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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 scarcedn
biased to the rich literature available for temperate regiond.akes and reservoirs have the same
controlling mechanisms for physical processes and primary production, hence, analyses that
were initially conceptualized for lakes are frequently applied rforeservoirs. 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 tha explore mechanisms controlling water
quality are essentiaffor 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 reserwirs and its implications on water quality, in a subtropical region. With focus
on the relevance of different density current patternsFor that, analyses combining field
measurements and numerical simulations were performed in a medium to small size sulptical
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 amdlibrated to
reproduce observations, and to simulate scenarios that assisted on trenalysis

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 coveredetentire 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 dengy currents had a seasonal pattern in the
downstreamregion, thermal stratification conditionsvere the driver for variations in chlorophyl
a concentrations, with peaks after vertical mixing. This mechanism had in its favor the frequent
anoxic conditionsin 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 transped
by the density currents, and for this reason, large concentrations of ¢l 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 abouie hydrodynamics of reservoirs.
For instance, that the relevant processes occured along the longitudinal, and mixing conditions
varied along it. The relevance of inflow conditions regarding the presence of structures such as
forebays and predams, 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.



Introduction

1 Introduction

1.1 Bias of imnologystudies to temperate regions and the boom of tropiceservoirs

Since the first studiesabout limnology started by FrangoisAlphonse Forelat the end of the XIX
century in Switzerland(Forel, 1892), most of the progressin the subjecthave been developed in
Europe and North Ameria. And until this date a bias towards temperate inland waters exist
(Winton et al., 2019. Althoughlimnologycomprise all inland watersincludingrivers and estuaries,
natural lakes are concentratedat high latitudes 6ee Figure 1), which among othersreasons can
explain the bias.

On the other hand, manmade @ms have been constructed fromcenturies for multiple
purposes, such as water supply, irrigation, flood control, and energy generatiofLehner et al.,
2011). As aconsequence, reservoirsdisrupt the natural course of runningvaters, changing the
water body completely altering nutrient balances, flow of particulate matter, oxygen
concentration, and temperature(Friedl and Wiest, 2002. On top of that, in the past decades
dams have been constructed in a fast pacethe International Commission of Large Dams (i.e.
dams with a height > 15 m) has the register of 58713 dams worldwidéelropical regionsare the
hotspot for the construction ofnew dams (Zarfl et al., 2014), from 2001 to 2011 there was one
project per yearof damslarger than 13 km? in tropical regions(Winton et al., 2019. However,
small to medium-sized reservoirs are the most abundant. Based on data fronMessager et al.
(2016), reservoirswith a surface area between land a 10 km? and volume ranging from 16 to

108 m® were 37% of theirestimates.
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Figure 1: worldwide distribution of natural lakesnd dams, data fromMulligan et al. (2020)and Messager et
al. (2016), respectively.

Major differences betweeninland waters inlow and high latitudes rely on the discrepant
distribution of seasonalsolar radiation, from that different dynamicslevelop regardingmixing and
stratification patterns, nutrient cycle, and dissolved oxygen concentratios (Lewis Jr, 1996
Macintyre and Melack, 2010Q. These are basic processesthat regulate mechanisms of great
importance for the management of lakes and reservoirs and their impacts, such as the
maintenance ofthe quality of the impounded areaand downstream rives (Winton et al., 2019,
and the emission of greenhouse gasegRosentreter et al., 202). Winton et al. 019) showed
that data from reservoirs in tropical and subtropical regions are scarcegnd even theclassification

of the mixing regime is difficult tadefine in those regions.

1.2 Lakes vs. Reservoirs

Natural lakes differ from reservoirén several aspeds. Starting from the morphometry, lakes have
predominantly oval or elliptical shaps with maximum deptts usuallylocated at a central region,
while reservoirs can be quite variable in shape (ovoid, triangular, dendritic, valley, etc.) and
present continuous gradient of increasing depthérom inflows todam (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 biogechemical processes.
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Reservors are usuallybuilt from the damming of rives, therefore they transit from riverine
to lacustrine environments Kimmel and Groeger (1984)observed strong longitudinal gradients
formed in reservois due to this transition, therefore they suggested the zonation of reservoirs in
three parts:riverine, transitional and lacustrine zonedn this conceptual model the three regions
differ inmorphometry from narrow to broader areas, and the high flow velocities from the running
waters gradually decrease. As a consequence, from the inflow to the dan direction, the turbidity
decreases due to the settling ofparticles, and nutrient concentrationsare still sufficienf making
the transitional zone the ideal location fathe growth of phytoplankton.However, the identification
of zones is not always tiial because variable shapes of reservoirspossible multiple inflowsand
large variability involumetric discharges ofinflows and outflowscan expand and compress the
zones (Kimmel et al., 1990.

Despite the differences between lakes and reservoirs, botlaquatic environments share
the samecontrolling mechanismsof both physical processes(Imberger and Hamblin, 1983, and
primary production (Kimmel and Groeger, 1984. Hence, analyses that were initially
conceptualized for lakes are frequently applied for reservoirs, such as thbermal classification
of mixing regimes proposed byLewis 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 chlorophya (chl-a) concentration
through total phosphorus (TP) inputgDillon and Rigler, 1974. However, horizontal heterogeneity

in reservoirs challenges the application of these approaches.

1.3 Water quality

The maintenance of thewater quality of inland waters iof greatimportance for severalreasons,
the basic is to assure theaccess of potable waterand keep sustainable ecosystens in those
environments This is such an important topic that sustainable water security is one dfie
development goals proposed by the United Nation&Griggs et al., 2013, which the aim is provide
universal access to clean water and basic sanitatian

Water quality usually is assessed byheir trophic state, which quantifies the biological
productivity. The classification varies from oligop meso-, eutro- and hypereutrophic,
corresponding for good, fair andpoor estates (the last two), they usuallyare estimated through
indices that accouwnt for concentrations of chia, TP, totalnitrogen (TN), and turbidity(Cunha et

al., 2021). Chl-a is used as a proxy for phytoplankton biomassyhich is relevant since primary
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production is associated toit. In turn, primary productiondepends on nutrient availability (TP and
TN), and ambient conditions such as temperatureresidence timeand light availability (turbidity)
(Le Moal et al., 2019. And algal blooms are episodic events where excessive phytoplankton
biomass is developed usually associated to nutrient oveenrichment (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 probmatic forbiodiversity, nutrient biogeochemistry, emission
of greenhouse gases, among othergJane et al., 2021). Thus, the degradation of water quality
due to eutrophication and algal blooms can result ialteration of odor and color, andhe mortality
of fishdue to the depletion of oxgen concentrations to anoxic conditionsand liberation of toxins
These problemscan rise the costs forwater treatment (Pretty et al., 2003, develop diseases
during the events with acute intoxicatior{Roberts et al., 2020, and can potentially be a problem
to humans through the ioaccumulation 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., 2029.

