 £+ 80 W m~2 during the entire year,
which was about 17 W m~? more than the long-term average. It also
varied seasonally with a winter average of 146 + 67 W m~2 and a
summer average of 225 + 81 W m~2 (Figure 2a).

Total precipitation was approximately 1,400 mm for the entire
year, which is about 15% below the long-term average of
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1,650 mm year~'. The period of investigation started with the rela-
tively wet month of March 2018, followed by a long and extremely
dry period from April through September 2018 and it finished with a
typical period from October 2018 through February 2019 (Figure 2b).

Discharge of the Passalna River was successfully calibrated for
the 4 year period 2010 through 2013, yielding Mash Sutcliffe efficien-
cies of 0.77 (Krumm et al.,, 201%). Based on the simulation results the
mean discharge at gauge Campo Largo was 1.4 m® s ! during
the period of investigation, which is considerably lower than the long-
term average of 2 m® s~% The seasonal variation of discharge
followed the variation of precipitation: discharge was highest in
March 2018. During the following dry season, it gradually dropped to
about 0.5 m® s~* in September 2018. During the summer 2018/2019
there were some minor peaks, but discharge also frequently dropped
to low flow conditions especially, between mid-November and mid-
January (Figure 2b). Simulated discharge agreed mostly well with
observations at the gauge Campo Largo (measurements were only
available until mid-September 2018). Although the major discharge
peak in March 2018 was not reproduced well by the model, the minor
peaks and in particular, the low flow were simulated very well
(Figure 2b).

3.2 | Inflow temperature

Observed river water temperature near the reservoir inflow (location
Minidot in Figure 1) varied between 15.3 £ 1.7°C in winter and 21.3
+ 1.2°C in summer, The mean temperature was 18.3 + 2.9°C, with the
lowest temperature (10.9°C) in July and the highest temperature
(23.7°C) in December (Figure 2c). In addition to seasonal variations,
stream temperature showed strong synoptic variability with rapid
temperature changes of up to 5°C at time scales of 5 to 7 days. Water
temperature changed mostly synchronously with air temperature and
short wave radiation and discharge peaks were often accompanied by
rapid drops in water temperature (Figure 2).

Simulated water temperature for the present state of shading
was in very good agreement with the measurements, with a RMSE of
0.58°C and a mean absolute error of 0.47°C. Linear regression
of measured versus simulated water temperatures resulted in a slope
of 1.0, an intercept of —0.27°C and a R? of 0.98, indicating that the
simulation was unbiased. Moreover, also the temporal dynamics of
Passatina river water temperatures was well reproduced by the model
considering the present state of shading (Figure 2c).

The scenario with full shading (f.,aq. = 0.85 for all river reaches)
resulted in a moderate reduction of the river water temperature at
the reservoir inflow in comparison to the present state (Figures 2 and
3). The simulated temperature differences ranged between —0.1°C
and — 2.0°C with an average of —0.8°C. Owing to the already rela-
tively high degree of shading for the present state (fiqqe = 0.55
through 0.85), maximum shading only showed moderate effects on
river water temperature at the reservoir inflow.

The absence of shading (fshage = O for all river reaches) resulted in
significantly higher inflow temperature (Figures 2 and 3). Compared to
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FIGURE 3 Comparison of daily mean stream water temperature
at Minidot simulated for the present state of shading with scenarios
of full shading (green symbols) and no shading (red symbols) in the
upstream stream network. Dotted lines show linear regressions for
the two scenarios in the respective color. Regression equations and
coefficient of determination (R?) are provided as text labels. The solid
grey line shows a 1:1 relationship [Color figure can be viewed at
wileyonlinelibrary.com]

the present state of shading, the increase of daily mean inflow tem-
perature varied between +0.1 and +4.7°C with an average of
+2.2°C. This increase is slightly non-linear with higher values in sum-
mer, when water temperature was high (Figure 3). This non-linearity is
due to the higher contribution of shortwave radiation to the overall
energy balance during summer. The largest differences occurred in
December 2018, when high shortwave radiation and low flow situa-
tions coincided (Figure 2). The difference in water temperature for the
two contrasting scenarios without shading and with full shading
ranged between +0.3 and +6.7°C with an average difference of
+3.0°C (Figure 2c).

3.3 | Reservoir temperature stratification

Water temperature in the reservoir was 21.6 £ 3.5°C at the water sur-
face, and 19.1 £ 2.0°C at the bottom. With persistent temperature dif-
ferences between the surface and the bottom (1.4 to 7.2°C), the
reservoir was stably stratified until the middle of April and from
September 2018 (Figure 4). During the stratified period, water surface
temperature showed synoptic variability, but with smaller amplitude

than stream temperature (Figure 4). The vertical temperature stratifica-
tion was rather continuous and did not show well-defined layers of
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epilimnion, metalimnion and hypolimnion. Below an upper mixed layer
of seasonally varying depth, temperature decreased with increasing
depth at a nearly constant rate. Bottom water temperature showed lit-
tle variations and increased nearly linearly over time throughout the
stratified period. The stable stratification broke down in April, followed
by a period of intermittent mixing and stratification between May and
August. The seasonal mixing dynamics of the reservoir can therefore
be classified as discontinuous warm polymictic (Lewis Jr, 1983).

34 | Reservoirinflow regime

Based on observed daily-mean values of inflow and reservoir water
temperature, underflow was the dominant inflow regime of the river
in the reservoir, with a relative frequency of occurrence of 63%
throughout the monitored period. Interflows were present for the
remaining time (37%) and overflows were not existent. Interflows
were predominant in spring and summer (Figure 5a), and for the rest
of the year underflows were prevalent. The presence of underflows
promoted the frequent development of weak stratification also during
the mixed period between April and August by transporting cooler
river water to the bottom of the reservoir.

In good agreement with the analysis based on measured water
temperature, simulated inflow temperature for the present state of
shading resulted in a dominance of underflows (67%), whereas over-
flows were not observed. Also, the seasonal and short-term variability
of inflow regimes was well reproduced in the simulations (Figure 5b).

In the simulation for full shading of the stream network, the gen-
eral distribution of inflow regimes did not change much in comparison
to the present state. The relative frequency of occurrence of under-
flows increased to 81% (Figure 5c¢), due to the decrease of inflow tem-
peratures (Figure 4).

For the simulated scenario with no shading of the streams, however,
inflow regimes changed considerably (Figure 5d). Interflows became the
predominant (51%) flow path, and the occurrence of underflows was
reduced to 34%. Overflows occurred during 15% of the time. Overflows
only occurred during the winter and spring seasons, when the
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temperature in the Passauna River exceeded the surface temperatures
of the reservoir. During summer, when the temperature was highest, the
river temperature was often close to the reservoir surface temperature
(Figure 4), but overflows did not occur.

4 | DISCUSSION
41 | Effect of riparian shading on stream water
temperature

The results presented in this study are based on simulated daily mean
water temperature for a relatively well shaded river system at a lati-
tude of —25°30'. According to our results, changing the present state
of riparian vegetation to no shading would increase stream water tem-
perature near the reservoir inflow by +2.2°C on average, with a maxi-
mum increase of daily mean temperature of +4.7°C. The difference
between the no shading scenario and the full shading scenario was
+3.1°C on average, with a maximum of +6.7°C.

A guantitative comparison of the observed effect of shading on
stream temperature with other investigations is difficult, mainly
because of differences in meteorological conditions, in residence
times of the water and in methodological approaches. In particular,
most other studies were conducted in North America or Europe at
higher latitudes with different meteorological conditions. Moreover,
results are normally reported for summer conditions and maximum
differences only, and not for a yearly average. Nonetheless, our find-
ings may be compared with other results in the literature, qualita-
tively. For example, several empirical studies, mainly from the Pacific
Northwest region in North America (latitude ~ + 45° to +55°),
showed that forest clear-cutting leads to an increase of maximum
summer water temperatures of headwater streams commonly in the
1987; D. R.
Moore et al., 2005). Empirical studies in the United Kingdom showed

range of +4°C to +9°C (see reviews in Beschta et al.,

that the effect of forest cover as compared to open land on water
temperature may vary considerably. Looking at the yearly average,
effective shading by forest vegetation in most cases led to moderate

No shading
Full shading i /.f\l Iml
R YAV
' O\ A |
| 1 L U I wa
Ir.l I ,'u'll‘ /\ Ir\ i | h
w WA
.‘. JJ l" III IL
Sepl8 Octl8 Novig Decl8 Janl9 Febl19

FIGURE 4 Time series of daily-mean water temperature in Passatna reservoir and its main inflow: The filled gray area marks the range of
temperature measured at the surface and the bottom of the reservoir. Colored lines show simulated temperature of the Passaina River at the
reservoir inflow, blue represents the present state of shading, green represents the full shading scenario and red the no-shading scenario of the
river network upstream of the reservoir [Color figure can be viewed at wileyonlinelibrary.com]
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temperature reductions of less than 1°C (e.g., Broadmeadow, Jones,
Langford, Shaw, & Nisbet, 2011; Brown, Cooper, Holden, &
Ramchunder, 2010; Crisp, 1997; Dugdale et al., 2018; Stott &
Marks, 2000; B. Webb & Crisp, 2006). However, mean summer tem-
peratures may be reduced more effectively by approximately 1-3°C,
and maximum reduction of water temperature may be as high as 5°C
(Broadmeadow et al., 2011; Brown et al., 2010; Dugdale et al., 2018;
B. Webb & Crisp, 2006).

Recently Garner et al. (2017) investigated the effects of riparian
vegetation density, stream orientation and flow velocity in a 1,050 m
long reach of the Girnock Burn in Scotland (latitude: +57°) with a
sophisticated modeling approach by applying the meteorological condi-
tions of a single summer day with almost clear sky and high rates of
solar radiation. For high flow conditions with short residence times
of approximately 1.75 hr, stream shading showed a moderate effect on
mean daily water temperature in the range of 1.5°C. However, for low
flow conditions with a sufficiently long residence time of 12.5 hr, daily
mean water temperature for little shading (10-20% canopy density)
was about 4.5°C higher than for simulations with a high rate of shading
(70-90% canopy density). Similarly, simulation results of Trimmel
et al. (2018) for a 50 km reach of the 4-10 m wide river Pinka in Aus-
tria (latitude: +47°) demonstrated the potential difference between a
no vegetation and a maximum vegetation scenario. According to their
results mean water temperatures during the heat wave of August
4 through August 8, 2013 were approximately 4°C lower for the maxi-
mum vegetation scenario than for the no vegetation scenario.

The maximum difference between the no shading and the full
shading scenario of +6.7°C for Passauna River is well in the range of
the empirical studies for the Pacific North West (D. R. Moore
et al., 2005). Also, the difference between the yearly average and the
maximum effect in summer is in good accordance with the findings
from the United Kingdom (Brown et al., 2010; Dugdale et al., 2018;
B. W. Webb et al., 2008). However, our simulated effect of riparian

FIGURE 5 Time series of inflow

regimes of the Passalina River into

the reservoir. Different flow paths are
4 presented as vertical bars with color
denoting underflow (blue), interflow
(orange) and overflow (yellow)
situations with a temporal resolution
of one day. (a) Results based on
measured inflow temperature.
(b) Result based on simulated river
temperatures for the present state of
shading of the upstream stream
network. (c) Result based on
simulated river temperatures for the
full shading scenario. (d) Result based
on simulated river temperatures for
the no shading scenario [Color figure
can be viewed at
wileyonlinelibrary.com)
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shading on stream water temperature of Passatina is somewhat higher
than the empirical and modeling results from Europe and North Amer-
ica. This may partly be due to differences in residence time. We con-
sidered the effect of shading of the complete river network of a
relatively large catchment, whereas the other studies mainly looked at
small headwater streams with shorter residence times. In the case of
river Pinka in Austria only the main river was assumed to be shaded,
whereas inflowing tributaries were assumed to have the same tem-
perature in all scenarios. Thus, shorter residence times in other studies
may have contributed to the less pronounced effects of shading.
Moreover, we neglected the effect of riparian vegetation on longwave
radiation in our study, which increases the energy input at the water
surface slightly. This might lead to a small systematic overestimation
of the effect of stream shading on water temperatures in our study.
Finally, and probably most importantly, the effect of riparian shading
via blocking of incoming shortwave radiation is likely to be consider-
ably higher at a low latitude of —25° (Passauna) than at the much
higher latitudes of the other study sites (~45° to 57°).

Therefore, in summary, our scenario results for the effect of shad-
ing on river water temperature are broadly in line with the literature
and can be considered as realistic, even though we could not compare
them to other findings from the tropics. Considering the fact that the
focus of the present study is not on precise predictions, but results
are rather used to demonstrate the potential impact of stream shading
in a catchment on a downstream reservoir, the accuracy of our shad-

ing scenarios appears to be sufficient.

42 | Stream shading in the catchment affects
reservoir mixing and stratification

Wertical mixing in reservoirs can be strongly suppressed by tempera-
ture stratification, which develops as a consequence of enhanced
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water depth and reduced flow velocity in comparison to free-flowing
rivers. Vertical temperature gradients develop in response to solar
heating of the surface layer, or by lateral density currents formed by
inflowing rivers. The latter mechanism depends on stream tempera-
ture of the inflow and has been well documented in many reservoirs
and studied in laboratory experiments (Alavian, Jirka, Denton, John-
son, & Stefan, 1992; Imberger & Hamblin, 1982; Wells &
Nadarajah, 2009). However, the effect of catchment properties on the
flow paths of inflowing water has not explicitly been studied. Here,
we analyzed the potential effect of riparian stream shading in the
catchment on density currents in the reservoir by combining
catchment-scale hydrological modeling with temperature observations
in a tropical drinking water reservoir. We found that the difference of
inflow temperature resulting from the presence and absence
of stream shading in the catchment significantly changed the inflow
regime, which can affect vertical stratification and mixing in the reser-
voir. For a high degree of shading, as for the present state of the
Passatina catchment, the stream entered the reservoir predominantly
as underflows, along the bottom of the reservoir. In the absence of
shading, the higher inflow temperature led to a reduction of the
occurrence of underflows and promoted overflow situations. Both
types of density currents contribute to vertical temperature stratifica-
tion in the reservoir. The predicted inflow of warmer water to the res-
ervoir in the absence of shading occurred mainly during winter and
spring and can result in increasing the frequency and duration of strat-
ified periods during the mixed season. During the stratified season
(summer and autumn), the predicted reduction of underflow situations
can be expected to reduce the stability of vertical temperature stratifi-
cation. Interflows were the most frequent inflow regime in the no-
shading scenario and the intrusion depth was shallower compared to
the present state. Tracer studies on a plunging river in a Mediterra-
nean reservoir revealed that a fraction (and possibly all) of river inflow
entrains into the surface mixed layer, when the density current forms
intrusions at the top of the stratified part of the water column
(Cortés, Fleenor, Wells, de Vicente, & Rueda, 2014).

4.3 | Implications for reservoir water quality

The observed change in inflow regime for the no shading scenario
potentially affects water quality in the reservoir. The occurrence of
overflows, which are not present for the present state of shading,
facilitates nutrient transport to the photic zone and therewith pro-
motes algae growth (Ayala et al., 2014; Rueda et al., 2007). The com-
bination of excessive nutrient supply at the water surface and
reduced vertical mixing during these conditions provide ideal condi-
tions for harmful cyanobacterial blooms (Paerl & Otten, 2013), which
are currently not present in Passalina reservoir. In consequence of the
reduced underflows, the transport of oxygen with the inflowing water
to greater depths would be reduced, leading to a prolongation of
periods of anoxia. Anoxic bottom water further increases internal
loading with nutrients from the sediments (Sendergaard, Jensen, &
Jeppesen, 2003), as well as the release of anoxic products such as
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methane, hydrogen sulfide and metals (Beutel & Horne, 1999). In con-
sequence, the water quality in the reservoir can be expected to deteri-
orate for the scenario without stream shading in the catchment in
comparison to the present and full shading conditions.

Given the high degree of forested area in the catchment of
Passatina reservoir (44%), no shading may represent a scenario
of extreme land use change at first glance. However, increasing urban-
ization and agricultural land use in the growing metropolitan area of
Curitiba exert a strong anthropogenic pressure on the Passauna catch-
ment, which may lead to significant deforestation. Furthermore,
stream shading does not have an instantaneous effect on water tem-
perature, but rather needs some residence time (i.e., flow distance) to
exert its effect (Bartholow, 2000; Kalny et al, 2017; Regenauer
et al., 2019). Thus, even if deforestation is restricted to the upstream
part of the catchment, it may still lead to increased water tempera-
tures at the downstream inflow of the reservoir.

The strong control of catchment properties on reservoir water
quality has been extensively studied in terms of hydrological charac-
teristics and in respect to the input of suspended and dissolved sub-
stances, including nutrients and pollutants (Beaver et al., 2014; Jones,
Knowlton, & Obrecht, 2008; Knoll et al., 2015). The effect of riparian
shading, which is closely linked to land use in the catchment, has not
been considered. Our results demonstrate, that changes in stream
shading should be included in management scenarios of the catch-

ment area which aim at safeguarding reservoir water quality.

