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1. Zusammenfassung 

Das Kernprodukt von MuDak-WRM war die Entwicklung von Modellen, Werkzeugen und 
Richtlinien zur Erleichterung des Managements von Stauseen, um eine gute Wasserqualität 
zu verbessern oder zu erhalten. Ein weiteres Ziel war die Vorhersage mittel- bis langfristiger 
Veränderungen der Wasserqualität in Stauseen, basierend auf Ansätzen reduzierter 
Komplexität und der Integration global verfügbarer Datenquellen, wie z.B. Satellitendaten. Der 
Schlüsselaspekt war, die Komplexität der zugrundeliegenden wissenschaftlich-
mathematischen Ansätze und der benötigten Daten für die angepassten Modelle (LARSIM - 
Wasserhaushaltsmodell, MoRE - Emissionsmodell und Delft 3D - Wasserqualitätsmodell) zu 
reduzieren, um die Anwendung der Modelle mit vertretbarem Aufwand und in sinnvoller Weise 
in Regionen mit begrenzter Datenverfügbarkeit zu ermöglichen.  

Die interdisziplinäre Forschungsgruppe auf deutscher Seite war ein Konsortium aus vier 
Forschungs- (Universität) und fünf Industriepartnern. Jedes Arbeitspaket wurde von einem 
oder zwei deutschen Partnern bearbeitet. Auf brasilianischer Seite waren drei Forschungs- 
und vier Industrie- bzw. öffentliche Partner in das Projekt eingebunden, so dass sich die 
Kompetenzbereiche spiegelten. Deutsche und brasilianische Partner wurden 
zusammengeführt, um den Wissensaustausch und die enge Zusammenarbeit bei den 
wissenschaftlichen und praktischen Aufgaben optimal zu ermöglichen. 

Das Projektteam hatte sich zum Ziel gesetzt, das noch begrenzte Verständnis der Prozesse 
im Einzugsgebiet und im Stausee zu verbessern, dass bisher die Entwicklung vereinfachter 
Ansätze behindert. Die Projekthypothesen waren, dass Wasserqualitätsänderungen von 
Stauseen auf Langzeitskalen reagieren und dass Reaktionen auf sich ändernde Bedingungen 
(Inputs) modelliert und durch die Interpretation von Monitoringdaten verifiziert werden können. 
Ziel des MuDak-Teams war es, fortschrittliche Ergebnisse in praktischer Form zu liefern, die 
von internationalen Stauseebetreibern und Behörden genutzt werden können, um den Ist-
Zustand eines Stausees zu beschreiben und die zukünftige Entwicklung der Wasserqualität 
unter Berücksichtigung bestimmter Managementoptionen vorherzusagen. 

Das MuDak Projekt konnte erfolgreich die Erosions- und Transportprozesse im Einzugsgebiet 
mit den Verlandungstendenzen und Wasserqualitätsveränderungen im Stausee verknüpfen. 
Hierfür wurden Satellitendaten automatisiert ausgewertet und direkt als Eingangsparameter 
für das Erosionsmodel genutzt. Parallel wurde ein Wasserhaushaltsmodell implementiert, dass 
zum einen mit geringen Eingangsdatensätzen und größeren Datenlücken zurechtkam, zum 
anderen die Abflusskomponenten lieferte, die für die Eintragsmodellierung und die 
hydrodynamische Modellierung im Stausee nötig waren.  

Untersuchungen im Stausee zeigten, dass die hohen Nährstoffeinträge nicht unmittelbar zu 
Algenblüten führten. Ein großer Teil des eingetragenen Phosphors bleibt im Sediment 
gespeichert. So ergibt sich aktuell keine Gefährdung der Wasserqualität in Bezug zur 
Wasseraufbereitung, jedoch können Umweltveränderungen zu einer Freisetzung dieses 
Phosphorspeichers führen. Insbesondere Sauerstoffmangel, der direkt mit der Anzahl der 
Tage, die der Wasserkörper geschichtet ist, zusammenhängt kann zu einem erhöhten Eintrag 
aus dem Sediment (internal loading) führen.  