Therefore, algal blooms became a major concern regarding the water quality of inland
waters (Brooks et al., 2016), and their incidence in lakesincreased considerably since the decade
of 1980 (Ho et al., 2019). There are indications thatwith climate changes blooms will be even
more frequent due to warmerwater temperatures, prolonged stratification with low levels of
oxygen concentrations in the hypolimnion, andnflow regimes alterations(NazariSharabian et
al., 2018; Ho et al., 2019; Jane et al., 2021 Akomeah et al., 202J).

Reservoirsare more susceptibleto eutrophication, the accumulation of suspended solids
traps organic matter and nutrients turning the sedimentinto an internal supplyof nutrients for
algal growth (Maavara et al.,, 2020. And reservoirs usually are located in areas of high
anthropogenicactivitiesthat can potentially increase nutrient load¢Kimmel and Groeger, 1984.
On top of that, climate changes are expected to enhance those featureby the increase input of

sediment and nutrients from the catchmen{Yasarer and Sturm, 201§.

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 proble(@illon and Rigler,

1974; Walker Jr, 1983. Thereafter,some regions madeefforts on the reduction of point source
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nutrients inputs, especially phosphorous, were successfully made twontrol and/or restore the
trophic state of such systemgqGibson,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 periodMarsden, 1989). It was the case of Lake Constance in Germany,
that took approximately 20 years for reoligotrophication (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 releass redox dependent(Sgndergaard et
al., 2003). Hence, in such environments physical processes regulate the availability of the
reactive phogphorus produced in the deepest layers to the euphotic zone.

For shallowwater bodiesstrong winds that mix the entire water depth can be sufficient to
resuspend solids from the bed and bring nutrients to the surfacéSgndergaard et al., 2003. For
stratified systems, mechanisms that can trigger the development of phytoplankton are the
variations on the thickess of the upper mixed layer (UMM (e.g. Liu et al., 2012 Xu et al., 2021),
and the upwelling of the hypolimnion forced by standing wave.g. Rao et al., 2019. 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 ulations), than the reduction of
nutrient inputs (Chen et al., 2016). And algal bboms 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 certaindensity currents are formed the blooms occufLong et al., 2019, Xu et al., 2021).

Catchment characteristics also affects the water quality of the water body, depending on
the activities inthe area, such as agriculture that use fertilizes, nutrients loads from diffuse
sources can be significant(Schindler, 2006). Therefore, for reservoirs that usually have one nira
inflow (Wetzel, 2001, the flow path of the inflowing river into the remvoir can rule the
phytoplankton dynamics(Vincent et al., 1991). The water masses entering water bodies can be
classified in three flow paths: undet 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 buoyanc&r this reason
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they are called density or gravity currats. Their fate will depend on the density stratification of
the reservoir and the inflow conditionsmainly temperature and substances concentrations that
can potentially alter its densityAlavian 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 |

underflow ; interflow overflow

Figure 2: Scheme of the different density currentdlow paths, each panel demonstrates the different flow paths
according to the nteraction 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 instanceAlavian et al. (1992)presented a goa overview of the
involved mechaniams and described the stages of the évelopment of a density currentRueda
et al. (2007) pointed the uncertaintiesregarding the initial mixing of density currents and how
they could influence on the prediction of densitycurrents formation, and as consequence
uncertainties on nutrients pathways. Progress orthe physical process itseliwas made through
modeling, laboratorial experiments and field datdCortés et al., 2014g Cortés et al., 2014k
Cortés et al., 2015 Rueda and Maclintyre, 2009 2010). And the use of tracers in hydrodynamic
models to predict the flow path of density current was proven to be a good approadi®wens 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 pathof the inflowing current, it passed throughthe lake directly to the
outflow, or it enteed into the main basin bringing nutrientsand algae,and altering the residence
time and its oxygenation. Lake Tooliklocated in Alaska, was monitored over its summer
stratification and the increase of primary production driven by overflowsas captured (Maclintyre
et al., 2006).
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Although the existing interest in improve theknowledge ofprocesses that degrade water
quality and trigger algal blooms, ot many studies linled the response of primary production in
accordance to density currents patterns. Such relationships have not been asessed for
reservoirs, which can potentally 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 slopeTherefore thisthesis explore the relationship
between density currents and water quality in a subtropical reservoir. jiresents an extensive
description of hydrodynamics processs, providing a contribution to reduce the gaps related to
the knowledge abou 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 outlinecontaining an overview of the methods, publications thasupport the

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



Introduction

10



Objectives

2 Objectives

The principal objective of this thesis iadvance in the comprehension of the role of hydrodynamic

processes in the fate of nutents in reservoirs and its effect on water qualityin a subtropical

region, especially the impact oflifferent density current patternsFor that, the followingresearch

guestions with their respective hypothess are going to be addressed

Q1. Which are the main hydrodynamic processes im subtropical reservoif

Hypothesis 1.1.Physical pocessesin a subtropical regionare significantly differenthan in

a temperate region, regarding their relevance, and temporal dynamics.
Distinct dynamics in mixing and stratification, turbulence, and internal
waves, are expected due todistinguish meteorological conditionsof each

climate zone

Hypothesis 1.2.Forebays and predams play an important role in the hydrodynamic

processes of reservoirs. In such systems the rates oheat exchangewith
the atmosphere are fasterthan in the deeper regions inside the reservoir
As consequence they alter the water inflow temperature dynamicsand

associated processes.

Hypothesis 1.3.Changes in iver 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 densitgriven by

temperature.

Q2. In which dimensionalitydo the relevant processes occur?

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

gradient along the longitudinal. Thus, pcesses over the vertical dimension
have their relevanceand characteristics alteredtowards the downstream

direction.

Hypothesis 2.2.0wning 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

11
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Q3. Which are the main relationships between hydrodynamics and water quality?

12

Hypothesis 3.1.Seasonal variationsof chlorophylta depend on internal loading, therefore
they areruled by thermal stratification.

Hypothesis 3.2.Seasoral variations of chlorophyHa are driven by different @nsity currents
entering the resewoir. Overflows result in larger concentrations of
chlorophylla, because nutrients are being delivered at theuphotic zone
Likewise, underflows result in lower cocentrations of chlorophyHa.

Hypothesis 3.3.Density currents can also influence on chlorophyl distribution patterns

through the advection/redistribution of phytoplankton biomass.
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3 Outline
To address the objectives and to test the hypotheses, analgs combining fieldmeasurements
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: traditionasampling (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 ehlconcentrationsat
the surface Hydrodynamic modes were set up and calibrated to reproduceobservations and
later to simulate scenarios that assisted on the test of the hypotheseResults from a hydrological
model were used to feed the boundary conditions of inflowstiharges and water temperature of
the hydrodynamic model Besides, he hydrological model consideredifferent degrees ofstream
shading conditions in the catchment to simulate changes in water temperatur€igure 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 $udy showing the assessed processes, indicating the relevant parameters and
applied methods.