44 | Limitations of the present study

The good agreement between stream temperature simulations for the
present state of shading with observations suggests that the applied
integrated water balance and stream water temperature model
LARSIM-WT is a robust tool for estimating the effect of shading on
stream water temperature. However, by only considering the temper-
ature difference between the inflowing water and reservoir stratifica-
tion, we applied a rather crude approach for characterizing the inflow
conditions. The plunging depth of density currents in reservoirs is
known to depend on geometry of the inflow region and volumetric
discharge, wind mixing and many other factors, while the plume
formed by the density current is subject to dispersion (Cortés
et al., 2014; Imberger & Hamblin, 1982). Moreover, the changing
inflow will further change reservoir stratification, which was neglected
in this study where we used observed reservoir temperature in all sce-
narios. In contrast, the most relevant change was the increase of over-
flows, where the inflowing water stays in the upper mixed layer.
Because surface water temperature is mainly driven by air tempera-
ture, only minor changes of reservoir stratification are expected in this
case. More realistic descriptions of density currents and projected
changes in water quality in response to changing inflow temperature
requires more detailed hydrodynamic modeling (e.g., Long, Ji, Liu,
Yang, & Lorke, 2019; Rueda et al., 2007) and further assumptions on
boundary conditions, which would make the results more accurate,
but also more case specific.
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Our results were obtained for a small reservoir in the tropics,
which was chosen for reasons of data and model availability. Although
Passalina reservoir can be considered as being representative for a
large number of impoundments in terms of reservoir size, both the
effect of riparian shading on stream temperature and the inflow
dynamics are affected by many factors, including catchment and reser-
voir size, water depth and geographic location. For example, in larger
rivers (more than approximately 15-30 m wide), shading certainly has
limited effect on water temperature, as only a fraction of the water sur-
face is subject to shading by riparian vegetation (e.g., DeWalle, 2008;
R. Moore et al.,, 2014; Regenauer et al., 2019). Given the complex and
site-specific conditions of the underlying processes, a more detailed
assessment of the relevance of stream shading in the catchment on the
inflow regime in reservoirs requires further analysis for a broader range
of reservoirs and catchments in future studies.

5 | CONCLUSIONS

Stream shading is a relevant factor for river temperature, and its alter-
ation can significantly affect reservoirs hydrodynamics and potentially
water quality. Deforestation in the catchment and the removal of tall
vegetation along riparian zones of streams may lead to increased river
water temperatures, as can be predicted robustly by a combined water
balance and water temperature model, such as LARSIM-WT. These
changes of the water temperature of inflowing rivers can be expected
to lead to a degradation of water quality in the downstream reservoir
due to changes in reservoir hydrodynamics. Despite rather crude
assumptions with respect to the hydrodynamics at the reservoir inflow
and site-specific simulations, our findings revealed a so-far overlooked
mechanism by which reservoir water quality can be affected and
potentially also manipulated by catchment properties and land use
management. Given the potential relevance of this process for reser-
voir water quality, the site-specific effects of riparian shading in the
catchment should be considered with more realistic approaches to the
hydrodynamics at the inflow and for a broader range of reservoirs.
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Abstract. Numerical models are an important tool for sim-
ulating temperature, hydrodynamics, and water quality in
lakes and reservoirs. Existing models differ in dimension-
ality by considering spatial variations of simulated param-
eters (e.g., flow velocity and water temperature) in one (1D),
two (2D) or three (3D) spatial dimensions. The different ap-
proaches are based on different levels of simplification in the
description of hydrodynamic processes and result in differ-
ent demands on computational power. The aim of this study
is to compare three models with different dimensionalities
and to analyze differences between model results in relation
to model simplifications. We analyze simulations of thermal
stratification, flow velocity and substance transport by den-
sity currents in a medium-sized drinking-water reservoir in
the subtropical zone, using three widely used open-source
models: GLM (1D), CE-QUAL-W2 (2D) and Delft3D (3D).
The models were operated with identical initial and bound-
ary conditions over a 1-year period. Their performance was
assessed by comparing model results with measurements
of temperature, flow velocity and turbulence. Our results
show that all models were capable of simulating the seasonal
changes in water temperature and stratification. Flow veloci-
ties, only available for the 2D and 3D approaches, were more
challenging to reproduce, but 3D simulations showed closer
agreement with observations. With increasing dimensional-
ity, the quality of the simulations also increased in terms of
error, correlation and variance. None of the models provided

good agreement with observations in terms of mixed layer
depth, which also affects the spreading of inflowing water as
density currents and the results of water quality models that
build on outputs of the hydrodynamic models.

1 Introduction

A wide variety of different numerical models have been used
for simulating temperature and hydrodynamics in lakes and
reservoirs, as well as the biogeochemical and ecological pro-
cesses that depend on them (e.g., Dissanayake et al., 2019;
Guseva et al., 2020; Wang et al., 2020; Xu et al., 2021). While
the mechanistic description of underlying physical processes
is similar in all models, they differ in their dimensionality,
i.e., the number of spatial dimensions that are considered in
the model.

One-dimensional (1D) models usually resolve the vertical
direction only (water depth), while considering homogeneity
of all relevant quantities along horizontal directions. They are
attractive due to their easy connection to ecological and bio-
geochemical modules. In addition, the comparably low num-
ber of required input parameters and fast computational time
allow for evaluations of scenarios and sensitivity analyses,
which facilitate their application for assessing long-term dy-
namics and resilience of lakes and reservoirs in response to
climatic, hydrological and land use changes (Bruce et al.,
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2018; Sabrekov et al., 2017; Hipsey et al., 2019). There-
fore, 1D models such as DYRESM (Imberger and Patterson,
1981; Hetherington et al., 2015), SimStrat (Goudsmit et al.,
2002; Stepanenko et al., 2014) and GLM (Hipsey et al., 2019;
Fenocchi et al., 2017; Bruce et al., 2018; Soares et al., 2019)
have been extensively used in scientific and applied studies.
On the other hand, detailed studies of hydrodynamic effects
and spatially varying flow and transport mechanisms, such
as density currents at river inflow locations, require models
with a higher dimensionality. Two-dimensional (2D) mod-
els can provide additional insights into the hydrodynamics of
lakes and reservoirs while keeping computational costs low
when compared to 3D models. The 2D models that neglect
variations in the vertical dimension, 2DH, are suitable for
shallow lakes, where gradients along depth are minor, but
they are mainly used for flood maps, river flows, hydraulics
structures and sediment transport. Alternatively, the models
that resolve the vertical dimension and one horizontal (lon-
gitudinal) dimension, 2DV, are suitable for elongated deep-
water bodies where vertical thermal stratification plays a ma-
jor role, e.g., CE-QUAL-W2 (Gelda et al., 2015; Kobler et
al., 2018; Mi et al., 2020). Finally, three-dimensional (3D)
models provide highly detailed spatial data but require larger
computational effort in terms of time and storage. Regard-
less of their complexity, 3D models are widely applied, e.g.,
POM (Beletsky and Schwab, 2001; Song et al., 2004), EL-
COM (Carpentier et al., 2017; Marti et al., 2011; Zhang et al.,
2020) and Delft3D-FLOW (Soulignac et al., 2017; Bermiidez
et al., 2018; Baracchini et al., 2020; Guénand et al., 2020).
The choice of model dimensionally often represents a
trade-off between required accuracy, availability of boundary
conditions and computational costs, and it depends on the ob-
jectives of the simulation, the water body characteristics and
the availability of computer resources. Different models can
complement each other, and model intercomparisons can sig-
nificantly contribute to process understanding of the studied
system, as well as to the assessment of model limitations.
Within the framework of the Lake Model Intercomparison
Project (LakeMIP; Stepanenko et al., 2010), the performance
of different 1D models was compared for a number of refer-
ence sites, targeting also at the improvement of model pa-
rameterizations (Stepanenko et al., 2013, 2014; Thiery et al.,
2014; Guseva et al., 2020). Perroud et al. (2009) compared
four different 1D models, which were previously applied to
small water bodies, to the large Lake Geneva, and Mesman
et al. (2020) investigated the performance of three 1D mod-
els under extreme weather events like storms and heat waves.
Most of the comparison among 3D models focused on sys-
tems where circulation patterns and internal waves had a ma-
jor influence. For example, Huang et al. (2010) compared
three 3D models for Lake Ontario, where variations in sur-
face temperature are caused by circulation patterns and up-
welling or downwelling of the thermocline. Dissanayake et
al. (2019) applied ELCOM and Delft3D to simulate internal
wave motions and surface currents in Upper Lake Constance.
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Zamani and Koch (2020) compared AEM3D and MIKE3
models in a reservoir with complex morphology.

Comparison of models with different dimensionalities is
more difficult, since the interpretation of each result also de-
pends on model considerations and simplifications. Polli and
Bleninger (2019) compared water temperature simulations of
a thermally stratified reservoir using MTCR-1 (1D model)
and Delft3D (3D model), and they found that 1D simulations
may provide similar information as 3D models in terms of
thermal structure. Therefore, the study recommended one-
dimensional models as a first approach for assessing reser-
voir stratification patterns and the application of a 3D model
if the horizontal substance transport is of interest. Following
the same idea, Man et al. (2021) recommended the applica-
tion of a 1D model for parameter estimation that is subse-
quently used in 3D simulations, because of the shorter com-
putational time of the 1D model. In their simulations the 1D
model showed better agreement with measurements only for
specific periods (when stratification or mixing were stable).
The Geologic Survey of Israel and Tahal (Gavrieli et al.,
2011) developed numerical models with three different di-
mensionalities for the simulation of the hydrodynamics and
temperature stratification of the Dead Sea: a 1D model us-
ing the software 1D-DS-POM, a 2D laterally averaged model
using CE-QUAL-W2 and a 3D model using the software
POM2K. The models were used in a complementary man-
ner, taking advantage of their respective strengths: the 1D
model was used to simulate decades in order to study future
scenarios, the 2DV model was used to investigate the changes
in the thermal structure of the reservoir due to changes in the
multiple inflows, and the 3D model allowed for the study
of currents and the 3D thermohaline structure. Nevertheless,
the performance of the three different model approaches was
not compared within this study and neither were comparisons
with respect to velocities where shown. It is important to note
that the selection of a higher dimensionality does not im-
ply better simulation results (Wells, 2020). DeGasperi (2013)
compared the performance of CE-QUAL-W2 and CH3D-
Z (3D model) in simulating the water temperature of Lake
Sammamish in the USA. Both models presented similar re-
sults with slightly better performance statistics for the 2DV
model. Al-Zubaidi and Wells (2018) evaluated the capacity
of CE-QUAL-W2 and a three-dimensional adaptation of the
same software known as W3 in modeling the temperature
stratification at Laurance Lake, Oregon, USA. For this study,
the simulations from both models were in comparable agree-
ment with measurements, but running the 3D model was 60
times more expensive in terms of computational time.

The aim of this study is to compare three models with
different dimensionalities and to analyze the results based
on the simplification of the physical processes caused by
model dimensionality. We analyze simulations of thermal
stratification, horizontal flow velocity and substance trans-
port by density currents in a medium-sized drinking-water
reservoir in the subtropical zone using three widely used
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open-source models: GLM (1D), CE-QUAL-W2 (2D) and
Delft3D-FLOW (3D). The models were run with identical
initial and boundary conditions over a 1-year period. Their
performance was assessed by comparing model results with
measurements of temperature, flow velocity and turbulence
over a I-year period. We aim at providing a reference study
for supporting the selection of models and the assessment
of model accuracy, as well as at improving the mechanistic
understanding of model performance at reduced dimension-
ality.

2 Description of the models
2.1 General Lake Model (GLM)

General Lake Model (version 3.1.8) (Hipsey et al., 2019) is
a one-dimensional vertical model, freely available, and is de-
signed to simulate the water balance and the vertical strati-
fication of lacustrine systems. The model computes the ver-
tical profiles of temperature, salinity and density by consid-
ering hydrological and meteorological forcing. GLM adopts
a flexible Lagrangian layer structure (Imberger et al., 1978;
Imberger and Patterson, 1981), which allows the layer thick-
nesses to change dynamically by contraction and expansion,
according to density changes driven by surface heating, mix-
ing, inflows and outflows. The number of layers is adapted
throughout the simulation to maintain homogeneous prop-
erties within them, while the water volume in each layer is
determined based on the site-specific hypsographic curve.

The thickness of the surface mixed layer is described in
terms of a balance of turbulent kinetic energy, comparing the
available energy with that required for vertical mixing. The
available kinetic energy calculation considers surface wind
stress, convective mixing, shear production between layers
and Kelvin—Helmholtz billowing. Mixing in the deeper hy-
polimnion is modeled using a constant turbulent diffusivity
or a derivation by Weinstock (1981), in which the diffusivity
is calculated as a function of the strength of stratification (de-
scribed by the Brunt—Viisilid frequency) and the dissipation
rate of turbulent kinetic energy.

The general heat budget equation for the uppermost layer
considers the balance of shortwave and longwave radiation
fluxes and sensible and latent heat fluxes. The effect of heat-
ing or cooling by the sediment can additionally be included.
The rate of temperature change in each layer is a function of
the temperature gradient and of the relative area of the layer
that is in contact with the bottom.

Inflows can be characterized by temperature, salinity and
other scalar concentration data. Initial mixing is estimated by
the inflow entrainment coefficient, which is calculated using
a bottom drag coefficient and water column stability char-
acterized by the Richardson number. The inflow Richard-
son number, in turn, is computed according to the chan-
nel geometry and assuming a typically small velocity and
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Froude number for the drag coefficient (Imberger and Pat-
terson, 1981). Thereafter, the inflow is placed in a layer of
neutral buoyancy along the water column. Thus, a new layer
is created, with a thickness dependent on the inflow volume.

2.2 CE-QUAL-W2

CE-QUAL-W?2 (version 3.7) (Cole and Wells, 2006) is a lat-
erally averaged (2DV) model, resulting from the integration
in one horizontal direction of the differential equations of
conservation of mass, momentum and energy. It is an open-
source Eulerian model using a structured orthogonal grid
that uses a bathymetric map as geometry input and short-
wave radiation, cloud cover, air temperature, dew point tem-
perature, wind speed, wind direction and precipitation as
meteorological forcing. Hydrodynamic output data include
water temperature and longitudinal flow velocity. Laterally
averaged models are based on the shallow water equations
(Reynolds-averaged Navier—Stokes equations using the hy-
drostatic pressure assumption in the vertical, thus neglecting
vertical accelerations) and are used for modeling hydrody-
namics, water quality, and density stratification in lakes and
reservoirs for which the transversal gradients of those proper-
ties are small compared to gradients in the longitudinal and
vertical directions. The assumption of lateral homogeneity
can be well suited for describing long and narrow water bod-
ies. The equations are applied in a finite difference grid.

The default turbulence closure model (W2) uses the layer
thickness as the mixing length and a formulation for the tur-
bulent viscosity derived by Cole and Buchak (1995). It is also
possible to use Nikuradse, parabolic, RNG (renormalization
group) and TKE (turbulent kinetic energy, k—& model) clo-
sure schemes. The k—¢ closure 1s frequently used and was
chosen for the study.

2.3 Delft3D-FLOW

Delft3D-FLOW (version 4.04.01) (Deltares, 2013), from
now on referred to as Delft3D, is a 3D open-source soft-
ware for simulating the flow and transport of constituents in
water bodies. For the simulation of the hydrodynamics, the
numerical algorithms behind Delft3D solve the shallow wa-
ter equations (3D Reynolds-averaged Navier—Stokes equa-
tions with the hydrostatic approximation for the vertical di-
rection). The simulation of the transport of matter and heat
is achieved through the solution of the advection—diffusion
equation. The mentioned equations are solved on a struc-
tured finite-difference grid using case-appropriate initial and
boundary conditions. Delft3D considers user-defined (con-
stant) background viscosities and diffusivities. They repre-
sent all forms of mixing that are not parameterized through
the turbulence closure scheme. In order to calculate the heat
exchange between the water surface and the air, five different
heat flux models are implemented in Delft3D. Those models
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Appendix Il

2200

consider the short- and longwave radiation balances, evapo-
ration and sensible heat fluxes.

The spatial discretization in the horizontal plane can be
performed using curvilinear or rectangular grids, with the
former having variable cell size. In the vertical direction a Z-
or o-layer configuration can be employed. In the Z model,
the number of layers is not constant over the basin and varies
with local bathymetry.

3 Field data

Passatna Reservoir is a drinking-water reservoir located in
southern Brazil (25.50° S, 49.38° W), which has been in op-
eration since 1990. The reservoir is around 11 km long, has
9km? of surface area and has a maximum depth of 16.5m
close to its dam (Sotiri et al., 2019). The main tributary is the
Passatina River with a mean discharge of 2.4m?s~", deliv-
ering approximately 75 % of the total inflow to the reservoir
(Carneiro et al., 2016). Passatina River enters the reservoir
through a small forebay formed at the upstream region of
the reservoir due to a bridge (Ferraria Bridge). This forebay
has an average depth of 1 m and approximately 0.28 km? of
area (Fig. 1). The outflows from the reservoir are the abstrac-
tion for the water treatment station, the bottom outlet at the
dam (ensuring a minimum discharge of ~ 0.4 m3s~! in the
downstream river) and the free overflow spillway. Reservoir
bathymetry and its hypsographic curve were obtained from
a high-resolution echo-sounder survey (Sotiri et al., 2019).
The field measurements described below have been analyzed
in detail in Ishikawa et al. (2021a).

3.1 Meteorological data

Relative humidity, downwelling shortwave radiation, wind
(speed and direction at 10 m height) and dew point tempera-
ture were measured at a meteorological station located 4 km
east of the reservoir. This station is operated by the Technol-
ogy Institute of Parand (TECPAR) and measured every 1 min,
here averaged to 1 h. The company operating the reservoir
(Sanitation Company of Parand, SANEPAR) measured pre-
cipitation nearby the dam, and starting from May 2018, they
also measured air temperature at the same location (temporal
resolution of 10 min, later averaged to 1 h). Starting from this
date, the air temperature data were taken from this station.
Cloud cover data were downloaded from the ERAS database
from Copernicus (Hersbach et al., 2018) with hourly resolu-
tion.