Es konnten zwei beispielhafte Maßnahmen identifiziert werden, um die Wasserqualität 
langfristig zu erhalten. Zum einen wurde berechnet, welche Flächen im Einzugsgebiet 
aufgeforstet werden müssten, um eine deutliche Reduzierung des Sediments und damit auch 
des Nährstoffeintrags zu erzielen. Hier würden bereits 3% der Fläche zu einer Reduzierung 
von 26% der jährlichen Sedimentmenge führen. Eine andere Maßnahme, ist die Konstruktion 
eines vorgelagerten ÑPre-Damsì, einer Vorsperre. Dies ist in Deutschland üblich, in Brasilien, 



Zusammenfassung  

  10 

jedoch nur sehr selten der Fall. Hierdurch könnte ebenfalls eine deutliche Reduktion der 
Einträge in den Haupt See erreicht werden. 

Verknüpft und verfügbar gemacht wurden die Projektdaten und insbesondere die real-time 
Wasserqualitätsdaten aus dem Stausee über ein Sensor Web. Es erlaubt nicht nur die Daten 
zu betrachten, sondern auch langjährige Vergleiche. Dazu wurde die Datenhaltung und 
Visualisierung für diverse Datentypen, wie Rasterdaten oder Vertikalprofile entwickelt. So hat 
der Stauseebetreiber, alle Informationen zur Beurteilung der aktuellen Situation aber auch der 
Entwicklung unmittelbar verfügbar. 

Alle zentralen Erkenntnisse, Produkte und Ergebnisse sind in Form von Produkt Flyern 
dargestellt und zusammengefasst. 
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2. Summary 

The core product of MuDak-WRM was to develop models, tools and guidelines to facilitate the 
management of reservoirs in order to improve or maintain good water quality. We also aimed 
on the prediction of medium to long-term changes of water quality in reservoirs, based on 
reduced complexity approaches and integration of globally available data sources, like satellite 
data. The key aspect was to reduce the complexity of the underlying scientific-mathematical 
approaches and the data required for the adapted models (LARSIM - water balance model, 
MoRE - emission model and Delft 3D - water quality model) to enable the application of the 
models with reasonable effort and in a meaningful way in regions with limited data availability.  

The interdisciplinary research group on the German side was a consortium of four research 
(university) and five industry partners. Each work package was handled by one or two German 
partners. On the Brazilian side, three research and four industry or public partners were 
involved in the project, so that the areas of competence were mirrored. German and Brazilian 
partners were joined to optimally facilitate the exchange of knowledge and the close 
cooperation on the scientific and practical tasks. 

The project team set out to improve the still limited understanding of processes in the 
catchment and the reservoir, which so far hinder the development simplified approaches. The 
project hypotheses was that water quality changes of reservoirs react on long-term scales and 
that reactions of changing conditions (inputs) can be modelled and verified by the interpretation 
of monitoring data. The MuDak team aimed to deliver advanced results in practical form, which 
can be used by international reservoir operators and authorities to describe the actual status 
of one reservoir and to predict the future development of water quality under the consideration 
of certain management options. 

The MuDak project was able to successfully link the erosion and transport processes in the 
catchment area with the siltation tendencies and water quality changes in the reservoir. For 
this purpose, satellite data were automatically analyzed and directly used as input parameters 
for the erosion model. In parallel, a water balance model was implemented that, on the one 
hand, coped with small input data sets and larger data gaps, and, on the other hand, provided 
the runoff components needed for the input modeling and hydrodynamic modeling in the 
reservoir.  

Studies in the reservoir showed that the high nutrient inputs did not directly cause algal blooms. 
A large part of the introduced phosphorus remains stored in the sediment. Thus, there is 
currently no threat to water quality in terms of water treatment, but environmental changes can 
lead to a release of this phosphorus storage. In particular, oxygen deficiency directly related 
to the number of days the water body is stratified can lead to increased input from the sediment 
(internal loading).  

Two exemplary measures could be identified to maintain water quality over the long term. First, 
it was calculated which areas in the watershed would have to be reforested to achieve a 
significant reduction in sediment and thus nutrient input. Here, as little as 3% of the area would 
result in a 26% reduction in the annual amount of sediment. Another measure, is the 
construction of an upstream "pre-dam". This is common in Germany, but very rare in Brazil. 
This could also lead to a significant reduction of inputs into the main lake. 