Four peerreviewed publications contain he main findings supporting this thesis
(Appendices). Following, there is a brief description ofeach publication highlighting their
contributions to theresearch questions and hypothess, at the end of the sectionthe study site

is presented

13
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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), 286301. doi: 10.1080/20442041.2021.1932391 (Appendix )

The characterization of the main physical processesccurring 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 motionand turbulence, in diel and seasaal scales (HZ.1).
An investigation of the flow path of density currents was performed. It considered temperature as
a proxy for density, and withobservations of temperature at the inflow, after the forebay and

the profile in a deeper region of the resevoir the flow paths were estimated /Z.2and H1.3).

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

Ishikawa, M., Haag, I., Krumm, J., Teltscher, K., & Lorke, A. (2021). The effect of stream shading on the
inflow charecteristics in a downstream reservoir. River Research and Applications, 37(7), 9454. doi:
10.1002/rra.3821 (Appendix lj

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 tssessits influence on
density currents within the reservoir. For that, inflow temperatures were simulated with the
distributed waterbalance model LARSIMWT with 0 and 100% stream shading in the catchment.

The results were assessed together with the measured temperature prefi{//1..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 dimensiomlity on the performance of hydrodynamic models for stratified lakes and
reservoirs. Geosci. Model Dev., 15, 21972220. doi: 10.5194/gmd-15-2197-2022 (Appendix /lf

Three hydrodynamic nodels of distinct dimensionalitieswere 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 the3D model was Delft3DFLOW. Their
performance regarding water level, temperature stratificatiorsubstance 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 thegimplifications. Thus, it
was possible to identify which dimensions were paramount for the processes and the
mechanisms behind them Q2, H2.1, H2.2).

14
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Hydrodynamic drivers of nutrient and phytoplankton dynamics in a subtropical reservoir

Ishikawa, M., Guri, 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 vater quality dynamics based on theate of nutrients within the
reservoiraccording to physical processes and its response on primary production Q3). For that,
extensive measurementswere performed combining different approaches:traditional sampling
and in-situ sensors for nutrients and chlorophya (chla), remote sensing images for chla, anthe
3D hydrodynamic nodel for the physical processes.Measurements provided temporal and
spatial dynamics, thus observations of chla were explained accordingly/G.1, H3.2and H3.2).
And the simulation of two scenariowith the hydrodynamic modelassisted onthe evaluation of
the influence of inflow temperatures and the role of the forebayn reservoir hydrodynamicqQ1,
H1.2and H1.3).

Passalina Reservoir

Passauna reservoir isdcated between the latitudes 25.44° S and 25.54° St has an area of ~ 9
km?, volume of 60 x 1¢ 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 tle tropical and
subtropical region are in the same size range of Passalna, and they represent 14% of all

reservoirs worldwide(estimation based on data from Messager et al., 2016

15
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Figure 4: Map of the study site within the South American continennithe left panel, where the gray background
indicates the location of Parana state in Brazil. Right panel shows in blue line the Passalna River with its respective
catchment area in black line. Passalna Reservoir area is presented with colors indicating tthepths (data from Sotiri

et al., 2019). Within the right panel thereis the indication of theweather stations the monthly monitored points, and
the monitoring platform (in front of the intake station)The legend ofeach 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 kmi and mean depth of ~1 m, other than that it has an elongated valley
shape witha 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 n¥ s'1. The main inflow is Passauna River (75% of ¢htotal annual inflow),
followed by Ferraria River at latitude 25.47° S (average flow discharge of 0.15°ra'?), the
remaining inflows are intermittent. The outflows are the intake for water production, and at the

dam through a bottom outlet (continuous dicharge of approximately 0.5 Ms'!) and a spillway.

16
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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 fhe
appendices section and presenting their contributions tareject or retainthe raised hypotheses.
Each subchapter correspond to a research question following the same order as they were

presented in the outline.

4.1 Hydrodynamicsin a subtropical reservoir

The main characteristics of the physical processei a subtropical reservoiwere identified lased
on high resolution measurements of meteorological conditions, flow veloelt, and temperature,
performed over a year. he dynamcs of mixing and stratification, longitudinal transport, flow
velocities, turbulence and wave motiorwere explored in diel and seasonal scaleé4ppendix J.

According to observations of thetemperature profile at the intake region, he mixing
regime of Passalna Reservoir was classified as warm discontinuous polymictiwhich is
expected for lakes of medium depthsin tropical and subtropical regions(Lewis Jr, 1983).
Intermittent mixing occurred over the autumn and winteseason, while persistent stratification
was observed over spring and summer. Mixing events were driven by prolonged periods of heat
loss by the water surfacewhen air temperatures dropped, wind was not relevant dueto its low
intensities @ppendix §. On the other hand, stratification was promoted by thevarming of the
surface, and also bythe addition ofcold inflow waters at the bottom layers of the water column
(Appendix §. This mechanism was caused by density currents in the underflow form, whidan
be significant forthe formation of temperature stratification iriow latitudes(Lewis Jr, 2000, Xing
et al., 2014)

For this reason the temperature of inflowing waters into the reservoir were assessed,
considering the riverinflow temperatureand the temperature measured right after the forebay
(Appendix J. The shallow depths at the forebay promotedast heat exchanges,as consequence
water temperature entering the reservaiafter the forebaywas warmer and varied morehan the
river temperature respective mean + standard variation of 19.6 + 3.6 and 16.8 + 2.6 °CThis
mechanismis similar to differential coolingwhere the litoral regionsof lakes cool faster than the
pelagic zone, creating a horizontal temperature gradient that enables water circulatiofBoda et
al., 2022).
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Hence, to test the influence of the forebay and the inflow temperature on thermal
stratification of the reservoir,a 3 dimensionalhydrodynamic model wa used to reproduce the
monitored year Appendix Il). Results had a good agreement with observations, and errors were
comparable to values found in the literature. flermal stratification and mixing events were well
reproduced, while flow velocities had the main pattern well reproduced, but rather
underestimated magnitudes. Then, ther two scenarios were set up Appendix 1V, to test to
which extent the forebay was influencing on inflow temperatures arah downstream temperature
profiles. Scenario (i) had the forebay completely removed While scenario (ii) had warmer inflow
temperatures (according to changes on catchment streamshading, Appendix /J, to understand
the role of the river inflow temperature on density currentsAt 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 continuousjytemperatures differedin the
second decimal. This result indicatesthat the temperature stratification atlacustrine regions of
the reservoirhad minor influencefrom changes ininflowtemperatures and the forebay. Although
a few underflows events were relevantfor the re-stratification of the intake regionthey occurred
whenthe inflow temperature had the largest difference with reservoir bottom temperaturéimflow
colder). Which provided the conditions for consistent underflows, also for the simulated
scenarios, that are independent from the forebay (scenario i) and the overall warmer water inflow
temperature (scenario ii). Hence,H1.2 and H1.3 are rejected when considering the thermal
stratification of thelacustrine 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 ging a tracer as a proxy
(Appendix /1), similar to the application doneby Owens et al. (2014) At the intake region it was
observed that density currens had a seasonal variability, with predominaiht underflows over
autumn and winter, coinciding with the period where ratratification was promoted by them, while
spring and summer varied between interand overflows(Appendix //j. The simulated scenarios
had not great differences in density current results, similar to what was observed with
temperatures. Thus, H1.2 and H1.3 were also rejected for alterations in density current patters

at the lacustrine region Both hypotheses were expected to be retained, howeveit 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. Andt is possilde that in systems with shorter residence time density