Air temperature varied seasonally with a lowest monthly-
mean value of 14.0 4.3 °C (mean =+ standard deviation of
hourly time series) in August 2018 and the highest temper-
ature in January 2019 (23.7 £3.6°C). Large diel tempera-
ture variations followed the daily cycle in shortwave radia-
tion. Wind speed was generally low with a total mean value
of 2.041.0ms~!. A slight seasonal variation was observed
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Figure 1. Bathymetric map of Passaina Reservoir with color repre-
senting depth in meters in relation to the crest of the spillway (data
provided by Sotiri et al., 2019). The inflow of the Passatina River
is in the north, upstream of a bridge forming a forebay. Monitor-
ing stations and main facilities are marked by symbols with their
respective names and/or explained in the legend.

where the lowest monthly averaged wind speed occurred dur-
ing winter (in June 2018, 1.6+1.0m s~!) and the largest dur-
ing spring (November 2018, 2.5+ 1.0ms™!). No seasonal
pattern was observed for the remaining parameters (Fig. 2).

3.2 Inflow, outflow and water level

Daily-averaged discharge and temperature of the inflows
were modeled using the Large Area Runoff Simulation
Model (LARSIM-WT; Haag and Luce, 2008). The model
was calibrated with data from four gauging stations (the two
most downstream stations are shown on the map in Fig. 1) for
the period 2010 to 2013 with a Nash—Sutcliffe efficiency of
0.77 (for further information see Ishikawa et al., 2021d). In
2018, the model underestimated the peaks of discharges but
had good agreement during baseflow conditions. Simulated
water temperature for the year of 2018 had a Nash—Sutcliffe
efficiency of 0.96.

Starting from March 2018, a temperature logger was in-
stalled in the Passatina River and measured inflow tempera-
ture was used instead of the simulated values (sampling res-
olution of 10 min, here averaged to 1h). The measurement
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93



Appendix Il

M. Ishikawa et al.: Effects of dimensionality on hydrodynamic models 2201
& 30 ;(l;) T I T T T T | I T T | I T | ! ! I
E OC 20 fwwmwwww
210}

A

| 1 L | 1 | | |

.b) T T T T T

(

Precip.
(mm)
—_w
W O W

Wind
direction
o

Relative
humidity

Figure 2. Time series of meteorological parameters. The gray lines show data with 1 h resolution, and black lines are daily averages. Wind

direction is measured in degrees clockwise from north.

was made with an accuracy of £0.1°C and resolution of
0.01 °C using a temperature—oxygen sensor (miniDOT, Pre-
cision Measurement Engineering, Inc.).

Water abstraction rate at the intake facility was provided
by SANEPAR, measured with an inductive flow meter, and
provided at hourly resolution. The operator also provided
reservoir water level measured by an ultrasonic probe in a
30 min temporal resolution. Outflow discharge at the ground
outlet and the spillway were calculated based on standard
hydraulic structure design equations, according to the struc-
ture’s geometry. The discharge coefficients were adjusted
using a few downstream discharge measurements (MuDak-
WRM project; Fuchs et al., 2019) but also considering the
overall water balance, where simulated inflows minus calcu-
lated outflows should correspond to the measured water level
changes.

3.3 Temperature

Close to the intake facility, where the water depth is about
12 m, a thermistor chain was deployed from 1 March 2018
to 6 February 2019. The chain was fixed at the bottom
and had 11 temperature loggers with 1 m vertical spacing,
starting from 1 m above the bed. The loggers (Minilog-II-T,
Vemco) measured at a sampling interval of 1 min with a pre-
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cision of 0.1 °C and 0.01 °C resolution. An additional log-
ger of the same type was placed under the Ferraria Bridge,
with the same configuration from 2 March 2018 to 12 Au-
gust 2018. In addition, temperature profiles were collected
with a CTD (conductivity—temperature—depth profiler, Son-
Tek CastAway) at five locations along the reservoir (Fig. 1)
in February, April, May, June, August, November and De-
cember 2018, as well as February 2019.

3.4 Flow velocities

An upward-looking acoustic Doppler current profiler (ADCP
Signature 1000, Nortek AS) was deployed close to the ther-
mistor chain (< 50 m distance) at the bottom of the reservoir
to measure vertical profiles of flow velocity. The device was
deployed and recovered for data download and battery re-
placement several times from 23 February 2018 to 5 Febru-
ary 2019. Its configuration was modified between individual
deployments (Table S1 in the Supplement) to improve the
data quality and also to adjust power consumption (measure-
ment duration) to the monitoring program. Mean values of
the three-dimensional flow velocities were recorded along a
vertical profile starting at 0.7 m above the bed up to 1.5 m be-
low the water surface with vertical and temporal resolution
of 0.5m and 5 or 10 min, respectively. High-resolution pro-
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files of vertical velocities were used for turbulence analysis.
These profiles covered a depth range of 7.4 m, starting 0.6 m
above the bed with a spatial (vertical) resolution of 4 cm and
a sampling frequency of 1 or 4 Hz. High-resolution data are
not available for the first ADCP deployment.

4 Model setup

The simulation period started on 1 August 2017 and ended
on 28 February 2019. The first 6 months were considered a
spinup period for the models; it was decided to start the sim-
ulations in August when the reservoir was vertically mixed.
Therefore, all models started with uniform temperature of
17°C and water level at 887.01 ma.s.l. In addition, conser-
vative tracers were implemented to observe the transport of
substances from Passatna River; hence, the river had a con-
stant concentration of 1 kgm 3 starting from 1 August 2017.

4.1 Model calibration

Parameters that could be used for calibration are related to
the exchange of heat and momentum at the water surface and
include coefficients for wind drag, light extinction, and sen-
sible and latent heat transfer. Scaling factors were not con-
sidered in the calibration process. The light extinction coeffi-
cient was intended to have a fixed value for all models based
on Secchi disk depth measurements (which the average along
the longitudinal and over time was 2 m, resulting in a light
extinction coefficient of 0.85m™! ). However, it was noticed
that the results of the 2D model could be improved based
on this coefficient; therefore, it was considered an additional
calibration parameter.

Each model underwent a manual calibration procedure, in
which the listed coefficients (see Table 1) were modified in
order to reduce the mean absolute error (MAE) of the water
temperature. Automatic calibration procedures are available
for GLM but were not applied, and its calibration processes
were similar to those of the 2D and 3D models. The specific
choice of model parameters is presented in Table 1.

Each model used different time steps; nevertheless, the dif-
ference between 2D and 3D models was minor. For Delft3D,
the time step was defined based on the estimation of Courant
number in order to reach numerical stability. In GLM, the de-
fault time step of 1h was used, which was applied in several
other studies using the same model (e.g., Farrell et al., 2020;
Gal et al., 2020; Ladwig et al., 2021). Due to the relatively
large difference between the 1D and the other models, we ran
the GLM model with time steps ranging from 1 to 86400s
and compared the simulations with measurements (Fig. S1
in the Supplement). The simulation results differed due to
the variable number of vertical layers. The default time step
had one of the smallest centered root-mean-square errors and
was used for the model comparison. The usage of different
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time steps should not affect the comparison, once all models
were stable and calibrated.

4.2 Boundary conditions

The same boundary conditions were used for all three mod-
els, with temporal resolutions according to the availability
of data and model requirements. The boundary conditions
are the following: air temperature, relative humidity, down-
welling shortwave radiation, wind speed. wind direction, pre-
cipitation, cloud cover, outflow discharge (for water intake
and continuous discharge of ground outlet), and inflow dis-
charge and temperature. The water level at the spillway was
used as a boundary condition as it represents an open bound-
ary in the 3D model.

4.2.1 Bathymetry and grids

Bathymetric information was interpolated on the grids of
Delft3D and CE-QUAL-W2, whereas GLM only used the
hypsographic curve. The CE-QUAL-W?2 grid was built using
a QGIS 3.2 plugin developed by Bornstein (2019). It contains
a maximum of 20 layers (vertical direction), two branches
(longitudinal direction) and 82 segments divided among the
two branches (Fig. 3b).

The Delft3D grid was built using the grid generator
of Delft3D (RGFGRID). The resolution is higher in the
forebay—bridge area in order to better represent the formation
of density currents in this region (Fig. 3e and f). The refine-
ment of the grid in the forebay region was made using the
RGFGRID module, and where needed the bathymetry and
grid was edited using the Quickin module for a better repre-
sentation of the reservoir.

4.2.2 Inflow

GLM and CE-QUAL-W?2 used inflow discharge and temper-
ature with daily resolution, which was required for GLM,
while the 3D model used temperatures with 10 min temporal
resolution for the Passaina River after the installation of a
temperature logger.

In GLM the inflows were divided into three: the two main
tributaries (Passatina River and Ferraria River) and the 60
other minor tributaries as a single discharge, their discharges
were summed up and the temperatures averaged. In CE-
QUAL-W?2 and Delft3D, each tributary was implemented as
a single discharge at the closest respective segment or cell.
The intrusion depth for CE-QUAL-W2 was defined as the
layer having the same density, and for Delft3D it was uni-
formly distributed over depth.

4.2.3 Intake

The intake facility had withdrawal flow rates implemented in
daily resolution for the 1D and 2D models and in hourly res-
olution for the 3D model. The abstraction of water occurred
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Table 1. Specification of model parameters and settings. Coefficients indicated with » were calibrated, and default values are in parenthesis.

GLM

CE-QUAL-W2

Delft3D

Horizontal grid

Not applicable

two branches

Main branch: 72 segments
Sec. branch: 5 segments
Branch width: ~ 150 m

Curvilinear
Cell grids of ~ 40m x 40 m

Vertical grid resolution Mixed layers scheme Z - 20 layers Z - 20 layers
Maximum number of 0.85m 0.83m
layers: 500
Min layer volume: 0.025
* Min—-max: 0.1-0.5m
Time step 3600s l's 125
Computational time 5s 3.69 min 85.2h

Specifications:

Intel® Core™ i5-8400 CPU

at 2.80GHz 2.81 GHz.

All source codes were written in
FORTRAN

Surface heat flux approach

Longwave radiation:
calculated by the model inter-
nally from the cloud cover and
air temperature.

Solar radiation flux:

albedo calculation option 4 —
sub-daily approximation

Term-by-term model
Longwave radiation:
calculated by the model inter-
nally from the cloud cover and
air temperature.

Solar radiation flux:

albedo is calculated according
to solar altitude

Ocean heat flux model
Longwave radiation:
calculated by the model as 1o-
tal net longwave radiation, as
a function of cloud cover, rel-
ative humidity, and air and
water surface temperature
Solar radiation flux:

constant albedo (0.06)

Evaporative heat flux approach

Estimated by the vapor pres-
sure differences and wind-
driven convection as a function
of air density and pressure

Estimated by the vapor pres-
sure differences and wind-
driven convection with con-
stant empirical coefficients

Estimated from relative hu-
midity, summing the forced
(wind dependent) and free
convection of latent heat

Coefficient for latent heat transfer

=)

* 0.002—(0.0013)

* 0.0013-(0.0013)

Coefficient for sensible heat
transfer (=)

* 0.0015-(0.0013)

0.47mmHg°C~!
(Bowen’s coeff.)

* 0.0013-(0.0013)

Drag coefficient

» Bulk aerodynamic transfer
coefficient for momentum (-):

* Wind roughness
height (m):

* Wind drag coeff. (-):
Wind intensity coeff.

0.0013-(0.0013) 0.001-(0.001) 0-125ms™! 0.003
1.25-3.00ms~!  0.0025
>3.00ms™! 0.0018
Light extinction coefficient (m™ 1} * 0.85-(0.50) * 0.50—(0.45) * (0.85—(0.85)
Heat exchange with the sediment Neglected Neglected Not applicable
Turbulence closure model Option 2: derivation by Wein-  k— model k—e model

stock (1981) whereby diffusiv-
ity increases with dissipation
and decreases with increasing
stratification

* Layer thickness is not fixed and changes within a range with daily temporal resolution.
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Table 1. Continued.

GLM CE-QUAL-W2 Delft3D
Horizontal eddy viscosity (m2 5 l} Not applicable * 1.0—(1.0) * Background
0.0-(10)
Horizontal eddy diffusivity (m2s~1) Not applicable * 1.0—(1.0) * Background
0.0~(10)
Vertical eddy viscosity (m2s—1) Molecular kinematic viscosity — * Maximum * Background
of water: 1.0~(1.0) 0.0-(10"%)
1.14 x 1076
Vertical eddy diffusivity (m2s~1) - * Background
0.0-(107%)
Bottom friction - Manning Manning
0.035 0.035
GLM CE-QUAL-W2 Delft3D

(a) (@

t i tiea

(c)

® Branch 1
o

(e)

Figure 3. Overview of grids. (a) Representation of GLM cells (vertical layers) that expand or contract according to mixing, thus changing
their total number during simulations. CE-QUAL-W?2 grid in (b) top view, (¢) longitudinal view and (d) transversal view of the marked
segment in panel (b). Delft3D grid in (e) top view, (f) longitudinal view and (g) transversal view. Red background represents the cells that

were used for comparison with monitoring data near the intake station.

close to the surface; therefore, for GLM and CE-QUAL-W2,
the abstraction level was set up as 885 ma.s.l., and the sur-
face cell was defined for Delft3D. The abstraction location
was defined for the 2D and 3D models, and for the 1D model
only the level was required.

4.2.4 Ground outlet

The ground outlet flow rate was almost constant (0.44 +
0.07m>s~") over the simulation period, as there were only
a few gate operations, and small water level variations. This
flow rate was abstracted from all models in a daily temporal
resolution. Similar to the intake withdrawal, GLM required
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as additional information the level of the outlet (872 ma.s.1.).
For CE-QUAL-W?2 and Delft3D, the second deepest cell was
selected.

4.2.5 Spillway

The spillway was set up as an open boundary in the three
models. For GLM and CE-QUAL-W?2, its discharge was
computed through the following equations:

Qspillway =ﬂAhl‘5' (1)

where Qgpiltway (m? s7!) is the volumetric flow over the spill-
way, and Ah (m) is the difference between water level and
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spillway crest. For GLM, « was calculated as

a = 2/3Cpspiny 28 Wepin, 2)

which depends on spillway width, Wypin = 60 m, and associ-
ated drag coefficient Cpgpiin = 0.62, and g is the acceleration
due to gravity (ms~2), while in CE-QUAL-W?2 it was defined
as an empirical coefficient = 110.3.

For Delft3D, this open boundary was defined as water
level dependent, where the measured water levels were ap-
plied in temporal resolution of 30 min. The outflow discharge
thus depends on the water level and the bathymetry at the
open boundary grid cells.

4.2.6 Shorelines, bed and water surface

Shorelines and bed are considered to be closed boundaries
with no-flux condition. For Delft3D and CE-QUAL-W2, a
uniform roughness coefficient was specified at the bed (Ta-
ble 1). Surface heat fluxes are described in Table 1, and wind
direction was not used in the 1D model. Precipitation was
uniformly distributed over the water surface.

4.2.7 Meteorological data

GLM and CE-QUAL-W2 used meteorological data with a
temporal resolution of 1 h. For GLM, this resolution is equiv-
alent to the minimum time step. For Delft3D, meteorological
data with 10 min temporal resolution were used.

5 Indices for comparison

To compare model simulations to observations, the follow-
ing parameters were calculated for the cells being closest to
the sampling location. For CE-QUAL-W?2, segment 55 was
selected (indicated in Fig. 3a—c); for Delft3D, cell [193, 28]
was selected (Fig. 3d—f), and for GLM the first 12 m of depth
was selected. Simulated values were linearly interpolated to
match with the sampling depths, and indices were calculated
only for the period of interest: 1 March 2018 to 28 February
2019.

The assessed variables were water level, spillway dis-
charge, evaporation rate, water temperature, flow veloci-
ties, energy dissipation rates and substance transport. Vari-
ables that required additional processing for the analysis
are described below; otherwise, the variables were assessed
through time series provided by the models.

5.1 Statistics

The model simulations were compared with observations in
terms of mean absolute error (MAE), centered root-mean-
square error (¢c(RMSE), standard deviation (o), correlation
coefficient (R) and coefficient of determination (r). These
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parameters were calculated as follows:

i

MAE = % i;{s,- —m;p), (3)
cRMSE = éZ[(s,‘ —3) — (m; — ), “
i=l
N TR DR
o= n_lg(a, a)”, (5)

where n is the number of observations, a; is one observation
and @ is the mean of all samples (measured or simulated).

_ 2=t (85 = F) Omy — )

Ts0m

R (6)

where s denotes the simulated value and m the measured
value.

Sk

=1 s
SS(OL

(M
where SSpe; is the sum of the squared residuals, and SS;y is
the sum of squared data.

Taylor diagrams (Taylor, 2001) are used to assess the sim-
ulation results of the vertical temperature distribution. The
diagram provides a concise overview of results through com-
parison with observations in terms of standard deviation (o),
correlation coefficient (R) and centered root-mean-square er-
ror (CRMSE) in one plot.

In addition, descriptive statistics (mean, standard devia-
tion, percentiles and percentage differences) were calculated
to compare simulated and observed values.

5.2 Mixing and stratification

Following Ishikawa et al. (2021a), the water column was
classified as mixed or stratified based on a threshold of the
Schmidt stability (St). Days with daily-averaged Schmidt
stability equal or lower than 10% of the annual maxi-
mum Schmidt stability (calculated with the measured data as
16.3Tm~2) were considered mixed, while days with higher
ST were classified as stratified.