The project data and in particular the real-time water quality data from the reservoir were linked 
and made available via a sensor web. It allows not only to view the data, but also to make long-
term comparisons. For this purpose, data management and visualization were developed for 
various data types, such as raster data or vertical profiles. Thus, the reservoir operator has all 
information for the assessment of the current situation but also the development immediately 
available. 
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3. Introduction 

In many parts of the world water reservoirs are an essential source for drinking water supply 
and electricity production. Around 1.000.000 artificial water bodies and more than 100.000 
larger reservoirs exist on the globe. They produce 20% of the global electricity and supply 
~30% of the global irrigated agricultural area with water (ICOLD (International Commission on 
Large Dams). 1998ñ2009). 
However, the installation and the operation of those is closely connected to a fundamental 
disruption of the river continuum. Reservoirs represent a sink for particulate matter as well as 
particle bound compounds like phosphorous, heavy metals and hydrophobic organic 
pollutants. Through the increase of the retention time in the reservoir in comparison to the free 
flowing river, the environmental conditions significantly change. One direct consequence is the 
accelerated eutrophication of the impounded water bodies. 
Strong algae and cyanobacteria growth leads to severe, quality-related usage restrictions, 
especially for the extraction of potable water. Climate change may intensify the temporally 
unequal distribution of available water and therefore the regional water stress. At the same 
time, intensified agricultural activity and forest industry combined with increasing urbanization, 
lead to growing utilization pressure and phases of conflict prone water scarcity. Actual global 
examples illustrate the importance this topic.  
 
The south east of Brazil with a high population density suffered a strong drought and water 
scarcity in 2015 and 2016 and once more since the end of 2019 until end of 2020. In the 
metropolitan region of Curitiba the drinking water reservoirs reached very low water levels with 
only 30% of storage volume left. Water shortages and power cutting were the consequences 
over months. During these phases some reservoirs showed strong water quality problems in 
connection with algae blooms. Comparable problems are well known for the rest of the world. 
In Germany, the increasing unequal distribution of rainfall (very dry summers) led to quantity 
and quality related water problems in the last three years (2018-2020) in drinking water 
reservoirs. 
Such conditions, require long-term oriented, integrated management strategies, which 
consider water- and mass fluxes in catchments as well as the fundamental reactions in 
reservoirs. For this task, a range of models are available. However, the application of such 
performant software is often strongly limited in many regions of the world, due to a lack of 
input- and validation data in an adequate spatial and temporal resolution.  
In many cases, the creation of catchment- and water monitoring parameters by conventional 
methodologies, is limited by temporal and financial restrictions. The reproduction of processes 
in catchments and in reservoirs in an adequate manner is, in these cases impossible. 
Consequently, especially highly complex, and generally performant models are parametrized 
with default data. These models inevitably lose the regional context and therefore the 
necessary degree of information, which is needed for the derivation of effective management 
strategies. 
 
The MuDak-WRM project focused on the tasks to  
 

1. Reduce the complexity of model approaches (water balance model, emission model 
and water quality model) and therewith the related data demand. 

2. Derive central parameters to describe the catchment- and water body characteristics 
based on globally available remote sensing data. 

3. Develop adapted methodologies for an efficient onsite minimum monitoring. 
4. Development of strategies and measures in cooperation with local/regional 

stakeholders to ensure long-term secure water supply. 
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In order to guarantee the success to the project, a tiered approach was chosen. The general 
methods and models were developed and tested at a well understood and monitored reservoir 
in Germany, the ìGroße Dhünntalsperreî operated by the Wupperverband. This reservoir, or 

exactly the pre-dam of this reservoir, served as a testing ground before the methods and 
models were transferred to Brazil. There, the Passaúna reservoir at the outer limits of the city 
of Curitiba was chosen as research subject due to the following criteria; the reservoir has a 
high importance for the drinking water supply for ca. 600.000 inhabitants, the water quality is 
still oligo-mesotrophic but with a tendency to deterioration, the catchment features strong 
anthropogenic influences and the operator of the reservoir, the company Sanepar showed 
active interest in the project cooperation and the project was accompanied by strong and highly 
motivated local partners from the academia and the authorities. These conditions summed up 
to a promising and interesting research area with a strong demand for a better reservoir-related 
process understanding and the development of measures to ensure good water quality in the 
future. 
 

3.1. Background of reservoir management 

Surface water bodies and especially water reservoirs are subject to a large variety of usage 
requirements (energy production, drinking water supply, irrigation, transportation, recreation, 
etc.). At the same time, they fulfill essential and unique environmental ecosystem functions. 
Both, the usability of water resources as well the ecosystem functions are threatened by the 
emissions from the catchment of a multitude of substances (nutrients, sediment, heavy 
metals,Ö). The anthropogenically increased input of nutrients (Phosphorous (P) and 
Nitrogen(N)) represents one of the main factors, why the water quality and related usage of 
waters is threatened (Conley et al. 2009; Schindler 2006), since these nutrients may cause 
algal blooms. 