18



Discussion

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 profileswere smooth over depth, and marked layers of
epi-, meta- and hypolimnon were not observed(Appendix §J, 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/Z.1Z. Owning to the medium depthsof the
reservoir and air temperatures varying in a range oil0 °C every day,the temperature profiles
had large variability within 24 hoursand for this reasonthe averaged profileswere close to a
continuous gradient @Appendix J. Even though, flow velodies had as main characteistic
opposing flow directions in upper and lower layst which are only possible whenthe water
column is dividedin layers of different densitieSAppendix J. Passalna Reservoir hadstable
density layers due to the larg@r dependency of density at warmer temperatures, theninimum
observedtemperature at the reservoir wasof 16 °Cat the bed.

In turn, flow velocitieswere driven by windfollowing 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 Passaln&eservoir. The study concluded thatthe continuous bottom
slope and the curvature of the reservoidamped the developmentof the wave Besides that, high
frequency internal waveqHFIW)were observed all year round, while most studies on the subject
were performed only over seasons of stable stratificatioife.g. Saggio and Imberger, 1998
Antenucci and Imberger, 200). The premise for the formation of such HFIW is the presence of
layers of distinct densitiegThorpe et al., 1977, for this reason most of studies aiming iexplore
the phenomenafocused on periods of stable stratificationDue to the warm temperatures O 16
°C) of Passalina Reservoir, stable stratification was easily formed during autumn and winter
through intermittent mixings and stratificatiors, which was unexpected since previas 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 HZ.1. Although observed in all seasons, the RHIW had different frequencies and
amplitudes, but comparable kinetic energy Appendix §.

Di ssi pation rates of turbul ent kinetic ene.l
measurements of vertical flow velocity in highredou t i on , hence, seasonal an

were assessed, from 0.5 m above the beduntil middle depths(Appendix J. Dissipation rates
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were similar over seasos, and the main distinctions were observed close to the bedt the largest
flow velocities intensiteswher e T al so increased indicati
boundary layer. And at nighttime, when T was on average one order of magnituddarger than
day-time. It coincided with stronger acoustic backscatter signal from measurementsof the
acoustic Doppler current profiler, which is an evidence abiomixing due to the diel migration of
zooplankton(Lorke et al., 2004).

The role ofthe turbulent mixing produced by aquatic biota is not well solvedand only a
few studies were able to captured data to assess it Simoncelli et al. (2018)did not find a
significant contribution ofvertically migrating zooplankton Daphnia magna to observations of
turbulence in small manmade lakessimilar to results from Noss and Lorke (2014)based on
laboratory observations On the other hand, Simpson etal. (2021)e st i mat ed t hat
in the bottom boundary layer wasdriven by biogenic mixing (most likely zooplankton, although
fish in the study site had the same migrating patternMore recently Fernandez Castro et al.
(2022) demonstrated with observations in the ocean, that turbulence generated by a large
aggregation of anchovies was comparable to gophysical mixing. Therefore, observations in
Passalna Reservoir indicatd that biomixing was significant,in compliance with the recent
literature. However subtropical environmentspotentialy have otherspeciesto the ones found on
temperate regions. Offerent organisms havedistinct migrating patterns and moving mechanisms
that possibly reflect on dissipation ratesintensities and diel distribution For example the diel
variations of Sinpsom et als(R021L) depbndddyon depth, while in Passalna
Reservoir T variations within one day were

performed, which also supports H1.1.

4.2 Longitudinalprocesses

According to the simulated scenarios the temperature profiles ahe lacustrineregion had rather
minor influence from the forebay and inflow temperaturesejecting #1.2 and H1.3. However,
water temperatures at the upstream region of the reservoir had significant changesin the
simulated scenarios,until approximatelyl.7 km from the bridge after the forebay therefore for

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

between surfaceand bottom (dT) increased on average
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from inflow where differences were significant the mean depth is.B m, and for this area
persistent stratification wasnot observed through the hydrodynamic model. Instead, thermal
stratification was formed during the day and mixingccurred over nights, whichfits 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 regiook
larger depths, whereasin shallower locationsit 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 currentssimulated by scenarios were also significantlifferent
in upstream parts. The absence of the forebay increased underflowscenario i) and warmer
inflow temperatures brought inflows closer to the surface (overflowsn scenario i). Both
differences were observedin the same region where temperature wasltered (Appendix 1V,
which complies with H1.2and H1.3alsofor density currents Nevertheless, inthe most upstream
parts, region that could be considered the riverine zone, masof the flow path was in the form of
underflows (>90% of the simulation periodor the three simulations The river inflow temperature
was consistently colder than temperatures observed inside the reservadidppendix ), hence it
had larger density and formed underflowslt agrees withthe theoretical description of density
currents, inside the reservoir the current will pass through a dilution due to the entrainment of the
surrounding waterand may change the flow ath (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 underflowyhich mainly occurred
in cold seasors when inflow had the lowest temperaturesin the second, the density current
eventually detached from the bed and entered in a layer of neutral buoyancas 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 colummhere the tracer was then
carried over the surface Vertical mixingswere common at upstream regions where significant
differences were observed irthe simulatedscenarios.

Although the influence in temperature stratification and the flow path of the density
currents were minorin the lacustrine regionaccording to the simulated scenans, the processes
occurring along the longitudnal dimension of the reservoiwere essential for the dynamics of
downstream regions. This was clear when simulating the reservoir with models of distinct

dimensionalities(Appendix /fj. When using a 1D vertical model, considering that the reservoir
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was homogeneous along horizontal layers, thermal stratification was more stabléan
observations due to colder temperatures at the deepest layers. The longitudinal dynamic of
density currents described in the previous paragraph was disregardetly the 1 D mode| and
inflowing waters were placed close to the bedor most of the time(Appendix /l). Similar tothe
dynamics observedwith the substance transport of the 3D model at the most upstream part of
the reservoir where >90 % of flow paths were underflow§Appendix /\f. The 2D model, that
disregard the transversal dimension, had results closer to the observations with comparable
thermal stratification to the observationsAppendiix /).

Therefore, vertical mixing processes had relevant differencesalong the longitudinal
dimension (supporting/~2.1). And although thermal stratificationin the lacustrine region did not
depend on physical conditions upstream (i.e. inflow temperature and the presence forebay), the

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

4.3 Relationships among hydrodynamics, nutrient delivery, and phytoplankton dynamics

Continuous measurements of chlorophyda (chl-a) at the monitoring platform located at the intake
region did not presented markedseasonal variations Appendix /Vf, however, peaks vere
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 yeathe mixed period hadsignificant
larger concentrations than the remaining time Appendix /Y. This result highlights that the
phytoplankton dynamics in this region depened mainly on thermal stratification with nutrient
supply from internal loadings from the sedimentsupporting ~#3.1. At lacustrine zones internal
loads usually are the main source of nutrients, since nients from inflowing waters are consumed
and/or sediment before reaching lower reaches of the reservofKimmel et al., 1990.