Schmidt stability was calculated using the software Lake
Analyzer (Read et al., 2011) as

D
Sr=5 f (2 — 2)pp Acdz, @®)
As
0

where g (ms—2) is the gravitational acceleration, Ag is the
reservoir surface area, A is the area at depth z, p. is the
water density at depth z, zp is the maximum depth and z,
is depth of the reservoir center of volume calculated as zy =
JoPzAzdz/ fP Azdz.
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The thickness of the upper mixed layer (UML) was also
computed by Lake Analyzer using a threshold for the vertical
density gradient, which depends on the density gradient of
the entire water column (see Read et al., 2011, for details).

5.3 Temperature

Due to the dynamic mixed layers of GLM, its results were
linearly interpolated for each 0.5m over depth. To calcu-
late errors, the measured temperatures correspondent to the
timestamp of simulation results were selected, and simula-
tion results were linearly interpolated to match with the ob-
servations over depth. This procedure was followed for the
three models.

5.4 Flow velocities

CE-QUAL-W2 provided one horizontal velocity component
(longitudinal velocity), being positive in the downstream di-
rection and negative in the upstream direction. To compare
flow velocities, the longitudinal component of Delft3D and
the measurements were computed by aligning the flow in the
same direction as the 2D model; thus, the transversal velocity
component was not considered in our analysis.

5.5 Density currents and substance transport

Water from inflowing rivers can take different flow paths
after entering the reservoir, which are affected by density
stratification in the reservoir and inflow conditions. Density-
driven inflows can be classified as underflows, interflows, or
overflows, where the first is spreading along the reservoir
bottom, the second at an intermediate water depth and the
last at the reservoir surface.

Substance transport in models was analyzed by simulating
the transport of a conservative tracer that was added contin-
uously to the inflowing water. Tracer concentrations at the
intake region were assessed to observe substance transport
from the Passatina River to the monitoring site through ver-
tical profiles of the daily maximum value of tracer concen-
tration. The GLM model was set up with a maximum water
depth of 17 m, while the water depth at the point of analy-
sis was ~ 12 m. For this reason, we present model outputs
up to a maximum depth of 12.5m. If the maximum tracer
concentration was below this depth, the inflow regime was
categorized as underflow. For CE-QUAL-W2 and Delft3D,
the closest cell to the station was selected, which represents
the actual water depth at the monitoring site.

6 Results
6.1 Water level and water storage

At the end of the simulation period, all three models pre-
sented a lower water level than the measured. The last mea-
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surement was 886.81 ma.s.1., and the closest value simulated
was in Delft3D with 886.49 m a.s.1., which was also the one
with the lowest error (MAE = 7.4 ¢cm). GLM simulated a fi-
nal water level of 886.44ma.s.l., and CE-QUAL-W2 esti-
mated 886.36 m a.s.l., with respective MAE values of 10.5
and 10.8 cm (Fig. 52a in the Supplement). Additional statis-
tical metrics are presented in the Supplement (Table S2).

The largest discrepancies in water level occurred when it
raised over the spillway crest. GLM and Delft3D had water
above the crest for a longer period than observed, and their
levels kept being larger than the measurements until a sharp
increase in October 2018, which none of the models repro-
duced. Total spillway discharge had its largest volume in CE-
QUAL-W2: 2.93 x 10" m®, GLM had a spillway volume as
the 2D model of 2.87 x 10" m?, and Delft3D simulated 3.7 %
less spillway discharge than CE-QUAL-W2 (2.83 x 10" m%)
(Fig. S2b).

Evaporation values in all models were in the same order
of magnitude but significantly different (one-way ANOVA
test with p value =5 x 107, with the null hypothesis that
both pieces of data have the same mean). The 1D, 2D
and 3D model estimated daily-mean evaporation rates were
2.9+1.3,2.7+1.0and 3.4+ 1.4 mmd~', respectively. Com-
paring the volumes due to evaporation with the reservoir vol-
ume (7.0 x 10" m?), over the year GLM lost the equivalent
of 12.0% of the reservoir volume, CE-QUAL-W2 with the
lowest evaporation rate lost 11.0 % and Delft3D lost 14.3 %.

6.2 Temperature
6.2.1 Vertical profile at the intake region

From the measurements made with the thermistor chain, it
was observed that the reservoir was thermally stratified at
the beginning of the monitoring period (end of summer). The
first autumn overturn took place in mid-April, but after a few
days the reservoir became stratified again. These dynamics of
mixing and stratification repeated several times throughout
autumn and winter, characterizing a warm polymictic mix-
ing regime (Lewis, 1983; Ishikawa et al., 2021a). Thermal
stratification developed in spring and persisted throughout
the summer.

The observed seasonal pattern of stratification and mix-
ing was reproduced by all three models (Fig. 4). At the wa-
ter surface, simulated temperatures were highly correlated
with observations with comparable correlation coefficient
(= 0.99) for all three models (Fig. 5b). The net surface heat
fluxes simulated by the models were not statistically different
(p value = 0.14, one-way ANOVA test with null hypothesis
that the two groups have the same mean). Observed water
surface temperature was 21.6 £ 3.5 °C (mean value and stan-
dard deviation) for the whole period. In the simulations, sur-
face temperature was 22.2+4.0°C in GLM, 21.1+3.7°Cin
CE-QUAL-W2, and 22.4 & 3.7 °C in Delft3D. With increas-
ing depth, the error increased, and the correlation between
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measured and simulated temperatures decreased (Fig. 5). In
the deepest layer, temperature was on average 19.1 £2.0°C,
while GLM, CE-QUAL-W2 and Delft3D simulated 18.6 &=
2.2,18.2+2.3 and 19.3£2.3°C, respectively.

In the 2D model, errors increased rather continuously with
increasing depth, showing maximum cRMSE of 0.6°C at
around 10.5 m depth. Meanwhile, GLM and Delft3D showed
the largest errors around the middle of the lower half of the
water column, GLM at a depth of 6.7m with ¢cRMSE of
0.94°C, and Delft3D at around 8.6 m depth with an error of
0.6°C.

The average water temperature in the GLM simulations
was about (.5 °C warmer at the surface and colder at the bot-
tom, which lead to stronger thermal stratification than in the
observations. CE-QUAL-W?2 simulated lower temperatures
at the surface and bottom (—0.5 and —0.9 °C, respectively),
and Delft3D estimated warmer temperatures at surface and
bottom (+0.8 and +0.2 °C, respectively).

According to the classification based on Schmidt stabil-
ity, Passatina Reservoir was mixed on 95d out of 343d of
the monitoring period, with the longest continuous period
of mixing from 8 May to 20 June 2018 (Fig. 6a). In GLM,
stratification was generally more stable and the reservoir
was classified as mixed only on 68 d. Periods with homoge-
neous temperature were shorter and discontinuous, and the
last mixing event in early September was not resolved by the
model. The simulated Schmidt stability was strongly corre-
lated with those estimated from observations (Pearson’s cor-
relation coefficient with null hypothesis of no relationship,
R =0.98, p value = 0); however, it was overestimated by a
factor of 1.64 on average (Fig. 6b). CE-QUAL-W?2 provided
the closest match of the number of mixed days with obser-
vations (95 d). Due to the lower simulated bottom tempera-
ture, the Schmidt stability was overestimated by a factor of
1.19 on average (Fig. 6¢), but simulations and observations
were highly correlated (R = 0.95, p value = 0). During the
mixed season, the intermittent stratification was attenuated
in the 2D model, and the mixed periods were slightly longer.
Delft3D had the best correlation and a lower overestimation
of Schmidt stability than GLM (R = 0.98, p value =0, fac-
tor of 1.12), however the number of mixed days in the sim-
ulations was underestimated by about 25 % (72 mixed days)
(Fig. 6¢).

The upper mixed layer (UML) depths estimated from
measurements were compared to UMLs estimated for each
model, and all of them presented poor coefficient of deter-
mination (r2 < 0.6) for linear regressions (Pearson’s correla-
tion coefficients with null hypothesis of no relationship are
the following: for ID R = 0.42, for 2D R = 0.33, and for 3D
R =0.68, and all had p value =0 — see Fig. S3 in the Sup-
plement). GLM and Delft3D presented rather thinner UMLs,
whilst CE-QUAL-W?2 had a larger variance, ranging between
deeper and shallower UMLs.

The Taylor diagram presented in Fig. 7 was calculated for
temperature simulations throughout the entire period, and all
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depths demonstrate that the three models had good correla-
tions (= 0.95) and similar standard deviations of residuals
(all models had a standard deviation lower than 0.5°C for
residuals of the difference between measured and simulated
temperature). The cRMSE had the most significant ditfer-
ences between models, with Delft3D as the closest to obser-
vations (0.50 °C), followed by CE-QUAL-W2 (0.56°C) and
GLM (0.84°C).

6.2.2 Longitudinal temperature variations

To compare temperature simulations along longitudinal
cross-sections of the reservoir, CTD profile measurements
were interpolated and compared with simulations of the 2D
and the 3D model (Fig. 8). The models were capable of re-
producing the different temperature distributions during the
sampling dates. In February 2018 and 2019, the reservoir was
stratified in the upstream region with a growing UML along
its longitudinal axis. During the remaining surveys in Au-
gust, November and December 2018, the reservoir showed
different patterns of vertical stratification with only minor
longitudinal variations. Similar to the mean temperature ana-
lyzed above, CE-QUAL-W2 had colder temperatures, while
Delft3D had higher temperatures, and both had a compara-
ble strength in stratification and were in agreement with the
measurements.

As the 1D model considers horizontally averaged temper-
ature, the temperature profiles measured along the longitu-
dinal cross-section of the reservoir were averaged for the
comparison with GLM simulations (Fig. 9). The simulations
were generally in good agreement with the averaged temper-
ature profile. The best agreement occurred in August 2018,
when the reservoir was mixed. In November 2018 and Febru-
ary 2019, the low water temperature in the upstream part of
the reservoir affected the surface temperature of the averaged
profiles, leading to a greater difference compared to the sim-
ulations.

In addition, simulated temperatures from the 2D and 3D
models were horizontally averaged and compared to the
continuous temperature profile observed at the intake. The
c¢RMSE values of both were very similar to the original com-
parison with the closest segment or cell to the monitoring
station (Fig. S4 in the Supplement). The similarity with the
original comparison can be explained by the fact that a large
part of the reservoir was indeed homogeneous over the hori-
zontal (approximately until 5000 m of distance from the dam)
and had a comparable water depth as at the monitoring sta-
tion.

6.3 Hydrodynamics
6.3.1 Flow velocities

The total averaged horizontal flow velocity (the magnitude
of the horizontal velocity components averaged in time and
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Figure 4. Contour plots of vertical temperature profiles at the location of the thermistor chain near the intake region of the reservoir (Fig. 1).
(a) Measured temperature with Az = 1h and Az = 1 m; (b) simulation result of GLM (Af = 1 h and Az = 0.5 m); (¢) simulation result of
CE-QUAL-W2 (At = 1 hand Az = 0.85 m); (d) simulation result of Delft3D (A7 = 1 hand Az = 0.83 m).
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Figure 5. Performance of temperature simulations from GLM, CE-
QUAL-W2 and Delft3D for the intake region. Panel (a) shows the
centered root-mean-square error (C(RMSE), and panel (b) shows the
correlation coefficient (R) along depth for each model.

Geosci. Model Dev., 15, 2197-2220, 2022

over depth) was around 2cms™'. Following the analysis
of hydrodynamics in Passaina Reservoir in Ishikawa et al.
(2021a), flow velocities larger than 3.5 cm s~ (~90th per-
centile) were defined as currents. They were forced by wind
and had the upper part of the water column flowing towards
an opposite direction as the lower part (see Fig. 10a—d). The
currents, and consequently the total averaged flow veloc-
ity, were significantly (p value =1 x 10~"8" with null hy-
potheses of both having a similar distribution) more frequent
and more intense during stratified periods when compared to
mixed periods. The same analysis, only considering the mag-
nitude of the longitudinal component, was made for the 2D
and 3D simulation results (Table 2).

For the total period and all depths, CE-QUAL-W?2 had a
cRMSE =2.1cms~! and a negative correlation coefficient
with observations (—0.04, p value = 4 x 10~%°, with null hy-
pothesis of no relationship), while Delft3D had cRMSE =
1.7cms ™! and correlation coefficient of 0.50 (p value = 0).
The two models had errors in the same order of magnitude,
but the simulations of the 2D model had a lower standard
deviation (0.8 cms™!), while the 3D simulations had a stan-
dard deviation closer to the observed value (1.4 cms™!, being
the observed 1.9 cms™!). Both models showed the largest er-
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Figure 6. (a) Time series of daily-averaged Schmidt stability (ST) esti

mated from observed (St,,) and simulated (St,) temperature strat-

ification. The dotted line marks the threshold (St = 16.3Jm™2) used to classify mixed and stratified conditions. Comparison between St

estimated from measurements and simulation results; linear regression

with zero intercept (black dashed lines) equations and coefficient of

determination (rz) are provided as panel title for (b) GLM, (¢) CE-QUAL-W2 and (d) Delft3D.

Table 2. Comparison of magnitude of longitudinal flow velocities (m
Measurements and processing are described in Ishikawa et al. (2021a).

ean = standard deviation) between measurements and simulations.

Period Currents (cm g ! ), Total longitudinal vel. (cm g1 ), Relative occurrence
1.e., mag. of long. vel. i.e., all mag. of long. vel. of currents
= 90th percentile
Measured Mixed 4.0£0.7 1.3£1.0 0.4 %
90th percentile: 3.1 Stratified 44412 1.5+1.3 10.8 %
Total 43+£1.2 1.5+£1.3
CE-QUAL-W2 Mixed 24406 0.9+08 14.9 %
90th percentile: 1.8 Stratified 24+£0.7 0.7+0.7 9.0%
MAE: 1.7, cRMSE: 2.1  Total 25408 0.8+£0.38
Delft3D Mixed 33+1.0 0.9+09 1.3%
90th percentile: 2.4 Stratified 35x1.1 1.1+1.1 10.7 %
MAE: 1.3, cRMSE: 1.7  Total 35+1.1 1.1£1.0

rors at the surface, where the 3D model is closer to the ob-
servations than the 2D model (Fig. 11). In contrast to the
temperature simulations, the simulated flow velocities had
the smallest errors near the bottom. Despite the compara-
ble magnitude of cRMSE of both models, the correlation be-
tween simulated and observed velocities differed remarkably
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(Fig. 11b). While it was generally low (< 0.1) and fluctuated
around zero along the water column for CE-QUAL-W2, it
varied between 0.4 and 0.6 for Delft3D.

The longitudinal velocities of CE-QUAL-W2 had a 90th
percentile of 1.8cms™' and a MAE of 1.7cms™!, its total
mean value was 0.8 cms™!, and it is possible for the wind in-
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Figure 7. Taylor diagram of the total simulated period of tempera-
ture profiles at the intake region. Green lines indicate centered root-
mean-square error (CRMSE) isolines. Angular coordinate, in blue,
represents the correlation coefficient (R). Standard deviation (black
dashed line) is represented in radial coordinate with the reference
measured data in center. Measured is the baseline where correlation
is 1 and cRMSE is zero. The red dots represent model performance.

fluence on formation of currents to be observed (Fig. 10a,
b, e and f). The occurrence of currents differed between
mixed and stratified conditions and were statistically differ-
ent (p value = 0, Kruskal-Wallis test with null hypothesis
that the two groups are from the same distribution). Their rel-
ative occurrence was larger during mixed conditions, which
is the opposite from that observed. In general the simu-
lated flow velocities were lower than observed velocities. For
Delft3D, MAE was 1.3 cms ™!, and its longitudinal velocities
were in general lower than observed with a total average of
1.1 cms~! and 90th percentile of 2.4 cms™!. As in the obser-
vations, the occurrence of currents was significantly differ-
ent (p value = 2.98 x 10728%) between mixed and stratified
conditions. The simulated currents presented clear opposing
directions of flow between upper and lower depths (Fig. 10g
and h). In addition, their relative occurrence was within 1 %
difference from the observed data.

6.3.2 Turbulence

Only Delft3D provided simulated energy dissipation rates
(&). The estimation of & based on measurements is described
in Ishikawa et al. (2021a), and due to the limited measure-
ment range of the high-resolution mode of the ADCP, esti-
mations were only made up to 8 m height above the bed.
Observed energy dissipation rates were basically the same
during mixed and stratified conditions (respective log aver-
ages along depth and time: 7.5 and 5.5 x 1071 Wkg™!). In
Delft3D, & was approximately 1 order of magnitude larger
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at mid-depth under mixed conditions. Log-averaged dissi-
pation rates for the depth range with observations were
8.0x 10719 Wkeg ! under mixed and 1.0x 10~ Wke ! un-
der stratified conditions (Fig. 12a and b).

While simulations from Delft3D had log-averaged profiles
with higher & towards the bed, the estimations only had the
same trend during the presence of currents (magnitude of
longitudinal velocities > 90th percentile). The increase for
the estimations started around 3 m above the bed; for simu-
lations, the flow velocities under the current threshold also
had e increasing towards the bottom, and in the presence of
currents & started to be larger at around 6 m above the bed
(Fig. 12¢ and d).

6.3.3 Density currents and substance transport

The models had similar overall distributions until August
2018 (Fig. 13). The tracer transport changed from interflows
to underflows (or to deeper interflows) after the first autumn
overturn, with differences at the depth of daily-averaged
maximum concentrations.