In this context, the relevant processes have been described very well (e.g. Likens und Gene 
2010, Lake Ecosystem Ecology: A Global Perspective). 

Sources of nutrients can be separated into diffuse and point sources (e.g. Figure 10). Even 
though, these terms are not used in a unified way, we define point sources as sources, which 
can be directly linked to on specific location of input to the river, e.g. waste water treatment 
plants. On the contrary, diffuse sources cannot be linked to one specific location of input to the 
river, e.g. surface runoff or erosion. The MuDak-WRM project focused mainly on the 
assessment, investigation and modeling of diffuse sources (erosion and surface runoff). The 
management of point sources relies strongly on the databases of local and regional authorities 
and can therefore, not be transferred to other regions by using technologies as remote sensing. 
However, the importance to control and manage point sources should not be generally 
degraded by this. Figure 1 illustrates a simplified overview of the relations between a reservoir 
and the catchment. 
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Figure 1: Illustration of the general transport and accumulation of sediment and nutrients from the 
catchment to the reservoir (adapted from Icograms). 

 

The Catchment: 

One central aspect for the protection of receiving water bodies (e.g. reservoirs) is the 
appropriate management of the corresponding catchments. A fundamental prerequisite to do 
so, is the quantification of the substance emissions, influenced by the different land uses. Most 
emissions from a catchment are seen as diffuse pollution, since no individual entrance location 
at the river can be identified. The estimation or the monitoring of these emissions is challenging 
and highly time demanding and costly. As substitutes for extensive field work, there are many 
models available globally, like SWAT, MIKE11, MoRE and CE-QUAL-W2. Most conceptual 
model approaches use partially spatially distributed parameter sets and empirical 
quantification approaches. The hydrological components are based on the HRU approach 
(Hydrologic Response Unit, Flügel 1996). All these models use material balance approaches 
calculated for grid cells or hydrological units. This feature allows for large-scale application in 
contrast to process-oriented model approaches. Application limitations for the above-
mentioned and other empirical models arise in part from the fact, that the model approaches 
used are in part only modifiable to a limited extent and, if so, then generally only by intervening 
in the program code. The emission model MoRE (Fuchs et al. 2010), which was the starting 
point for the development in this project, solves this problem by a model implementation, in 
which, all input data and calculation approaches are managed in an open source database 
and are freely editable without programming knowledge (https://isww.iwg.kit.edu/MoRE.php).  

An essential component of substance input modeling is the adequate representation of the 
water balance and its components. The water budget model LARSIM (LARSIM-
Entwicklergemeinschaft 2016), which is widely used in water management practice, can meet 
these requirements. The model, which was developed by Bremicker (2000), has been 
continuously developed over the past 20 years, especially for operational flood forecasting 
(Luce et al. 2006) for water temperature forecasting (Haag and Luce 2008), for low-flow 
management (e.g., Varga and Haag 2013), and for optimization of reservoir controls (Holle 
2009) in Germany, Luxembourg, Switzerland, Austria, and France (Bremicker et al. 2013).  

Modeling of sediment

and nutrient input

Sediment & nutrient input

from agricultural areas Sediment & nutrient input
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Monitoring

station

Validation of
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The modular structure of the model allows for an area-specific setup, that uses the geospatial 
data available in the respective area (e.g., elevation model, vegetation mapping, soil data, 
etc.). Both, the water balance model and the substance emission model require data on 
catchment characteristics. Land use, topography, land cover, etc. are examples. This 
information is not available everywhere in adequate quality, and can terrestrially only be 
collected over larger catchments with very high effort, which is why modern remote sensing 
methods are of great importance. They do not only deliver the necessary information to run 
catchment-based models, but nowadays, remote sensing increases significantly the temporal 
resolution of this information. This fact represents a fundamental step forward for the precise 
assessment of catchment processes and therefore, the planning of catchment related 
management options. Within the MuDak project developments were conducted to investigate 
the full chain from remote sensing, over data processing to a reduced complexity water balance 
model and the implementation of a higher temporally resolved emission model, towards more 
precise measures to be implemented in the catchment.  