On the other hand, upstream regionshad greater influence from nutrients of inflowing
waters. This was clear from the longitudinatoncentrations measurements of total phosphorus
and total nitrogenthat had strong decays from the river to regions not much farther to the febay
(Appendix /V. Chl-a did not presented a continuous decay gradient from headwaters to dam, but
larger concentrations were always located closer to the forebayAppendlix /Vy. The pronounced
longitudinal gradients were in accordance with the descriptions oKimmel 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 d., 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 cleardelimitations ofthe zones.

It was expected that each pattern of density currents could influence on phytoplankton
dynamics according to the depth where nutrients were insertedAs 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 dated below the
euphotic zone(Vincent et al., 1991, Cortés et al., 20148. However, density currents did not have
great impact on phytoplankton rejecting H3.2. At the lacustrine regiondensity 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 columAnd at
upstream regions, where nutrients from rivemiflow was the main supply for primary production,
density currentsdid not varied seasonallybeing mainly underflows.There were a few moments
when overflows occurred through the entire reservoir, but these werisolate events. The shallow
depths at the ertrance of the reservoir provided an environmenivhere the active euphotic zone
was covering the entire water column Appendix /V. In addition, the frequent mixing at the
upstreamregion redistributed nutrient concentratims over depth, turningthe density current type
irrelevant and seasonal variations in phytoplanktoiin accordance with the density currentsvere
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 ehlat the deepest
layers were in a productive zone. Tén, with the measurements over the longitudinal it was clear
that the phytoplankton producedclose to the inflow wasbeing carried to downstream parts of
the reservoir according to the density currentssupporting #3.3. Thus, it was common to observe
large concentrations of chla at depths below the euphotic zonein areas closer to the dam
(Appendix /Y. Furthermore, the transport of phytoplankton to deep layers close to the dam
resulted inthe deposition of fresh organic matter in the sediment of the lacustrine region. This
was confirmed byMarcon et al. (2022), where the organic matter contentin the sediment was
assessed fordifferent regions of Passauna Reservoir. According to the study, at downstream
regions the organic matter content was in the range of 260%, 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(Mdiller et al., 2012, although the reservoirranges from olige to
mesotrophic (Fonseca Xavier et al., 2017. Passauna Reservoir hadvarmer water temperatures
when compared to temperate lakeswhich contributes to the high AHOD rates,caused by the
decrease of solubility of dissolved oxygen in larger temperaturednoxic condiions are favorable
for the remobilization of phosphate from the sediment to the water colum(i®gndergaard et al.,
2003; Jane et al., 2021), the most available form of phosphorus for phytoplankton consugption.
Passalina Reservoir had the AHOD of 1.¢ of O, m'2 day'?, therefore anoxic conditiors at the
hypolimnion wereeasily reachedover thermal stratification evenduring the cold seasons Hence,

it is reasonable that peaks of chi were observed after mking 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 m@ 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 assiste@n the identification of
the main processes involved, angrovidedinsights about the interpretation of reservog physical
processes.

The assessment of nxing and stratification processesone of the few insuch resolution,
confirmed the expected mixing regimeby former studies (Lewis Jr, 1983). In addition, itwas
observed that physical processeshad contrasts in temporal dynamics between subtropical and
temperate regions confirming AHZ.1. For instance, he smooth temperature profiles due to the
larger diel variation of air tenperature; 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 seasonsFurther, biomixing caused diel variability on turbulence, a pic
yet not much explored in general and with potential to hava relevant difference from high
latitudes.

The nfluence of the forebay and inflow water temperature were tested4Z.2and H1.3),
and based on results from the 3D hydrodynamic model both wenmelevant, 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 domstream region water temperature profile was mostly driven by
meteorological conditions, and density currents in the form of underflowsh€ differencebetween
the two regionsindicates the presence of a longitudinal gradieran physical processes an insight
that confirms HZ2.1. Besides, the mixing regime in the shallower region of the reservoir was warm
continuous polymictic, since it mixed and stratified on a daily basis. While the lacustrine zone was
warm discontinuous polymictic with a marked seasaad 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 hydrodynamicmodelit was possible to see thaif the longitudinal
dimension was disregarded the thermal stratification was not well reproduced, nevertheless, the
same was not observed when disregarding only the transversal dimensioithus, 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

25



Conclusions

regions, where larger concentrations of chh were driven by the supply of ntrients from sediment
remobilization caused by vertical mixingretaining /3.1 for the lacustrine zone Density currents
had a marked seasonal variability in the region, however they were not a source of nutrients for
phytoplankton. On the contrary, at upstream regions density currents were mostly underflows,
the euphotic zone usually covered the entire depth which turns the flow path irrelevant, and daily
vertical mixings diminished possible seasonal properties, rejecting/3.2. 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 frorthis thesis. For
example, at the lacustrine zone algal blooms have higher chances to occur duririge mixing
seasons In addition, the phytoplankton formed upstream is carried downstream by density
currents and deposits inthe lacustrine region forming is a stock of nutrients for internal loading,
and consuning dissolved oxygenin fast rates The diferent flow paths of density currents did not
affected water quality dynamics, therefore the presence of forebays or pidams, and alterations
of stream shading in the catchment were not a harm for the water quality of the reservoir.
Nevertheless, furtherstudies in environments with shorter residencdime and steeper slopes
should be conducted, since these are features that could change the observed resulténd it
should be highlighted thatthe application of methods initially developed for lakes shouldeb
applied withcaution to reservoirs, since the second have strong gradients not only on substance
concentrations, but also on physical processes.

Lastly, thefindings regarding hydrodynamics not only contribuito the comprehension
of the water quality but also to the literature of tropichand subtropical inland waters The novel
aspects presented, br instance the observed diel variability of dissipation rates, indicating a
relevance of biomixing; and the high fregency 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 hydrodynampcocesses in a small
to medium-size reservoir based on oneyear 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 teatification were observed during all
seasons, interrupted by several mixing periods between autumn and winter. The stratification was
affected by lateral, densitydriven flows from the main river inflow. A forebay through which the
river enters the resevoir 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 rsttified
than during mixed periods. No basirscale 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 geradly small (10 2 10"° W
kg'!). Winddriven 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 observedhydrodynamics 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 weer production and irrigation(Lehner et al. 2011).

During the last two decades, their number as well as ahs 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 pollutan{&riedl and Wiest

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

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

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

adverse effects of reservoir construction is wently 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, dengy 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 parésl

travel (Imberger 1998). River inflows, rich in nutrients and organic mattecan 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 growti{Rueda et al. 2007; Cortés et al.