Underflows and interflows at greater depths were pre-
dominant in autumn and winter and overflows and inter-
flows closer to the surface were more frequent in spring
and summer. GLM predicted interflows with the maximum
concentrations at shallower depths than the other models
from March to mid-April. After this time, GLM and Delft3D
simulations showed underflows more frequently, while CE-
QUAL-W?2 results had the interflows moved to deeper re-
gions and presented less underflows when compared to the
ID and 3D models. Starting from August 2018, the maxi-
mum concentration of the tracer showed different patterns in
each model. In the 1D simulations, underflows persisted un-
til the middle of October, and after that interflows formed at
~ 5m depth. In the 2D simulations, the inflow formed in-
terflows at a slightly deeper depth (~ 7 m), while maximum
tracer concentrations were widely scattered over the upper
water column in the 3D simulations, with their lower bound
following the 2D simulations (Fig. 13).

We calculated the relative frequency of occurrence of each
flow path by assigning overflows when the maximum con-
centration was at the water surface (uppermost depth cell),
underflows when it was at the bottom (lowest depth cell or
deeper than 12m for GLM) and interflows otherwise. For
GLM, there were no overflows, while for most of the time
underflows were observed (57.6 %) and interflows for the re-
maining time. For CE-QUAL-W2 and Delft3D, interflows
were the most frequent, with 75.1 % for the 2D model and
67.1 % for the 3D model; overflows and underflows were
almost equally distributed for Delft3D, with, respectively.
14.9 % and 18.0 %, and CE-QUAL-W?2 simulated more fre-
quent underflows (21.4 %) than overflows 3.5 %.
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sampling month is provided at the top of each panel). The black lines show horizontally averaged profiles measured with a CTD, and the

orange line shows GLM simulations. The respective errors and correlation coefficients are provided in each panel.

7 Discussion

7.1 Water storage

Regarding the water balance, all models had errors of compa-
rable magnitude: 1D, 2D and 3D models had errors in stored
water volume of —4.4 %, —4.9 % and —3.7 %. The error in
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terms of water level was similar for all models (~ 10 ¢m) and
is in the range of errors reported in the literature (e.g., Dai et
al., 2013; Jeznach et al., 2014; Chen et al., 2016; Bueche et
al., 2020). GLM had a constant water level from January to
May 2018, corresponding to the maximum level defined by
the hypsographic curve due to the spillway crest elevation.
CE-QUAL-W?2 had lower water levels and a larger discharge
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monitoring site (positive values correspond to downstream flow); panels (¢) and (d) show observations made by the ADCP, panels (e) and (f)
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Figure 11. Performance of longitudinal flow velocity simulations
from CE-QUAL-W?2 and Delft3D for the intake region. Panel (a)
shows the centered root-mean-square error (¢C(RMSE), and panel (b)
shows correlation coefficient (R) along depth for each model.

over the spillway. Both models calculated the discharge by
empirical equations. Delft3D was forced by the measured
water level as an open boundary at the spillway location. For
water level elevations higher than the bathymetry at the out-
flow cells, water will leave the domain. For water level eleva-
tions lower than the bathymetry at the outfall cells, no water
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should flow at all. However, as the bathymetry at the outflow-
ing cells could not reproduce the spillway geometry, periods
of water flowing into the domain were observed, which is
obviously an artifact. Despite similar results in terms of stor-
age volume, discharges through the spillway and evapora-
tion differed among models, with Delft3D having the largest
evaporation loss and CE-QUAL-W?2 the lowest. The differ-
ences can be attributed to the differences in how the models
describe and implement the boundary conditions. We can-
not affirm which model is most precise, because the modeled
processes (e.g., evaporation or flow over spillway) were not
directly measured. In addition, measured data are also as-
sociated with uncertainties. There is an underestimation of
peaks of inflow discharge from LARSIM-WT and poor data
accuracy on outflows of the bottom outlet at the dam and
the spillway discharge, which were important parameters that
contributed for the discrepancies of the water balance of the
reservoir. Thus, care has to be taken when defining boundary
conditions in all models, and the first step should always be
to check water balance and flows at the boundaries.

7.2 Temperature

All three models simulated the dynamics of temperature
stratification in reasonable agreement with observations. Re-
sulting errors are in the same order of magnitude as val-
ues reported in other model applications (e.g., Bruce et al.,
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Figure 12. Solid lines show depth profiles of log-averaged energy dissipation rates (£). Background shades mark the range between the
5th and 95th percentiles of the temporal variations. Panels (a) and (b) show estimated and simulated (Delft3D) dissipation rates separated
between mixed and stratified conditions. Panels (c) and (d) show estimated and simulated dissipation rates divided in periods of longitudinal
flow velocity magnitudes exceeding (=) or being smaller (<) than their 90th percentile.

2018; Weber et al., 2017; Kobler et al., 2018; Mi et al., 2020;
Chanudet et al., 2012; Dissanayake et al., 2019).

Stratification is mostly driven by heat exchange associated
with absorption of solar radiation, net longwave radiation,
evaporation, precipitation and sensible heat transfer at the
water—air interface. Despite the different parameterizations
of the surface heat flux, which also included downwelling
longwave radiation that was not measured, and the use of dif-
ferent coefticients (see Table 1); daily averages of net surface
heat flux of the three models had no significant difference
among each other. Other processes that influence the temper-
ature stratification are inflows, surface runoff, groundwater
inflow and heat exchange with the sediment (Wetzel, 2001).
Out of those, only river inflow temperatures were known and
implemented in all models. The others were considered to
be negligible. Regarding the heat exchange with sediment,
Stepanenko et al. (2013) showed that it did not have signif-
icant influence on simulations of bottom water temperature
of a shallow lake for a comparable temperature range as ob-
served in Passadna Reservoir. Even though the errors were of
comparable magnitude, the model simulations of thermal sta-
bility differed among the models, with underestimated tem-
perature in the 2D simulations and overestimated tempera-
ture in the 3D simulations. We assume that the differences
were related to model dimensionality and the parameteriza-
tion of vertical mixing and inflows.
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The 1D model imposes the largest simplification by ne-
glecting horizontal variations in flow and water temperature,
even though an initial mixing of inflows due to entrainment is
parameterized in the model. It is important to point out that
the continuous temperature measurements at a single sam-
pling location are not ideal for comparison with 1D simula-
tions, and spatially averaged temperature profiles are more
representative for the horizontally homogenous conditions
assumed by the 1D model. The lower temperatures in the
deeper layers can be explained by the cold inflow temper-
atures combined with the inability of reproducing the en-
hanced heat exchange of the inflowing water with the at-
mosphere in the shallow forebay. In addition, the surface
temperature was overestimated by GLM, which explains the
larger number of stratified days and increased thermal sta-
bility. Another factor that can potentially contribute to er-
rors is the selection of the first 12m in depth for compari-
son with measurements, thus excluding the bottom bound-
ary layer of the 1D vertical grid. On the other hand, the 2D
and 3D models had a better representation of the strength
of vertical density stratification, despite having overall diver-
gent results — respectively colder and warmer temperatures
than measured. These differences can be at least partially
explained by the calibration process, which becomes more
difficult for increased dimensionality. Due to the short com-
putational time required for 1D models, it is possible to per-

Geosci. Model Dev., 15, 2197-2220, 2022



Appendix Il

2214

Depth (m)

M. Ishikawa et al.: Effects of dimensionality on hydrodynamic models

Tracer conc. (kg m'3)
0.2 0.3 0.4 0.5 0.6 0.7
GLM S

CE-QUAL-W2

Depth (m)

Depth (m)

Delft3D

Figure 13. Contour plots showing simulated time series of tracer concentration along water depth at the intake region obtained from (a)
GLM, (b) CE-QUAL-W2 and (c¢) Delft3D simulations. Black markers indicate the depth of the maximum daily-mean concentration. The
tracer was introduced continuously in the Passatina River inflow with a constant concentration of 1kgm™3.

form repeated runs with varying calibration parameters (e.g.,
light extinction coefficient) and to improve agreement with
data during model calibration. Moreover, tools for automated
model calibration are available (Bueche et al., 2020).

CE-QUAL-W2 estimated 92d with mixed conditions,
which is in closest agreement with the observations (95 d),
but their temporal dynamics differed from observations espe-
cially during winter. The intermittency between mixing and
stratification was more frequent; mixed periods were longer
from June to August and the last mixing event shorter. In the
Delft3D simulations, the shorter mixed periods are missing,
which reduced the total duration of mixed conditions to 78 %
of the observed.

7.3 Longitudinal processes

Both 2D and 3D simulations of temperature distributions
along the longitudinal cross-section of the reservoir were
in good agreement with observed temperature distributions.
The 1D simulations reproduced the horizontally averaged
temperature distributions, with better results when the reser-
voir was relatively homogeneous. The close agreement be-
tween the 2D and 3D simulations with measurements indi-
cates that transversal gradients are of minor importance for
the stratification in Passaina Reservoir. This is further sup-
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ported by the good agreement between both models for the
simulated tracer transport from the river inflow to the water
intake station. Nevertheless, the tracer analysis showed how
the differences in temperature simulated by each model also
affected the inflow pathways.

These results highlight the advantages of CE-QUAL-W2
and Delft3D, as they are capable of representing the observed
longitudinal gradient, especially considering the inflow re-
gion, where colder river water flows downwards as an un-
derflow. This underflow is responsible for transporting not
only cold water but also dissolved nutrients and suspended
sediment over long distances into the deeper parts of the
reservoir. Those dynamics are represented in GLM only in a
very simplified manner, explaining the weaker performance
of GLM with respect to water temperatures at higher depths
(Fig. 5).

Tracer dynamics observed with GLM complies with the
hypothesis that the lower temperature at the bottom was
caused by inflow pathways of mostly underflows because of
the absence of the forebay. Fenocchi et al. (2017) demon-
strated that, in order to reproduce the thermal response to
inflows in a subalpine lake with GLM, it was necessary to
use an impractical coefficient of light extinction. The gen-
eral colder temperatures simulated by CE-QUAL-W2 placed
the inflow at deeper depths and confined them in layers. This
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behavior was observed because the longitudinal flows were
located below the UML, thus showing the higher concen-
trations of tracer especially after September (Fig. 13). For
Delft3D, the opposite was observed: the density currents
were within the UML, which diluted the tracer concentra-
tion, and the depth of its maximum was strongly variable
over the last 6 months. The travel times of the tracer was
evaluated by identifying the first time that the tracer concen-
tration was larger than 103 kgm 3 at the intake after the
release of the tracer at Passatina River. The transport in CE-
QUAL-W2 was faster with travel times of 2.2 and 3.5d in
Delft3D, which can be associated with the higher tracer con-
centrations of the 2D model. This information is important
for management of reservoirs during spilling accidents (e.g.,
Jeznach et al., 2014); for GLM it is not possible to estimate
time travel, since inflows are directly placed at defined lay-
ers. Studies assessing the inflow pathways through modeling
demonstrated a good agreement between simulations and ob-
servations, e.g., Marti et al. (2011) and Zamani et al. (2020)
with 3D models and Jeznach et al. (2014) with CE-QUAL-
W2,

Despite similar seasonality of stratification and mixing
predicted by the three models, the tracer analysis demon-
strated how the spatial simplification affects the transport
of substances. This was clear especially for the 1D model
that differed considerably from the 2D and 3D models. CE-
QUAL-W?2 and Delft3D presented similar seasonal patterns
for density currents, which influenced the stratification in the
reservoir mainly by underflows that added a layer of colder
water at the bottom and were strongly present in the simu-
lations during winter. Ishikawa et al. (2021a) analyzed the
distribution of density currents, categorized as underflows,
interflows and overflows, based on the comparison of the
measured temperature between the forebay region and the
main reservoir (only available for the first half of the total
period) with the temperature profile at the intake. Overflows
were assigned when the forebay temperature was larger than
the surface of the measured profile, and underflows were as-
signed when lower than the bottom; otherwise, they were
interflows. A similar classification of density currents was
made using the location of the maximum tracer concentra-
tion of the models (Fig. S4). Processes such as entrainment,
mixing, diffusion and dilution of inflow are neglected in this
approach; therefore, overflows were frequent in March and
April 2018, while of minor importance in the simulations.
However, the underflow season that was expected in the prior
analysis was at some extension reproduced by CE-QUAL-
W2 and Delft3D. It was mainly present during the winter,
with shifts of 1 month among analyses made based on obser-
vations and simulations, matching with the period where the
process is relevant for stratification.

For the second half of the simulated annual cycle, the flow
paths of 2D and 3D models differed the most with respect
to the occurrence of overflows, which is explained by the lo-
cation of the density currents in relation to the UML depth
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(Figs. 13 and S4). All models had poor results for UML depth
estimated from measurements. For this reason, the 2D model
presented a smoothed error along the depth (Fig. 5), while the
ID and 3D models simulated consistently shallower UML
depths, causing the peak in the error and correlation profiles.
The predictions of thickness of the mixed layer and the slope
of the thermoclines are generally challenging for models, as
reported for other model applications (Perroud et al., 2009;
Huang et al., 2010).

7.4 Flow velocities and vertical mixing

Simulation of flow velocities showed less agreement with
measurements than temperature, although errors were in the
same range of other work with Delft3D (Chanudet et al.,
2012; Dissanayake et al., 2019). The magnitudes of simu-
lated longitudinal flow velocities were generally lower than
observations, but Delft3D was capable of reproducing the
overall characteristic of larger magnitudes of longitudinal
flow velocities during stratification and larger relative oc-
currence of currents (> 90th percentile), while flow veloc-
ities simulated by CE-QUAL-W?2 showed no agreement in
magnitude or dynamics with observations. For a fair com-
parison with the 2D model, laterally averaged flow veloc-
ity observations would be required, which are not accessi-
ble from longer-term observations. However, the transver-
sal flow velocity component of observations and simulations
of Delft3D were disregarded in the comparison (0.96 £ 0.98
and 0.54 +0.64cms™!, respectively). The ratios of mean
transversal and longitudinal velocity components are 0.7 for
measurements and 0.5 for Delft3D, which indicates that po-
tential transversal flow processes are not resolved by CE-
QUAL-W2.

The poor results regarding magnitude and direction of flow
velocities in both models can be associated with the fact that
flow velocities in Passatina Reservoir were generally small,
internal seiches were not observed and circulation patterns
are absent. In studies where those properties are relevant,
better agreement between observations and 3D simulations
were reported (Huang et al., 2010; Chanudet et al., 2012;
Dissanayake et al., 2019), and a simulation in Lake Erie
with CE-QUAL-W2 reproduced the oscillation frequency of
basin-scale seiches but not their amplitudes (Boegman et al.,
2001). Further, the direction of flow velocities is highly af-
fected by the inaccuracy of wind direction measurements,
and weak wind intensities are expected to have lower cor-
relation with flow velocities, since they potentially change
direction more frequently (Dissanayake et al., 2019), which
is the case in Passatina. Moreover, the correlation between
observed and simulated flow velocities increased towards the
bottom, probably because the bottom is a better represented
boundary for the process, whereas it is the opposite is the
case for temperature.

The turbulent closure models are relevant for the verti-
cal mixing, thus the different approaches implemented in
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the models can be considered to contribute to the variation
among simulated UML thicknesses. GLM is the one with the
thinner UML and poorest correlation; its simplification in di-
mensionality and the structure of the model in mixed layers
can be the cause for lower mixing. CE-QUAL-W2 neglects
transversal flows, which may contribute to the shear profile
and cause errors in turbulence production. Lastly, Delft3D
resolved all three dimensions, but dissipation rates simulated
by the model differ from those estimated from measurements
of flow velocities. The log-averaged profiles of dissipation
rates computed by the 3D model follow an expected pro-
file with a turbulent surface boundary layer, a low energetic
interior and increasing dissipation rates towards the bottom
(Wiiest and Lorke, 2003). Only few studies in the literature
reported comparisons of measured and simulated dissipation
rates. In general they presented good agreement, but all of
them were performed in high energetic environments such
as ocean regions with the presence of breaking waves, near
to the surface, and large lakes (Stips et al., 2005; Jones and
Monismith, 2008; Paskyabi and Fer, 2014; Moghimi et al.,
2016). In spite of all uncertainties regarding the estimated
dissipation rates, in our study the results from the 3D simula-
tions revealed that the model has limitations in reproducing
all processes contributing to energy dissipation in a medium-
sized reservoir.

8 Conclusions

Three commonly used hydrodynamic models with different
dimensionalities were applied to a subtropical reservoir using
identical boundary conditions. The simulation results were
compared to measurements covering a complete annual cy-
cle. All models were capable of providing valuable infor-
mation about the water balance and reproduced the overall
pattern of seasonal thermal stratification and mixing. Flow
velocities, only available from the 2D and 3D models, were
more challenging to reproduce, particularly because of low
flow velocities and the lack of large-scale circulation pattern
in the reservoir. In terms of the mean absolute error for water
level, temperature and flow velocity, the three models had a
maximum variation among each other of 30 %, but the time
required to run the simulations increased by nearly 5 orders
of magnitude, from 5 s with GLM, 3.7 min with CE-QUAL-
‘W2 and 3.5 d with Delft3D (Table 1). Passatina is a medium-
sized reservoir, so for larger systems computational time can
turn into a more constraining factor.

Nevertheless, each model has its advantages and limita-
tions, and their application should be chosen in accordance
with the parameters to investigate.

1D.