2014). The lack of deg-water renewal by underflows and weak vertical mixing promote the
formation of hypoxic or anoxic conditions in deeper layers of stratified reservoifser 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 oxi@ied|
and Wuiest 2002, Bastviken et al. 2004 Baulch et al. 2017).

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

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

Wiest 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 andinduces 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 mediumsized stratified lakes and reservoir§Woolway and Simpson 2017, for larger

water bodies, circulation patterns are more relevanfimberger 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 tempeate 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 andsubtropical 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 mediugize subtropical reservoirs.
We analyze conthuous 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, tygic
patterns of windgenerated 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 differares to more widely studied temperate

lakes and reservoirs.

Study Site
Passalna Reservoir is a valleghaped drinking water reservoir. It has a surface area of 9
km?, a volume of approximately 60< 10° m?, it is 11 km long and has a maximum depth of 15 m

(Carneiro et al. 2016. With a production rateof approximately 1.8 ni 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 028 km2 area and an average depth of 1 m is called the Buffer, as it
attenuates variations of the river inflowThe intake tower of the treatment facility is located close

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

spillway and a bottom outlet at the damFKigure).

48


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

Appendix |

25.42° S

2544 S

25.46 S

25.48° S

25.50 S

25.52°S

2554 S

49.40° W

4936 W 4932° W

Buffer

v Temperature logger at
Passatna River

€ Temperature logger at
Ferraria Bridge

Weather stations

ADCP, thermistor
chain and DO

Water Intake

Monthly Monitored
Points

Reservoir Center

Data collection and processing

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

According to the Environmental Protection Agency of ParandFonseca Xavier et al.

2017), the reservoir is classified as oligotrophic to moderately degraded, based on monitoring
data from 1999 to 2013.

The measurementsfor this study were made between February 2018 and February 2019

The locations of the sampling sites are marked on the map shown kigure.
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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 beden the
Buffer region and the main reservoir (Ferraria Bridge) water temperature was measured by a
thermistor logger (Minilogll-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 read 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 wglrift 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 (Corductivity-Temperature-Depth profiler,
Sontek CastAway). Sampling took place in February, April, May, June, August, November and
December 2018, and in February 2019.

Dissolved oxygen concentratiod In addition to the oxygen sensor in the Passaulna River,
two optical oxygen sensors (miniDOT, Precision Measurement Engineering, Inc) were deployed
together with the secondlowest thermistor (2 m above the bed) and with the uppermost
thermistor (between the water surface and around 1 m depth, depending on watesuel). They
measured at a sampling interval of 5 min, with a resolution of 0.01 mdiand 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 upwal-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 antb have better usage of batteries according
to the maintenance schedule (deployment configurations are summarized in Table SI 1). All types
of measurement started around 0.60 m above the bed, including frame height and the blanking
distance above the instument. Vertical profiles of the mean threalimensional 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. Higiesolution prdiles 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 aha 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

resolved the entire wate column with a vertical resolution of 1.2 cm and a sampling frequency of
lor 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 mapgin
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 correctionsdr speed of sound and the twe

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 @oring and Nikora (2002)
with adaptions folloving the suggestions of\Wwahl (2003).

Reservoir operation and water leve/From the builtin 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. Waterabstraction 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 measuremats 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 Technolog 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 ard 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 followingmboden and Wiuest (1995)

S=SWie + LW, - LW, - E+H )

where Sis the surface heat flux,SW.is the net shortwave radiation L W is the incoming
longwave radiation from the atmosphere/ ;.. is the outgoing longwave radiation from the water

surface, Eis the latent heat flux andHis the sensible heat flux, all fluxes in W 'rh
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Mixing and stratifcation indices? Buoyancy frequency (V), Schmidt Stability (S7), Lake
number (L), 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:

Ri ., =
ML 2

g'(m s'?) is the reduced gravity due to density differencesg’ =- g(r, - r./r,) where

S&rand . are the water densities (kg m?) in the hypolimnion and in the epilimnion, respectively.
Z. (m) is the UML depth andu-(m s'?) is water friction velocity due to wind stress.
To analyze the stability of shear flows in higfrequency internal wave motions, the
gradient Richardson number Rj..;) was calculated at a temporal resolution of 5 min:
. N?
Ri, .4 = (3)
grad 2 2
(b piz)” + (v z)

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 stratificatioh To account for seasonal changes of hgrodynamic
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 methodf 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 betveen mixed and stratified conditions, i.e. days wittS; lower than 16.2 J ni?
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 Wwibbserved 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 sndard deviations around 1.8 mg L* for bin classes ofSr
of 10 J m'2, 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 7 were estimated from
high-resolution profiles of vertical velocity fluctuations using the structure function meth@d/iles

et al. 2006; Guerra and Thomson 2017%. The maximum alongbeam 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 autocorrelatiofunction from zero lag up to

the lag distance at which the autocorrelation becomes zero or negatiy&undu 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 cafiguration 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 freguency internal waves? Amplitudes of highfrequency internal waves were
characterized using bandpass filtered vertical velocity time series (higiesolution vertical
velocities). Filter cutoff frequencies were chosen corresponding to periods of 1.5 and8 min,
respectively. Wave amplitudes were calculated as roanean-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 inspeonh 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 andrable S| 3). The kinetic energy of the waves was estimated
as the integral of the log averaged velocity spectra of each wave event betweerx80'* to 5x10'3
Hz during mixed and x10'2 to 1x10'2Hz 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 (meanz 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 20t%Figure

2). Monthly averaged wind speed showed no pronounced seasonal pattern and varied from 1.3
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+ 0.7 ms'tin January 2019 to 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 throughoutthe 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 itea
mean abstraction rate of 1.7+ 0.3 m3s'™. The discharge of the main inflow (Passalna River) was
1.8+ 1.4 m*s'*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 withmaximum 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 \ne observed
in August 2018, 17.2+ 0.6 and 16.5+ 0.2 °C, at surface and bottom, respectivelyigure 2c).

The average Schmidt stability was 47 J i3, but it varied tenfold throughout the year, with
a minimum monthly averaged value in June 2018 (9.% 9.3 J m'?) and a maximum of 122.8+
18.5 J m'2 in January 2019 Figure 2d). Based on our threshold, 95 out of 343 days were
classified as mixed 6-< 16.2 J m'?). The reservoir was continuously stratified before April and
after October 2018, while alternating periods of mixed and stratified conditions ocawed during
autumn and winter Figure 2).

The breakup of thermal stratification was mainly promoted by negative surface heat
fluxes (heat loss fronthe water), in combination with wind speeds above the averagé-jgure2b).
The first mixing event in the middle of April marked the beginning of the ratk 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-established due to
positive surface heat flux, but in some caseslso 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 Sl 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 bottemater cooling, the

Schmidt stability increased from 8.4 J it (mixed) to 30 J mi? (stratified). Without cooling at the
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reservoir bottom, the Schmidt stability would have increased to 23 J'rhduring 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 stratifie 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 bottoniigure 2d).