— Water balance and water level are fundamental for the
management of reservoirs.
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— Seasonal operations that depend on stratification are im-
portant, e.g., selecting intake and outflow depths that
will have better results depending on the mixing con-
dition (Weber et al., 2017).

— The good trade-off between computational costs and
provided accuracy in simulating seasonal thermal strati-
fication and vertical mixing is attractive, and 1D models
have been increasingly employed in larger-scale studies
including a large number of water bodies (e.g., Read et
al., 2014; Woolway and Merchant, 2019).

2D.

- Assisting in actions and time response regarding sub-
stance transport are important, e.g., in case of contam-
ination of the principal inflow (Jeznach et al., 2014).
However, specific determination of layers containing
the density currents is uncertain, and it will depend on
initial mixing of inflow and depths of UML and thermo-
cline, which none of the models could reproduce with
precision, although the 3D model had better correlation.

— Seasonal pattern of the density currents is important.
3D.

— Field of flow velocities is important. Although Passatina
Reservoir had low kinetic energy, the 3D model pre-
sented positive correlation with measurements. In ad-
dition, wind speeds were low and were measured a few
kilometers apart from the monitored site, where it could
have different directions and could reduce the agree-
ment between observation and simulation. Flow veloc-
ities can be important for processes that depend on cir-
culation patterns, e.g., the transport of nutrients that are
related to algae blooms (Ledn et al., 2005; Chung et al.,
2014).

Challenges faced by all models were the water balance and
the UML thickness. The first was rather because of the poor
monitoring; thus, it is of paramount importance to have good
measurements of the volumetric discharge of inflows and
outflows, including engineering structures such as spillways.
Otherwise it is difficult to identify sources of errors related to
the models themselves. The thickness of the mixed layer can
have large effects on subsequent simulations of water qual-
ity. The categorization of density currents as overflows, in-
terflows or underflows depends on that and will have a direct
impact on the fate of nutrients and organic matter inside the
reservoir (Rueda et al., 2007). Similarly, the dynamics and
vertical distribution of dissipation rates of turbulent kinetic
energy could not be reproduced. This quantity can be rele-
vant not only for hydrodynamic applications but also for the
prediction of air—water gas exchange (Katul and Liu, 2017),
sediment—water fluxes (Lorke and Peeters, 2006; Grant and
Marusic, 2011) or the development of algal blooms (Aparicio
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Medrano et al., 2013). By taking these general and model-
specific limitations into consideration, models are valuable
tools not only for managing water resources but also for sci-
entific applications (e.g., Sabrekov et al., 2017; Mi et al.,
2020; de Carvalho Bueno et al., 2021).

Data availability. The current versions of the models used in this
study are available at their respective websites.

GLM - https://github.com/AquaticEcoDynamics/ (last access:
26 October 2021); Delft3D-FLOW — https://oss.deltares.nl/web/
delft3d/get-started (last access: 26 October 2021), both under the
GNU General Public License v3.0 (https://www.gnu.org/licenses/
gpl-3.0.html, last access: 6 November 2021); and CE-QUAL-W2:
http:/f'www.ce.pdx.edu/w2/ (last access: 20 October 2021). The
source codes for the exact versions of each model used to produce
the results are archived at https://doi.org/10.5281/zenodo.5613653
(Ishikawa et al., 2021b).

Data and scripts supporting the findings of this study are openly
available at https://doi.org/10.5281/zenodo.5600497 (Ishikawa et
al., 2021¢).
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Abstract: Chlorophyll-a (chla) is an important parameter to assess water quality in lakes and reser-
voirs, since it is a proxy for phytoplankton biomass and primary production. The increasing avail-
ability of data with high spatial and temporal resolution allows assessing short-term dynamics and
small-scale variations of chla within larger water bodies. In freshwater reservoirs, the nutrient concen-
trations and the physical conditions that control phytoplankton growth vary along their longitudinal
extend. Here, we analyze how the flow paths of the inflowing river water into density-stratified
reservoirs affect the vertical and longitudinal distribution of nutrients and chla. We combine spatially
resolved and high-frequency measurements of chla from satellite remote sensing and in-situ sensors,
with numerical simulations using a three-dimensional hydrodynamic model to assess the influence of
density currents on chla dynamics along a subtropical drinking water reservoir in the south of Brazil.
Chla did not have pronounced seasonal dynamics (4.9 & 1.2 ug L™!, at the continuous measurement
station); instead, spatial variability along the reservoir was more pronounced (4.4 + 2.1 pg L1, all
monitored points within the euphotic zone). Most of the nutrients from the inflowing river were
consumed in the upstream region, and phytoplankton in the lacustrine zone depended on internal
loading. Temporal variability was observed only in the upstream region, and phytoplankton pro-
duced in that area was transported downstream by density currents, resulting in large concentrations
of chla below the euphotic zone. The results of a hydrodynamic model that simulates the present
state are in good agreement with the observations. Two simulated scenarios, where the density
current patterns were altered, resulted only in slight variations in density currents, indicating that the
influence of the main inflow was of minor relevance in chla concentrations in downstream regions of
the reservoir. Our results highlight the importance of two-dimensional hydrodynamic processes in
regulating phytoplankton dynamics in reservoirs.

Keywords: water quality; reservoirs; chlorophyll-a; nutrients; density currents

1. Introduction

The water quality in lakes and reservoirs is often assessed by the concentration of
chlorophyll-a (chla), which is a proxy of the biomass and primary production of phyto-
plankton, and an important parameter for determining the index of trophic state [1,2]. For
this reason, the prediction of chla is essential for the management of inland waters. Linear
relationships between the concentration of total phosphorus in water and chla have been
observed for many lakes [3,4]. Therefore, it became common practice to predict chla in lakes
and reservoirs based on linear models using total phosphorus as a predictor [4-7]. Such
relationships have been continuously revisited, due to the increasing amount of data and
better approaches that can provide more robust estimates. For example, Stow and Cha [7]
suggested that linear relationships would only hold for lakes with similar features. Most
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recently, Quinlan, et al. [8] estimated that total phosphorus explained 44% of chla variation
among 3874 lakes across 47 countries, though most of them were located in North America
and Europe. A sigmoidal relationship was found between the two parameters, and the
regions where the linear relationship was not valid were in either most cold or hot climates.
Similarly, existing studies show that the linear relationships are rather poor predictors for
chla in lakes located at low latitudes [9], and that the relationships between both parameters
are not strictly linear [10]. Shuvo, et al. [11] demonstrated that additional factors can be
relevant for chla, such as regional climate and the morphology of the water body. Most
of the relationships between chla and total phosphorus were estimated using data from
lakes, which are most abundant at higher latitudes [12], whereas there is a general lack of
limnological studies in tropical and subtropical regions [13].

Freshwater reservoirs have been constructed globally for different purposes, with
recent estimates suggesting a number of 38,000 existing dams [14]. Hotspots for the ongoing
construction and planning of new dams are located in tropical zones [15]. Water quality in
reservoirs has become a global concern, particularly in drinking water reservoirs, where
their degradation caused by eutrophication and rising temperature may abate the services
that they provide [16-18]. In distinction to lakes, reservoirs can be divided into three
distinct zones along their longitudinal extent from the inflow region to the dam, namely
the riverine, transitional, and the lacustrine zone. These zones differ in temperature,
underwater light availability, turbidity, and nutrient concentration [19]. For this reason, the
spatial variations and dynamics of primary production in reservoirs differs from natural
lakes, although the drivers are identical [20]. According to Kimmel, Lind, and Paulson [19],
nutrient availability, suspended particle concentration, and light limitation in reservoirs
decrease toward the dam. Therefore, phytoplankton production has its maximum in the
transition zone, where nutrients are still largely available and light limitation is reduced due
to sedimentation of suspended particles. In the lacustrine zone, light and flow conditions
are more favorable for phytoplankton growth, but the nutrients are limited, and growth
depends on internal loading, i.e., from the release of remineralized nutrients from the
sediment. In addition, besides nutrient loads, factors such as the hydraulic residence time
have an impact on the trophic state of reservoirs [21].

The relationships between total phosphorus and chla have mostly been analyzed using
longer-term data and for annual mean values of measurements obtained at a single location
or for the average of several sampling points (e.g., [7,8]). The increasing availability of
data with high spatial and temporal resolution, however, also lead to usage of trophic
state indices to explain short-term dynamics and small-scale variations within larger water
bodies (e.g., [22]). Remote sensing techniques have become useful tools to monitor and
evaluate the quality of inland waters, measuring qualitative parameters of water with
spatial and temporal variations [23].

For assessing spatial variations and temporal dynamics, the hydrodynamic conditions
and, in the case of reservoirs, longitudinal gradients need to be taken into account. The flow
path of inflowing waters into density-stratified reservoirs can be classified according to its
depth distribution. The vertical position of the inflow depends on reservoir stratification
and the density of the inflowing water, which enters at a depth of neutral buoyancy.
Accordingly, the density currents are defined as under-, inter-, and overflows, where in
the first the river, water flows along the reservoir bottom, in the second at an intermediate
water depth, and in the latter along the water surface. The potential importance of density
currents for reservoir water quality has been analyzed in recent years [24-26]. These
studies addressed the hypothesis that overflows and interflows promote the growth of
phytoplankton, as they can deliver nutrients directly to the euphotic zone.

The aim of the present study is to analyze the role of reservoir hydrodynamics for the
longitudinal variations and the temporal dynamics of the relationships between nutrient
concentration and chla in a subtropical reservoir. We combine spatially resolved and
high-frequency measurements of chla from satellite remote sensing and in-situ sensors,
with numerical simulations using a three-dimensional hydrodynamic model. We analyze
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to what extent nutrient concentration and prevailing density currents can explain the
dynamics of chla in different regions along the reservoir. In addition, we assessed two
scenarios for projected changes of density currents due to changing inflow temperature and
changing reservoir morphology. Our results provide information about the applicability
of fixed relationships between nutrient concentration and water quality in reservoirs
located at low latitude, and advance the understanding of the role of physical processes in
these relationships.

2. Methods
2.1. Study Site

The study site is a drinking water reservoir located in a subtropical region in South
Brazil at latitude 25.50° S. Passatina Reservoir is of small to medium size and used for the
abstraction of on average 1.8 m® s~! of potable water for about one half million people
(Sanitation Company of Parana—SANEPAR [27]). The maximum water depth close to the
dam is 17.5 m, the surface area is 8.5 km?, and it has a storage volume of 48 x 10® m?. In
the upstream region of the reservoir, a forebay was formed due to the presence of a bridge
(Figure 1). The main inflow is the Passatuna River that represents, on average, 77% of all
incoming discharge. The outflows are the bottom outlet at the dam that had a continuous
discharge of ~0.5 m® s~!, the spillway at the dam, and the intake for the water treatment
plant. Data on air temperature and wind speed are available from two stations. Until
May 2018, data were provided by the Technology Institute of Parana (TECPAR), located
4 km from the reservoir in the east direction. After that, measurements were provided by a
station near to the dam and operated by SANEPAR. Both stations provided observations
with a temporal resolution of 10 min. Precipitation was measured at the dam station for the
entire period.

4940 W 4936 W 4932 W
Inflow & « Monthly monitored
; points
2542 S
Weather stations
Sensor platform
2544 S
Water intake
2546 S
2548 S
L]
25.50 S
25.52 8
2554 S -
16 14 12 10 J 6 4 2 0

8
Depth (m)

Figure 1. Map of Passauna Reservoir. The color map shows the reservoir bathymetry (adopted from
Sotiri, et al. [28]); the location of the dam, the intake station, and the main river inflow are indicated
by text labels. Symbols mark the location of sampling sites for continuous sensor observations and
monthly water quality sampling (see legend). The latitudinal sections (numbered as 1 to 10) are used
in the spatial analysis of model simulations and remote sensing data.
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2.2. Monitoring Program

Passatina Reservoir was monitored for one year, starting from February 2018. The mon-
itoring program was composed of three extensive and seven smaller sampling campaigns;
the latter had fewer sampling locations along the reservoir. Water sampling and in-situ
measurements with sensors were performed from 3 to 10 sampling sites during seven
campaigns, and additional continuous sensor measurements along longitudinal, a transect
crossing the complete reservoir, were measured during the three extensive campaigns. In
addition to the sampling campaigns, continuous sensor measurements of surface water
properties were obtained at a fixed platform near the water intake (Figure 1). The sampling
schedule and the location and water depths of the measurements conducted during the
campaigns are provided in Table S1. Detailed descriptions of sensor measurements and
water sample analyses are provided in the following sections. In addition, Secchi disk
depth (zsp) was measured at each location, which were used to estimate euphotic zone
depths (z¢) following Luhtala and Tolvanen [29]:

z, = 3.7489 x 37506 (1)

2.2.1. Sensors

Several sensors were used to measure vertical profiles at the selected sampling loca-
tions, for measuring longitudinal transects at the reservoir surface, and for continuous time
series at the platform location (Table 1).

Table 1. Sensor’s specification regarding variables measured, type of measurement, range, accuracy,
and temporal resolution.

Conductivity,
Equipment Fluorometer Spectrometer Fluorometer Temperature, and
Depth Profiler
Equipment model nanoFlu OPUS FluoroProbe 11 CastAway-CTD
Manufacturer TriOS TriOS bbe moldaenke Sontek
Origin Rastede, Germany Rastede, Germany Schwentinental, San Diego, United
Germany States
chla with the conductivit
Variables measured chla Nitrate(N-NO3) determination of algae Y
o temperature, and depth
classes
Range 0 to 200 pg L™ 0.03 to 10 mg L™ 0to 500 ug L1
AccuracyResolution +5% +5% 0.01 pg L! 0.1 PSU and 0.05°C

Measurements

continuous time series

continuous time series

continuous time series,
longitudinal transects,

Vertical profiles

and vertical profiles

Temporal resolution

for continuous
measurement 1 h, and 1s
for transects and profiles

Sampling in a rate of

15 min 5 Hz.

15 min

OPUS is an UV spectral sensor that, through the analysis of the full spectrum, de-
termines concentrations of nitrate (N-NQOj3). Both nanoFlu and the FluoroProbe (bbe
moldaenke) are fluorometers; however, the last one makes the assessment of chla with the
determination of five different algae classes.

Fluorometer-based measurements potentially underestimate chla concentration in
the presence of daylight due to photochemical quenching [30], which was observed in
our measurements with both chla probes. For this reason, data acquired between 8 am
and 8 pm were excluded from the continuous measurements at the platform, and the
remaining data were averaged to provide daily estimates of chla. The sensor data were
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calibrated using a linear regression of daily averaged sensor data and the data obtained
from laboratory analysis of water samples collected during the campaigns (Figure S1). The
factory calibrations resulted in averaged overestimations of a factor of 1.46 for the nanoFlu,
and 2.13 for the FluoroProbe. The same correction was applied for measurements done
during campaigns, even though they were performed during daytime. Measurements of
N-NO; made with the sensor were in good agreement with laboratory analyses (Figure S2).

2.2.2. Laboratory Analyses

Water samples were collected during the campaigns at each sampling site (Figure 1)
using a Van Dorn sampler. The sampled depths included the water surface (0.2 m depth),
the near-bottom layer (~0.5 m above the bottom), and up to three additional depths ac-
cording to the measured temperature stratification (Table S1). The sampling depths were
defined after the assessment of the temperature profile to resolve the vertical gradients
sufficiently. Polyethylene bottles were used for sample collection of chla analyses, and
glass bottles for nutrient analysis. Chla samples were stored in darkness until analysis in
the laboratory.

Chemical analyses of water samples included total nitrogen (TN), organic nitrogen
(Organic N), ammonium (N-NHy), nitrate (N-NOs), nitrite (N-NO,), total phosphorus (TP),
total dissolved phosphorus (TDP), particulate phosphorus (particulate P), orthophosphate
(P-POy), and chla. Sampling, preservation, and analytical protocols were following standard
methods for surface waters [31].

Samples for TN and TP determination were kept unfiltered, and the remaining samples
were filtered using a 0.45-micron membrane filter. Measurements of N-NQOj, P-PQy, and
N-NHj were conducted within 24 h from sample collection. The remaining samples were
stored at 4 °C with minimum exposure to light and air until analyzed within 10 days after
sampling. Prior to analysis, water samples were equilibrated to ambient temperature,

TN concentration was determined with the persulfate method, by oxidation of all
nitrogenous compounds to nitrate. N-NHj3 concentrations were measured by the phenate
method, and N-NO3 and N-NO; concentrations were analyzed by the cadmium reduction
method [31]. Organic N concentration was obtained as the difference between TN and
inorganic nitrogen forms (N-NHj, N-NOj, and N-NO3).

TP and TDP concentrations were determined with acid digestion, followed by the
ascorbic acid method. P-PO, concentrations were quantified using the ascorbic acid method.
Particulate phosphorus was determined as the difference between TP and TDP.

Chla concentration was determined according to CETESB [32]. The water samples
were vacuum filtered onto a glass fiber filter and preserved frozen until quantification. The
filter was macerated and steeped in 90% acetone to extract chlorophyll from the algal cells,
followed by sample clarification through centrifugation. The absorbance of the clarified
extract was then measured in a UV-visible spectrophotometer (Kazuaki IL-0082-BI) before
and after HCl acidification.

All analysis results were quality-checked by careful standardization, procedural blank
measurements, and triplicated analyses, in which samples were measured three times
and averaged.

2.3. Remote Sensing Images

Chla in the surface water of Passatina Reservoir was estimated from Sentinel-2 single
scenes which are available every 5 days if the investigation area is cloud-free. The spatial
resolution is 20 m. We used the “Case 2 Regional Coast Colour” Processor (C2RCC), which
is implemented in the SNAP Toolbox [33]. The C2RCC processor provides several trained
neural networks (we selected C2X) that map Sentinel-2 Level 1C data (top-of-atmosphere
radiance) to (atmospherically corrected) surface reflectance and chla concentration.