The Lake Number describes the dynamic response of stratified water bodies to wind
forcing. Approaching periods classified as mixed/y fell to values close to unity, indicating thia
wind forcing could easily promote a complete vertical mixing. Throughout the mixed peridg,
was always < 5 and commonly < 1. Althougliy is undefined in the absence of stratification, it is
presented for the whole period since weak stratification was @&erved during the mixed periods
(with temperature differences between surface and bottom lower than 1.1°C and maximu& of
14.1 J m'?). During summer, the stratification was strong, thus.y was consistently higher than
10 and most stable conditions were bserved in January 2019. On average/ywas 11.9 + 15.3
during stratified conditions. During strong wind events in October and Novembet, 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 quantitiega) 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 Sr). (e) Dissolved oxygen concentration (DO) measured near the surface (black line) and at the bottom (blue
line). () Daily averaged Lake Numbeng, solid line). The dotted horizontal line indicatdss =1. Grey background marks
periods classified as mixed, while periods classified as stratified have white background.

Monthly averaged temperature profiles did not feature wetlefined layers of epilimnion,
metalimnion and hypolimnion. Water temperature varied rather contiously 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.ea seasonal thermocline, is remarkable. Instead, the depth of
the maximum buoyancy frequency &/ 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. Dashédited lines mark the
mean depth of the upper mixed layer (UM), and the dotted lines its standard deviation. Labels in the upper part of
each panel provide the monthly averaged value of the maximum buoyancy frequenduéx) + standard deviation. Text
labels in the lower part provide the mean difference of dissolvamkygen concentration between surface and bottom
(@DO + 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 downstreamhe 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 Passalna River was strongly affected by the shallow
forebay region (Buffer). Wéer temperature measured at the transition from the Buffer to the main
reservoir (Ferraria Bridge) was consistently higher than the temperature measured in the
Passalna 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 0.390.42 °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 compag 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 consleration 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 46 of all
observations, respectively. Flow paths often varied within one daffigure 4a), owing to the large
amplitude of diel variation of water temperare 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 canditions 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 repeatd the above analysis for the hypothetical case that the Passalna
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 Passalna River was consistently
colder, causing the complete absence of overflows Higure 4b). In additon, 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 persigor 76 % of the time and interflow could

be expected for the remaining 24 % of the year.
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Figure4: Stacked bar graphs showing the relative frequency of occurrence of different inflow characteristics
(flow paths) of the Passatia River into the main reservoir on a daily basi§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 201®)
Simulations based on river water temperature measuckupstream 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 condiitions

The mean flow speed (velocity magnitude averagedver depth and time) was around 2
cm s'! during lowflow conditions, with frequent events exceeding 4 cm's and sporadic periods
of velocities up to 10 cm $* (Figure5). We used a threshold of 3.5 cm § (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, reenting

12% and 6% of the respective periods.
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Figure 5. (@) Time series of wind speed for a mixed perioqb) Temporally averaged horizontal velocities in
south to north direction in m s* with temporal resolution of 5 min. The white line marks the thermocline depile) Time
averaged temperature profile for the same time period as in panel (a) and (b), the grégckground color marks the
standard deviation.(d) Time series of wind speed during a stratified perioqe) Temporally averaged horizontal north
velocities, with the same spatial and temporal resolution as for the mixed period, white line is the thermmahbicpth. (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 cmsin
the bottom layer (laver half of the water column) and 4.9 + 1.4 cm § in the upper water layer
(upper half of the water column). During mixed periods, the mean magnitude of the currents was
4.3+ 0.7 cm s'! for bottom and 4.5 + 0.9 cm ¢! at the surface (Figure Sl 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 conditionsgfvalue < 0.001). Since one of the main
forces generating currents is wind, the data wre 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 01.25 m s'!), moderate (> 1.25 m $* and 02.5 m s'%) or strong (> 2.5
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m s''). Wilcoxonrank sum test was applied to each pair of thermal regime for the same depth
range and same wind classification. All six classifications showed significantlg-alue < 0.001)
smaller currents during mixed conditions.

The shortterm dynamics of currents inresponse 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 censity layers Figure 5b and 5e). The return flow was most likely driven
by horizontal pressure gradients resulting from longitudinal tilting of the el density structure.
The motion did not evolve into persistent internal seiches and flow velocities decreased rapidly
after the wind has ceased.

We used the mixedlayer Richardson number to compare the observed response of the
stratified reservoir towind 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 formbillows 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 @nacterized 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 surfee at the upwind end of the reservoir may occur
(Figure SI 6).
High frequency internal waves

The highresolution measurements of vertical flow velocities revealed the ubiquitous
presence of periodic flow variations with periods between 2 and 17 mirrigure 6). Analysis of
band-pass filtered velocity time series for selected periods (Table S| 2 and Table SI 3) showed
that the frequencies of the oscillationsvere correlated with the buoyancy frequencyKigure 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 higfequency internal

waves for the temporal variability of flow velocity during both stified 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. ©@mpared 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 16 m s'* versus (1.0 £ 0.5) x 10®m s'?), and

kinetic energy (spectral variance of vertical velocity: (2.9 + 2.7) x 16 J kg'* versus (2.1 +1.3) x

10'¢ J kg'Y). The vertical displacement caused by internal waves was estimated by dividing the

root mean square amplitude of the vertical velocities bye 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 thegradient Richardson number was 0.16 + 0.10 during mixed and 0.50 +

0.35 during stratified conditions.

Power spectral density
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Figure 6: Characteristics of highfrequency internal waves. (a) Higtresolution vertical flow velocities with
temporal resolution of 1 s exemplifying an internal wave event (14 Jul 2018, wave #2 in Table Sl 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 during stratified condiions (16 Jan 2019 1000 h to 2330 h, wave #41 in Table S/ 3). (c) Maximum buoyancy
frequency versus peak frequencies of internal waves for mixed (blue circles) and stratified (black triangles) conditions.
The dashed line shows a 1.1 relationship and the gdllines is a linear regression according to the equation provided
in the graph.

Turbulence

Dissipation rates of turbulent kinetic energy 7 for the entire period varied between 10
2 10'° W kg *. During the strongest wind events,7increased to 10°® W kg * at the upper end of
the high-resolution profile (~ 8 m above the bed), but those were sporadic events. Mean (log
averaged) 7during mixed conditions (7.2 x 10° W kg ') did not differ signifi@antly from those
observed during stratified conditions (5.2 x 10° W kg *). During both periods, 7were 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 % to 95" percentile). (a) Averaged over all measurements during mixed (blue) and
during stratified (black) conditions. The peak at a range of 4 m above the bed can be an artifact of the bad data band
in this region (see Fig. 7a)(b) Averaged over periods ofow flow velocity (flow speed < 3.5 cm's) and over periods
of enhanced flow (currents, flow speed > 3.5 cm'$). (c) Mean dissipation rates during day (black: 0800 h to 1600 h)
and during night (blue: 2000 h to 0400 h).
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When mean horizontal velocities were largg'was higher in the lower part of the water
column and increased towards to bed Figure 7b). Near to the bottom 7was about one order of
magnitude higher (2 x 10° W kd *) than during calm periods (3.3 x 10 W kg %).