In total, 15 images from cloud-free observations are available for the study period:
1 March 2018, 20 April 2018, 10 May 2018, 30 May 2018, 14 July 2018, 23 August 2018, 7
September 2018, 11 November 2018, 11 December 2018, 10 January 2019, 30 January 2019,
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9 February 2019, and 19 February 2019. A linear regression was performed between the
measured chla (from the time series of the continuous sensor measurement near the intake
station, and from sampling stations during the campaign of 11 December 2018) and the
estimated chla from satellite images. For the comparison with in-situ measurements, an
area of 60 m x 60 m around the sampling location was averaged. To assess the longitudinal
gradient of concentrations, the reservoir was divided in 10 sections of equal width of the
forebay (Figure 1).

2.4, Reservoir Hydrodynamics

Reservoir hydrodynamics were assessed in previous studies in terms on the spatial
variations and temporal dynamics of thermal stratification and density currents based on
measurements [34] and modeling [35]. In both studies, mixed periods were defined based
on Schmidt Stability (S1) calculated from the vertical temperature profile measured at the
Intake point. Therefore, the reservoir was classified as mixed when S < 16.3 ] m 2 (10%
of the annual maximum).

The applied three-dimensional hydrodynamic model was capable of reproducing
stratification and large-scale flow features in Passatina Reservoir [35]. In the present study,
three sets of simulations are used: (i) The simulations of the monitoring period (February
2018 to February 2019) using present reservoir morphology, observed inflow temperature,
and measured atmospheric forcing (including wind and heat fluxes); (ii) A scenario with
the forebay removed, where we assessed its influence on density currents, since it is a
region that can potentially disappear either due to siltation or reduced water levels during a
drought period. The underlying hypothesis was that underflows were expected to become
more frequent due to lower inflow temperatures, once the forebay increases surface heat
exchange due to the relatively large superficial area and low water depths [34]. One of the
parameters to estimate river water temperature is the percentage of stream shading in the
catchment. In scenario (iii), the inflow temperature was changed according to simulations
with warmer river temperature that considered the lack of stream shading (0%) in the
catchment [26]. In this case, the inflow temperatures became higher and an increased
occurrence of overflows was expected [26].

As an extension of the previous simulations, we assessed the distribution and dynam-
ics of density currents along the reservoir using the simulated transport of a numerical
tracer, which was added to the inflow of the Passatina River with a constant concentra-
tion of 1 kg L™". To avoid accumulation of the tracer in the reservoir, its concentration is
decreasing over time with a first-order decay rate of 0.01 d~'. A dynamic classification
of density currents along a longitudinal cross section of the reservoir, according to the 10
sections, was performed for the remote sensing analysis. The classification was based on
the vertical tracer distribution, expressed as the tracer ratio Tr:

Tr—1— dMaxTr )
d
where dy,. 7y is the depth of the maximum value of the laterally averaged simulated tracer
concentration, and 4 is the mean water depth of the respective section. Thus, values of
Tr < 0.33 are defined as underflows, Tr > 0.67 as overflows, and the intermediate range
as interflows.

2.5. Statistical Metrics

For the comparison of different data, statistical tests were applied: the one-way
ANOVA test, which compares the variance of two groups of normally distributed
data; and the Kruskal-Wallis test, which is the equivalent of ANOVA for non-
parametric distributions.
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Chla estimated through remote sensing images were compared to the in-situ estima-
tions by means of root mean squared error (RMSE), calculated as following:

1 n .
RMSE = |~} (9 — ) 3)
i=1

where 7 is the predicted value (estimation by remote sensing), y is the observed value (by
in-situ sensing), and n is the number of predictions/observations. In addition, the Pearson
correlation coefficient (R) was calculated.

3. Results
3.1. Continuous Observations

Air temperature had diel and seasonal variations (Figure 2a), and varied between
1.7 °C on 11 July 2018 and 33.9 °C on 29 January 2019. Wind speed was generally low, with
a maximum value of 6.8 m s~ ! and an average + standard deviation of 2.0 + 1.0 m s~
(Figure 2b). March 2018 was a wet month regarding precipitation, which was followed by
a dry period that extended until September (Figure 2b). From October on, precipitation
occurred more regularly; in total, there was around 1400 mm of precipitation during the
monitoring period. Regarding stratification, the reservoir is discontinuous warm polymictic,
with stable thermal stratification during spring and summer, and intermittently mixing
during autumn and winter (Figure 2, [34]).
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Figure 2. (a) Time series of daily mean air temperature. (b) Time series of wind speed (left y-axis, the
gray fine line shows hourly averaged values and the black thick line shows daily means) and daily
mean precipitation in mm d ! (right y-axis) adopted from [26,34]. (c) Time series of N-NO3 measured
by the OPUS sensor. (d) Time series of chla measured by sensors with daily resolution (nanoFlu (pink)
and FluoroProbe (blue) solid lines), laboratorial analysis (red symbols), and remote sensing (green
symbols). The dashed vertical orange lines mark the days where field campaigns were performed.
Gray background color marks periods of vertical mixing in all panels; during the remaining time, the
reservoir was thermally stratified (adopted from Ishikawa, Bleninger, and Lorke [34]). (e) Time series
of water level in meters above sea level (m.a.s.l.) in black thick line, the dotted line shows the crest of
the spillway.
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Chla measured continuously at the platform location at 1.5 m depth was relatively
constant throughout the year (mean + std: 5.2 & 1.5 pg L 1), and a marked seasonal
behavior was not clear from visual inspection. However, the decrease of concentration over
mixing events, followed by peaks of concentration were noted. Dividing the data in two
series, concentrations over the mixed period (between the first and the last mixing event, 17
April to 17 September 2018) were significantly larger (7.2 + 1.5 ug L~!) than during stable
stratification (5.7 = 1.3 ug L according to a one-way ANOVA test (p-value << 0.01).
Concentrations of N-NOj; presented more consistent patterns over prolonged periods
of time (Figure 2c). For example, the low concentrations in January and February 2019
did not affect chla concentrations, indicating that nitrogen is not a limiting nutrient in
Passatina Reservoir.

Water level fluctuations in Passatina Reservoir were minor: over the monitored year,
it varied between 886.1 and 887.6 m.a.s.1. From the middle of May, the level was constantly
under the spillway crest, thus outflow at the dam occurred only through the bottom outlet.

3.2. Longitudinal Variations

Regarding the temperature stratification of the reservoir, only two campaigns were
conducted during mixed periods (12 June 2018 and 13 August 2018), whereas during the
remaining campaigns, the reservoir was thermally stratified (Figure 2d). Dissolved oxygen
concentrations dropped to hypoxic conditions in a near-bottom layer, downstream of the
Reservoir Center station, except for the two campaigns during the mixed period (Figure 53).

Nutrient concentrations (N-NO3, N-NHy, P-POy4, TN, and TP) did not vary strongly
between campaigns, but showed consistent longitudinal gradients along the reservoir
(Figure 3). The concentrations generally decreased from higher concentrations in the inflow
region to the smallest values near the dam. A particularly strong decrease was observed
around station PPA (approximately 7 km from the inflow), indicating that most of the
nutrients were taken up or settled before and around this location (Figure 3). Downstream
of the station park (8 km from the inflow), the concentrations remained at relatively constant
low levels. A different pattern was observed for N-NHj3, which remained relatively constant
along the reservoir, and was strongly increased in the reservoir outflow.

Contrary to nutrient concentrations, chla was lowest in the river inflow, but increased
rapidly within the reservoir, with the highest values and largest variability between the
forebay and station PPA (Figure 3f). Beyond these sampling locations, chla gradually
decreased towards the dam. Surprisingly, chla was comparable within the euphotic zone
and below. Moreover, larger chla concentrations near the bed than at the water surface
were frequently observed during the campaigns (Figure 4 and Figure S3).

During the lab analysis, it was observed that the samples collected below the eu-
photic zone had a brownish color, indicating that at least part of the phytoplankton was
dead. The pattern of larger concentrations in deeper layers was also observed for nutrient
concentrations (Figure 3).
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Figure 3. Box plots of water quality data estimated through laboratorial analysis and sensor mea-
surements during all sampling campaigns at different locations along the reservoir (from inflow
to outflow, see Figure 1 for the location of sampling sites). Data from different sampling sites are
separated by vertical gray lines. Blue boxplots show measurements in the inflow and outflow; green
boxplots show data from within the euphotic zone; and grey boxplots show data from below the
euphotic zone. Numbers on the top of each boxplot represent total of samples; see the legend for an
explanation of the box plot elements. Each panel presents one parameter indicated in each y-axis.
Each panel presents the concentration of one substance: (a) N-NOg3; (b) N-NOy; (c) P-POy; (d) TN;
(e) TP; and (f) chla.
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Figure 4. Contour plots of chla concentrations along a cross section of Passatina Reservoir observed
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during different sampling campaigns (the sampling date is indicated in the title of each panel). The
y-axis is depth, and the x-axis is the distance along the longitudinal. The location of the sampling sites
at which vertical profiles with the FluoroProbe sensor were measured is indicated by black dashed
vertical lines. The profiles were interpolated along the longitudinal direction. The magenta dashed
line shows the estimated depth of the euphotic zone.

3.3. Spatial Variations of Chla at the Water Surface

The three longitudinal transects had the highest concentrations between the forebay
and the side arm with the Ferraria River, with the highest chla concentrations in February
2019 and the lowest in August 2018 (Figure 5).
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Figure 5. Longitudinal transects of chla at the water surface (~1 m depth), measured with the
FluoroProbe sensor during the three extensive sampling campaigns (the sampling date indicated in
the title of each panel).
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Chla estimated from remote sensing images, in comparison to sensor measurements
at the intake platform and the campaign in December 2018, had a root mean squared
error (RMSE) of 3.7 pg L~!. The Pearson correlation coefficient with lab measurements
was poor and not significant: R = 0.11 (p-value = 0.56, n = 31). When keeping only the
data from the intake sampling location, there was a slight improvement of agreement
(RMSE =28 ug L1, R=0.32, p-value = 0.12, n = 24). A systematic error was not observed
through a linear regression between laboratory measurements and remote sensing estimates
(Figure S4).

Despite the poor correlation, the remote sensing observations provided values in the
same magnitude and longitudinal gradients similar to the observations during the in-situ
measurements (Figure 6). Therefore, the dataset can support the findings of the study, espe-
cially because of the better spatial resolution at the water surface. Considering all remote
sensing estimates, the mean chla concentration =+ standard deviation was 5.8 £ 4.2 ug L1
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Figure 6. Maps of remote sensing estimates of chla concentrations for the days indicated in the title
of each panel. The mean (+standard deviation) concentration is presented as a text label below
each map.

3.4. Linking Water Quality to Physical Processes

Former analysis found seasonal variations of the density current patterns at the intake
sampling station, which changed from predominantly interflows from March to mid-April
2018, to underflows during the period of frequent mixing, and to inter- and overflows
starting from mid-August 2018 [35]. Here, we extended this analysis to other regions of
the reservoir. The longitudinal pattern of the density current could be well followed by
the simulated transport and decay of a tracer in the main inflow river (see Figure S5 for a
sample distribution).

3.4.1. Temporal and Spatial Variations

In-situ sampling of the monitoring points within the euphotic zone were grouped
according to the sections, since the points had variable distances among each other. In
this way, the largest concentrations of chla were observed in section 2, (Figure 7b). The
continuous surface transects (Figure 5) were also divided according to the sections, and
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a similar longitudinal distribution to the samples was observed (Figure 7b). According
to a Kruskal-Wallis test, none of the sections were significantly different from each other
(p-value = 0.26 and 0.93, for measurements made through sampling and with the sensor,
respectively).
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Figure 7. (a) Box plots of the temporal variations of the tracer ratio (Tr, Equation (1)) averaged for
each section. The background color marks the thresholds for the three classifications of density
currents (see legend). Each campaign is marked as a scatter plot. (b) Box plots showing the variability
of different estimates of chla in the 10 longitudinal zones (vertical grey lines indicate each section as
divided in panel (a). Yellow box plots represent the temporal variation of chla from remote sensing.
Blue box plots represent the temporal variation of chla measured by analyses of water samples, for
which sampling points were grouped according to sections. Red box plots represent the temporal
variation of chla measured during the three continuous longitudinal transects with the FluoroProbe
sensor (Figure 5).

The longitudinal pattern of the chla estimates from remote sensing differed from that
of the in-situ measurements by showing gradually decreasing concentrations from the
inflow region towards the dam (Figure 7b). The Kruskal-Wallis test showed that, in this
case, chla concentration distribution in sections 1 to 4 were significantly different from
sections 8 to 10, whereas sections 5 to 7 were only significantly different from section 1
(p-value < 0.001).

The longitudinal distribution of the tracer ratio for the entire analysis period showed
the smallest values in section 2 (average of 0.13), followed by a gradual increase towards
the dam (Figure 7a). Underflows dominated the forebay, representing 98% of the simulated
period, as well as sections 2 and 3 (96% and 76%, respectively). In sections 4 and 5, the
inflow was mostly present as underflows (65% and 54%), but also inter- and overflows
occurred more frequently than in the sections upstream. From section 6, the flow path was
present as interflows for 34% of the period, indicating a separation of the flow paths from
the bed. The occurrence of overflow situations was observed only downstream of section 4,
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Chla (ugL™")

Samples

where its occurrence gradually increased towards the dam (at section 10, it had a share of
37%). The opposite longitudinal pattern was observed for the occurrence of underflows.

The inflow regimes during the campaigns were classified using the tracer box plots
(Figure 7a). At section 1, only the campaign in 12 June 2018 was an interflow, which was at
the edge of being classified as underflow. Then, in section 2, all campaigns were within
underflows. The campaign in 11 December 2018 is the only one that was classified as
overflow over most of the sections. The first three campaigns were consistent underflows
along all sections, whereas the others shifted to interflow and eventually to overflow (e.g.,
13 August 2018 and 5 February 2019). It was also possible to identify a seasonal variation
in the density current pattern: underflows occur mainly during autumn and winter, and
overflows during spring and summer (Figure S6).

To assess the influence of thermal stability, chla concentrations were analyzed sepa-
rately for mixed and for conditions, based on the temperature difference between surface
and bottom water. The difference was calculated from in-situ measurements, whenever they
were available; otherwise, they were estimated from the model simulations (Figure 8a,b).
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Figure 8. Box plots of chla concentrations observed during mixed (green) and stratified (orange)
conditions from (a) laboratory analyses of water samples and (b) remote sensing estimates. Box plots
of chla concentrations observed for different types of density currents: (¢) laboratory analyses and
(d) remote sensing. Each color represents one group according to the legends. Numbers at the bottom
are the p-value of the Kruskal-Wallis test between the two groups within the section with the null
hypothesis that both groups come from the same distribution.

The median values of chla estimated from situ data were consistently larger during
mixed compared to stratified conditions, except for section 2. However, the chla concen-
tration obtained from laboratory analyses of water samples did not differ significantly
between mixed and stratified conditions (p-values > 0.05, Figure 8a), maybe due to the
few and unevenly distributed samples. In addition, no consistent longitudinal trend was
observed. The number of samples became more limiting when comparing chla measure-
ments obtained during different types of density currents. For example, some sections
had only one or no observation for some flow path groups (Figure 8c). No significant
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differences between the distributions of chla concentrations from in-situ observations could
be observed for the different types of density currents.

Contrary to the in-situ estimates, the chla concentrations estimated by remote sensing
in the different longitudinal sections of the reservoir had consistently higher median values
during stratified conditions compared to mixed conditions. However, only for section 4,
the difference was significant (p-value = 0.02, Figure 8b). Only in sections 1, 8, and 9,
the observed chla concentrations under mixed conditions had the maximum averaged
observation larger than during stratified conditions. The division according to density
currents did not present any systematic pattern, and all groups were similar (p-value > 0.05,
Figure 8d).

We compared the original simulation of the tracer ratio to two additional scenarios
(without the forebay, and without stream shading in the catchment) to understand how the
changes could affect the flow paths of the density currents (Figure 9).
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Figure 9. Box plots of tracer ratio for the original simulation and two scenarios (without the forebay
and no stream shading in the catchment—indicated by the legend). Each subplot is one section,
indicated by the title. The background color marks the thresholds for the three classifications of
density current. Blue background represents the threshold for underflows, pink background for
interflows, and green background for overflows.

The two scenarios presented the expected variations for density currents, but the
changes were generally small. The most pronounced shift happened at section 2, which
is right after the forebay, where, in the original simulation, underflows represented 95%
of the density currents, it increased to 99% without the forebay, and decreased to 86%
without stream shading. Similar differences were observed until section 4, whereas in more
downstream sections, the distributions were unaffected, indicating that, from section 6, the
influence of the inflow temperature was of minor relevance.