Most pronounced differences in7Twere found between day and night Figure 7c). Log-
averaged 7at night (from 2000 h to 0400 h: 1.0 x 10° W kg ') were consistently one order of
magnitude largerthan during daytime (0800 h to 1600 h: 2.7 x 10" W kg *). The diel variation
of turbulent 7followed periodic changes in acoustic backscatter strength (Figure Sl 7), although
no significant correlation between dissipation rates and echo intensity was sérved (Figure S
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 chek 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 Sl 8). Under bothconditions, observed velocity variations along the beam followed the

expected structure function dependence on distance.

Discussion
Peculiarities of a subtropical reservoir

Stratification
PassaUnareservoir 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 polymictii_ewis Jr 1983), which is

characterized by more than onemixing period throughout the year. According ta_ewis Jr (1996),

this regime can be considered as typical for tropical lakes with 3 10 m mean depth. Passaluna
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 locateat lower latitudes

(Antenucci et al. 2012 Xing et al. 2014). Similar to an embayment of Lake VictoridMacintyre 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 persisent 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 boitto
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 ofater at higher
temperature. Therefore the maximum buoyancy frequency had values comparable to those found

in the seasonal thermocline of temperate lake@8oegman et al. 2003 Pernica and Wells 2013,

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 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 deplien and renewal.

Flow Conditions and High Frequency Internal Waves

Flow velocities were generally low and currents, i.e. flow speeds exceeding 3.5 crh'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. Basstale internal
wave oscillations after excitation by wind were not observed. Thisin 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 Passalna. Howevermam et al. (2020) showed that under homogeneous

wind, the fundamental mode of internal seiches can also be excited in multibasin reservoirs, while
seiches in subbasins are mainly generated by spatial heterogeneous winds. Thus, considering
that all sub-basins of Passalna Resrvoir 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, highfrequency (propagating) internal waves wee 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 irFigure 5b and 5e, suggesting that they are generated
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by KelvinrHelmholtz 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 intefior was associated with highfrequency internal waves during both mixed and
stratified conditions.

Most longerterm observations of highfrequency internal waves have been conducted in
temperate lakes with a seasonal thermocline and did not include measments 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 higrequency

internal wave activity was restricted to the stratified seasofLorke 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 yeasround internal wave activity in Passaulna 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 rang of typical values reported for the interior of

seasonally stratified, temperate lakegWuest and Lorke 2003. 7did 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 lownear the bed as an indicdion 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 bove the bed, the turbulent boundary layer may have
been compressed to a thin layer neabed region at low flow conditions.

When compared to the few reported measurements ofmade in the tropics, the observed

values are indeed small. In shallow lakes dfie¢ amazon flood plaiflMacintyre et al. 2019, where

winds hardly exceed 2 m & and turbulence was found to be mainly controlled by the heat flux at
the water surface, Twas low (2 x 10'® W kg'?), but still one order of magnitude larger than the
mean 7observed in Passalna. However, our measurement range ended8m below the water
surface and did not resolve the surface layer.

Low 7throughout the water column under both stratified and mixed conditions indicate
weak vertical mixing, which complies with the rapid and persistent buildp of thermal

stratification and associated decline in bottorwater dissolved oxygen concentration. Arupper
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bound of the vertical eddy diffusivity ;) can be estimated from simultaneous measurements of
Tand stratification by assuming a constant (maximum) mixing efficiencf where 0 4 3-70°¢,

and d= 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 reviewSregg et al. 2018

Monismith et al. 2018. Hence, based on day and night averaged values of; vertical eddy

diffusivity in Passalna reservoir can range from 3.2 108 to 1.3 x 10" W kd %, 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 dissolveduantities, such as oxygen.

Our observations suggest that shear instabilities and higirequency internal waves may
contribute to vertical mixing throughout the water column. Laboratory experiments suggest that
stratified shear flows becomes unstable ithe 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 shivej at the

sloping boundaries along the basirfimberger and lvey 1993 Boegman et al. 2005 Lorke 2007),

thereby strongly contributing to basirscale 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 higlirequency internal waves during all seasons
suggest, that they play an important role in controlling the weak vertical mixing in Passalina
reservoir.

Our measurements did not allow for a conclusive explanation for the enhanced turbulence
during nighttime. Because 7were enhanced throughout the entire water column, also under
conditions of strong thermal stratification, nighttime convective mixingam 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 Bhre
larger during the daytime, in the ordenf 10'5W kg *and 10'” W kg *than at nighttime (Anis and
Singhal 2006). Therefore, the coincidence with variations in acoustic backscatter strength, wti
was supposedly caused by migrating zooplankton, may suggest a strong contribution of
swimming zooplankton to smailkcale turbulence. However, no direct correlation betweerfand
acoustic backscatter could be observed. We believe that the causes are lofrequency variation
of the backscatter strength in the longterm records and the likely presence of more than one

species of zooplankton with different contributions to backscatter strengtfiorke et al. 2004). As
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recently reviewed byKunze (2019), the potential contribution of swimming zooplankton to vertical
mixing in the ocean has been controversy discssed in the literature. Laboratory measurements

with migrating freshwater zooplankton point toward negligible contribution to energy dissipation

and vertical mixing in stratified lakegNoss and Lorke 2014). Field measurements on the potential

of vertical migiators to generate biomixing in lakes supported this conclusiofSimoncelli 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 densitdriven flow paths of the river into the reservoir.
Forebays, or purposely constructed predams, are features of many reservoirsThe effect of
upstream located dams on the flow paths and stratification in downstream reservoirs has been

studied for reservoir cascades at larger scalegHo c ki ng and SiWieafzkareab a

2018; Long et al. 2019). Smaller predams and impoundments, like the forebay region studied
here, received less attentim, 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 Passalina 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 lakegLewis 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. Wih 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 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 chage 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. Theflow 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. Overflowgliver nutrients to the

photic zone and can be expected to promote algae bloomgRueda et al. 2007), and also
interflows followed by mixing with the upper mixed layer can increase primary production
(Maclntyre et al. 20089.

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'Land 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% dhe 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 simulationsye 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 te 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 densitydriven flow pahs of the main river inflow were affected by the shallow
forebay in the inflow region, a structure similar to widespread prdam 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 meases, 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 basicale internal waves were

absent, most likely because of contiuous, 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 repsentative 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 detailednderstanding of (i) the conditions that lead to the
suppression of basinscale 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
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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,
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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

30

Surface and bottom temperature - Intake

Present state of shading

Temperature (°C)
(]

10
Marl& Aprlg Mayl§ Junlg Jullg Auglg

WILEY_L 7

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
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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)

|
Febl9 Marl9

Decl8 Janl9

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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