3.4.2. Correlations

For each of the 10 longitudinal sections of the reservoir, we calculated Pearson cor-
relation coefficients between chla estimated from in-situ measurements and from remote
sensing with the following parameters: inflow concentration of TP, P-POy, TN, N-NOs,
N-NHy (interpolated to a daily resolution from the in-situ measurements); Schmidt stability
(St); average temperature difference between surface and bottom at each section (AT, model
results); inflow temperature; and tracer ratio (Tr) (Figure 10). The sampled chla within
the euphotic zone was correlated only with the temperature difference AT in section 2
(positive correlation). Remote sensing estimates of chla were positively correlated with
Schmidet stability, AT, and inflow temperature in sections 1 and 2. Section 2 also had a
positive correlation with P-POy, and a negative correlation with N-NOj. From sections
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4 to 6, negative correlations with AT were observed. Then, only section 6 had a negative
correlation with Schmidt stability.
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Figure 10. Correlations of chla obtained from samples (black dots) and remote sensing images (blue
dots) with: measured inflow concentration of TP, P-PO,, TN, N-NO3, N-NHy, Schmidt stability
(St), the mean temperature difference between surface and bottom water (AT), measured inflow
temperature (Inf. T), and tracer ratio (Tr). The columns represent data for 10 longitudinal sections,
and rows represent the different parameters. All panels present the Pearson correlation coefficient
for sampling (top left), remote sensing (top right), and both combined (bottom right) chla estimates.
Numbers in gray indicate that the correlation was not significant (p > 0.05).

When combining both data (samples and remote sensing), the correlations did not
improve much. Section 2 had significant correlations with P-PO4, TN, Sy, AT, and tracer
ratio. Correlation with TP was negative in all sections (and significant in section 8). In
addition, the correlation coefficients tended to shift their sign along the sections. For
example, the inflow temperature was positively correlated with chla until section 3, and
thereafter, the correlation became negative.

4. Discussion
4.1. Temporal and Spatial Variations of Nutrients and Chlorophyll

Concentration of dissolved nutrients and chla were more variable along the longi-
tudinal extent of the reservoir than over time. The productivity in aquatic ecosystems in
tropical to subtropical regions is known to have lower seasonal variability when compared
to lakes and reservoirs in the temperate zone [36]. Nevertheless, there are several factors
that can drive seasonal variability in tropical regions, including the prevalence of dry and
wet seasons, flow regulation, and reservoir operation [37]. For Passatina Reservoir, the
several mixing episodes observed over the year prevented the development of a consistent
seasonal pattern, as it is commonly found in studies in temperate regions (e.g., [38]). Due
to the polymictic condition, the lacustrine zone of tropical reservoirs tend to have a more
efficient recycling of nutrients in the sediment and in the hypolimnion [12]. Thus, the
observed decrease of concentration of chla right after the mixing events is most likely
explained by dilution due to vertical mixing, and the followed increase in chla supported
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by internal loading with nutrients [39,40]. This is further supported by higher nutrient
concentrations in deeper layers than near the water surface (Figure 3). In addition, averaged
chla concentrations were larger over the periods where the mixing events occurred: during
the autumn and winter seasons.

There are indications of N limitation in tropical lakes [41]; however, the continuous
measurements at the monitoring platform at the intake suggested that the large variations
of the N-NOj did not affect the chla dynamics, indicating that the N limitation was not
relevant. In addition, the P limitation at Passatina Reservoir was observed through the
assessment of the annual average of inflow concentrations of TP and TN according to the
scheme presented by Sterner [42].

The observed longitudinal decrease of nutrients (TN and TP) in Passatina Reservoir
(Figure 3) supports the conceptual model of [20] and observations in other reservoirs
(e.g., [43,44]). The observed chla concentrations were in accordance with the proposed
framework, showing the largest concentrations in a region between the riverine and la-
custrine zones. This was more evident when grouping the sampled data in sections of
equal distance (Figure 7b). When evaluating each point individually, chla concentrations
had their largest values at the forebay and PPA. Between these two sampling locations,
there was Ferraria Bridge, where concentrations were lower at the water surface than in
deeper layers. At this point, the reservoir is laterally constraint to a channel-like region (see
Figure 1), which may have influenced the vertical distribution (Figure 3). When grouping
the data in sections, the second section presented the largest concentrations of chla, and
a similar pattern was observed in the continuous longitudinal sensor transect (Figure 5).
However, the concentration distributions of the different sections were not significantly
different among each other. TP and TN had lower concentrations in the outflow from
the reservoir compared to the inflow, indicating the trapping of nutrients by the dam.
This was observed for all chemical nutrient speciation, except for N-NH,, which had the
largest concentrations at the outflow, a feature caused by the anoxic conditions found at the
deepest layers close to the dam. Hence, most of the outflow was from the bottom outlet (all
during the period when the water level was lower than the spillway crest—Figure 2e), and
outflow concentrations were similar to the ones found in the deepest regions around the
dam. On the other hand, chla had larger concentrations at the outflow than at the inflow.

The distinct longitudinal distribution of chla in reservoirs has not been observed in all
studies, with many examples in which the largest concentration of chla was observed at
the riverine zone [43-45], and at the lacustrine zone due to the mobilization of nutrients
from the sediment [45]. A quantitative criterion for the definition or the prediction of
the reservoir sections belonging to the riverine, transitional, and lacustrine zones is not
trivial. Their location depends on morphological characteristics, flow velocities, light
availability, and nutrient levels. Moreover, these zones can expand and compress over
time [46]. Whereas other studies defined those regions through data clustering of the
aforementioned parameters [37,47], we tried to do the same analysis, but the results were
inconsistent. We believe that the main causes are the uneven distribution of sampling
points along the longitudinal, and the missing measurements upstream between April and
June (Table S1). A classification based on model results was also attempted; in this case, the
variables used were morphological (depth and width) and flow velocities. For this reason,
we evaluated the gradients according to the longitudinal distribution of nutrients and chla,
which is more relevant than defined zones. In addition, for reservoirs with a dendritic
shape, or with more than one relevant inflow, the zonation can become less meaningful.

In contrast to the in-situ measurements, chla estimated by remote sensing had its
largest concentrations in the most upstream regions, and it decreased continuously until
the dam. The greatest differences between remote sensing and in-situ chla estimates
occurred in section 1, and the difference was gradually decreasing along the reservoir.
However, the remote-sensing-based estimates had a root mean square error of +3.7 ug L1,
which is smaller than the expected error for chla estimations from the Sentinel-2 observation
of 5—10 pg L~ [48,49]. Thus, for the low range of chla values in Passatina Reservoir from
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the in-situ reference (mostly between 4 and 7 ug L1, see Figure 2c), a strong correlation
between observed and estimated chla variations over time cannot be expected. Yet, spatial
patterns observed in individual remote sensing scenes may be meaningful, in that it may
be a systematic error per scene. The comparison of remote-sensing-based and in-situ
measurements time series suggests that the remote-sensing-based method is sensitive to
small temporal changes. There are several sources contributing to the disagreement of
in-situ and remote-sensing-based values, such as the mismatch of the field of view of in-situ
and remote optical sensors, temporal mismatch, remote sensing model error, and in-situ
sensor error (disagreement between sensor and lab analysis). However, we cannot estimate
the individual contribution of each error source.

In laboratory analyses, although the samples were kept in the dark for their preser-
vation, they were filtered several hours after sample collection (when they arrived in the
laboratory). Further, chlorophyll was extracted from the samples by manual maceration.
Each step is susceptible to add uncertainties. On the other hand, sensor measurements
have the advantage of taking measurements in-situ, but can be affected by the sunlight,
and present a limitation on the measurement range depending on the optical path. As the
laboratorial analysis is a well-established method, we usually take its result as the reference
for the comparison with sensor and remote-sensing-based estimates.

4.2. Effects of Density Currents

The results from the numerical model showed good agreement with observed tem-
peratures (RMSE = 0.77 °C) [35], and for Passatina Reservoir, the main driver of changes
in inflow density is temperature [34]. Thus, the simulated tracer transport is considered
a good approach for evaluating the flow paths of density currents. This is supported by
previous studies using numerical tracers as a proxy for density currents, which showed
good agreement with in-situ observations of dye tracers [50].

The sampling campaigns on 13 August 2018 and on 5 February 2019 were conducted
for similar nutrient concentrations in the reservoir inflow (TN = 1.5 and 1.6 mg L1,
TP = 0.04 and 0.05 mg L~1), yet the longitudinal transects showed that chla at the water
surface was about a factor of two lower in August than in February (Figure 5). Based on
the tracer ratio analysis from the numerical model (Figure 9), the campaign in August was
dominated by an underflow (except in the two last sections), and the other campaign varied
from underflow in sections 1 to 4, and to inter- and overflow in the rest of the reservoir.
In addition, sensor profiling (Figure 4) showed that the highest concentrations of chla in
August were in the deeper layers. This indicates that nutrients were consumed in the
upstream region, where the euphotic zone encompassed the entire water column, and
the algae were transported by the density current to larger depths. When dividing the
sampled data set in groups of under-, inter-, and overflow (Figure 8c), chla had the largest
concentrations in interflows (section 6) and overflows (sections 8 and 10). However, the
groups were statistically similar, which agrees with the generally small temporal variability
of chla.

Density currents varied seasonally (Figure S6), and it was expected that they could
promote seasonal variations in chla [24,35]; however, this was not observed. One explana-
tion for not seeing a significant difference according to the flow path over time is related
to water depth in relation to the euphotic zone. Until section 4 (maximum water depth
~7 m), the estimated depth of the euphotic zone was larger than the water depth on some
occasions. Therefore, even when nutrients were delivered directly to the bottom, they were
within the euphotic zone available for algal growth. Because of the shallower depths, the
region mixed more frequently than downstream regions, making the surface concentrations
of chla independent of the density current pattern. Since inflow concentrations were rather
constant, temporal variations were minor.

Regarding the simulated scenarios, simulation without the forebay increased the
formation of underflows significantly until section 3 (p-values < 0.001). The other scenario,
with higher inflow temperatures due to the removal of stream shading in the catchment,
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increased the formation of overflows until section 4 (p-values < 0.03). In both simulations,
the density currents were not influenced by the inflow conditions downstream of this
section. In that regard, our simulations confirm previous analyses of the expected changes of
density currents in both scenarios [26,34]. In these studies, density currents were classified
based on inflow temperature and on the vertical temperature profile measured at the intake
(section 8), which excluded vertical mixing during transport along the longitudinal extent
of the reservoir. Indeed, there was the increase of under- or overflows depending on the
scenario; however, these changes could not be seen at the intake. According to the model,
the shift is only seen until the park station. The inflowing water can be mixed vertically
before it is transported longitudinally to regions with water depths exceeding that of the
surface mixed layer. In this way, it is possible that the currents classified as interflows
or underflows move forward along to the water surface. This was observed in the tracer
simulations, and due to the small water depth until section 5, it was common to have a
vertical mixing over the entire water column during the entire year.

Sotiri, et al. [51] assessed the sediment thickness of Passatina Reservoir, and identified
two major zones of sedimentation, which correspond to sections 2 and 9 of this study. The
first region upstream is linked to sedimentation from inflow, where we found most algal
growth. Our observations show that the second sedimentation zone, closer to the dam,
is likely formed by the enhanced deposition of algae that are transported there from the
inflow region by density currents. This is supported by the assessment of organic matter
content in the sediment presented in Marcon, et al. [52], where at section 2, organic matter
was <10% of the sediment content, and in the downstream regions, it was >30%. Enhanced
deposition of autochthonous organic matter explains the persistent formation of anoxic
conditions of the deeper layers in the downstream region of the reservoir, as they were
observed in most campaigns (Figure 53) and in previously analyzed continuous oxygen
measurements performed near the intake station [34]. Using the sediment surface area
and reservoir water volume for water depth exceeding 9 m, the areal hypolimnetic oxygen
deficit (AHOD, Hutchinson [53]) calculated from the temporal rate of decrease of dissolved
oxygen concentration in the hypolimnion observed in [34] was approximately 1.0 g of
O, m? day‘I . The AHOD ocbserved in Passatina is in the same range as eutrophic lakes
in the temperate zone [54], though Passatina is classified as mesotrophic. Moreover, the
two regions with high sedimentation rates are characterized by the highest emissions and
production rates of methane [52].

4.3. Correlations between Nutrient and Chlorophyll Concentrations

With an annual mean inflow concentration of total phosphorous (TP) of 0.06 mg L1,
the averaged concentration of chla measured in-situ (at all depths and all campaigns)
of 44 ug L 1 in Passatina Reservoir is in the lower range of values predicted by linear
models between both variables that have been established for different lakes and reservoirs,
and range between 5.0 and 30.2 pg L1 (Table 52). The relationship that provided the
closest result to the observations was the one presented by Stow and Cha [7], though
its relationship was found for Lake Huron; nevertheless, other results were within the
error margin.

Correlations between spatial and temporal variations of chla and TP in Passatina
Reservoir were generally poor, and the same was observed for correlation with other
parameters. Carneiro, et al. [55], and Klippel, Macédo, and Branco [1] also found poor
results for direct relationships between total phosphorus and chla in Brazilian reservoirs.
They considered data for periods of one month and three years, respectively. Cunha, Finkler,
Lamparelli, Calijuri, Dodds, and Carlson [2] found better linear relationships between TP
and chla using annual mean values from six reservoirs in Brazil for a period of nine years.
An increase in sample number by merging the in-situ and remote sensing data did not
improve the correlations. Nevertheless, remote-sensing-based chla estimates had the largest
difference in regard to longitudinal pattern in the two first sections when compared to in-
situ measurements, which can put the results from these zones into question. For sections
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where there was not much difference between the two datasets (e.g., section 6), Schmidt
stability had negative correlations, which agrees with the observation of declining chla
concentrations during mixing, and higher values during restratification periods (Figure 2c).
In the data from continuous measurements of chla and Schmidt stability, the correlation
between both parameters was poor, most likely because the trigger for the increased algal
growth is the mixing event, i.e., change of the strength of stratification.

From the poor correlations between observed chla variability and environmental con-
ditions, we comprehend that the processes that are controlling phytoplankton dynamics
are more complex than linear relationships, and additional processes should be considered
when assessing results at different spatial and temporal scales. For example, during the
campaign in October 2018, the total phosphorus concentration in Passatina River was
highest; however, the chla concentrations in the reservoir were the smallest. This counterin-
tuitive observation can potentially be explained by a rain event that occurred in this month,
which mobilized nutrients, increased the flow rates, and reduced the residence time, which
are not favorable for phytoplankton growth [56]. Another feature was the concentration
maximum of chla at deeper, near-bed layers, where the concentration frequently exceeded
those measured near the water surface. Our analysis suggests that they were transported
by density currents from upstream regions. Depending on the mixing condition, type of
density current, and euphotic zone depth, concentrations of chla can be highest at the water
surface, even in the presence of underflows.

5. Conclusions

The use of fast in-situ probes on a moving boat, combined with remote sensing
techniques and 3D hydrodynamic modeling allowed us to map and link water quality
and hydrodynamic features in a drinking water reservoir located in the subtropical zone.
Despite the seasonal variation of density currents and thermal stratification, the chlorophyll-
a concentration (chla) did not follow a seasonal pattern (standard deviation of 1.2 pug L1,
at the continuous measurement station), whereas spatial variability was more pronounced
(standard deviation of 2.1 ng L~1, among all monitored points within the euphotic zone).
The small temporal variability was caused by the shallow depth of water in the productive
upstream region of the reservoir, where the entire water column was within the euphotic
zone and was frequently mixed throughout the year. Thus, even with the delivery of
nutrients to deeper layers by inflowing river water as underflows, they were available for
the growth of phytoplankton. The algae grown in the upstream region of the reservoir were
transported downstream by the density currents, resulting in the highest concentrations
of chla below the euphotic zone at larger water depths. Most nutrients were consumed in
the upstream region, and primary production in the lacustrine zone depended on internal
loading, and was promoted by mixing events.

Linear correlations between temporal variations of the concentration of chla and total
phosphorus (TP), thermal stability, and density current patterns at specific points in the
reservoir were generally poor. On the other hand, the annual mean values of chla and
TP were in the lower range of linear models relating both parameters across different
lakes and reservoirs. Such relationships can inform about seasonal and basin-scale mean
chla concentrations, but fail in reproducing its spatial and temporal dynamics, for which
the distribution and dynamics of both nutrients and algae are strongly influenced by
hydrodynamic processes.

We expect that the dynamics of nutrient delivery and phytoplankton transport by
density currents observed in Passauna Reservoir are representative of a large number
of reservoirs. For deeper reservoirs, where the euphotic zone is restricted to a smaller
longitudinal extent, or flow velocities are larger (pushing the transitional zone towards
larger water depth), more pronounced seasonal variations of chla could be induced by
variations of density currents. Under such conditions, the simulated scenarios with increas-
ing occurrence of overflow situations in the upstream reservoir region could increase the
primary production of the system. For Passauna Reservoir, a significant increase of nutrient
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concentration in the inflow would probably be required to compromise its water quality, if
nutrients would not be consumed completely in the upstream region and became available
also for the lacustrine regions. However, our analyses suggest that phytoplankton growth
in the lacustrine zone of the reservoir is controlled by internal loading. Internal loading can
increase over time due to the increasing accumulation of phosphorus in the sediment, and
due to higher temperatures that increase organic matter decomposition rates, and cause
more persistent water column stratification with anoxic conditions in the hypolimnion.
Additionally, drought periods with lower water levels and intensified near-bed mixing can
increase internal loading episodically. Therefore, internal loading can become a trigger for
degradation of water quality in the lacustrine region.

For spatial variations within the reservoir and temporal variability of chlorophyll
dynamics, linear statistical models were not sufficient to provide predictions. These fea-
tures can potentially be resolved by applying coupled hydrodynamic and water quality
models. The persistent longitudinal gradients and the importance of density currents for
the transport and distribution of nutrients, algae, and detritus revealed in our analyses
suggest that at least two dimensions (depth and longitudinal) should be considered in
hydrodynamic and water quality models for reservoirs,
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