The River: 

Within the focus of the MuDak project, the Passaúna river or the tributaries of the Große Dhünn 
reservoir, were reduced to the function of transporting water, sediment and other chemical 
compounds to the reservoirs. The rivers were understood as transport vectors without relevant 
retention or degradation capacities. In the case of the MuDak project the focus parameters 
were total suspended solids (TSS), total Phosphorous and dissolved (ortho) Phosphate. All 
parameters, are supposed not to change in terms of mass balance within the time steps of the 
catchment models (moths to years), therefore any river-related processes were left out of 
investigation. It was assumed that ìwhat enters a river, reaches the reservoirî: 

In terms of validation and plausibilisation of the catchment processes, the river was used to 
better understand the transport processes going back to the catchment behavior. No further 
investigations on the rivers were done, due to the fact that the project team deemed rivers to 
be the least efficient point to implement measures for the protection of reservoir water quality. 
However, a minimum set of input data (discharge, temperature, sediment transport, etc.) is 
necessary to understand the fundamental processes in the reservoirs. 

The Reservoir: 

Safeguarding the use of water resources includes not only proper catchment management but 
also options within the water body itself, such as artificial mixing to reduce cyanobacterial 
blooms (van der Veer et al. 1995, Visser et al. 1996) or varying the depth and timing of 
abstraction for drinking water production (Fontane et al. 1981; Hayes et al. 1998). A 
prerequisite for the implementation of these and other options for action is that in-lake 
processes that significantly determine the fate and conversion of input nutrients, are known 
and incorporated into decision-making processes.  

While the interactions of physical transport and nutrient (Chung et al. 2014; Hamilton and 
Schladow 1997) and algal (Liu et al. 2012; Peeters et al. 2007; Sverdrup 1953) dynamics in 
density-stratified lakes and reservoirs have been extensively studied, particularly using 
coupled hydrodynamic and ecological models, the coupling of in-lake process dynamics with 
the dynamics of nutrient inputs from the catchment represents mostly uncharted scientific 
territory. Current efforts to fill this gap in terms of both process understanding and catchment 
management strategies often aim to establish high-resolution and costly monitoring networks 
(Rinke et al. 2013). Approaches to data reduction and predominant use of remote sensing data 
to describe in-lake nutrient fluxes and resulting water quality have been poorly studied.  

Most water quality parameters can be directly or indirectly linked to the amount and 
composition of sediment reaching one reservoir. Additionally, the siltation of the reservoir is a 
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technical problem, which affects most reservoirs to a certain extend. Therefore, this project put 
much effort in the investigation of sediment input dynamics, sediment distribution inside the 
reservoir as well as sediment quality and related water quality aspects. 

The project included the challenge to make best possible use of available remote sensing 
techniques (drone-based and satellite-based) as well as automated high-resolution in-situ 
sensors for water quality validation. 

Inland waters are considered to be optically complex because their reflectance is usually 
influenced by several parameters simultaneously, such as suspended sediments, algae, and 
coloring organic compounds. Nevertheless, spectrally high-resolution sensors can adequately 
detect and map the catchment- and season-specific distribution of these water quality 
parameters in surface waters. Drone-based multi- and hyperspectral measurement techniques 
have already been exemplarily tested for water applications (Honkavaara et al. 2013; Su and 
Chou 2015). In addition to the close distance to the target and the lower cost, the main 
advantage is the high flexibility. Until now, the number of simultaneously collected in-situ water 
samples was often the limiting factor due to the complicated tuning of satellite overflights and 
their cloud dependence. To determine water parameters, superimposed effects of wavelength-
specific absorption and scattering of the various optically active constituents must be spectrally 
separated and quantified. We planned and optimized our activities to combine results from 
field campaigns, lab analysis, drone flights and satellite overflights as good as possible in order 
to bridge the scaling gap from point measurements (representing some cm²) to spatial 
measurements (representing hacres). 

Data infrastructure 

Water resource management is a multidimensional task that requires a fundamental 
understanding of processes and extensive input data. Consistent management and provision 
and linking of heterogeneous data sets thus becomes an essential part of any project. While 
spatial information can be exchanged and processed in a largely standardized way by means 
of web-based spatial information infrastructures (SII), measurement data with heterogeneous 
sources require software systems that use open interfaces for e.g. time-based datasets (e.g. 
OGC SWE; Bröring et al. 2011). The reliability of this technology has already been 
comprehensively proven in a number of scientific studies (Resch et al. 2009; Spies and Heier 
2008). In this context, the Wupperverband successfully uses a Sensor Web data infrastructure 
based on OGC SWE (Spies and Heier 2010). 

In addition to the secure provision of harmonized and quality-assured data, the integration of 
different sensors or measurement data into a central infrastructure offers the advantage that 
e.g. the different sensor data can be comparatively integrated into the modeling approaches. 
This is a prerequisite for the operational use of the models.  

In addition to the scientific and technical aspects, the uniform and transparent storage of 
diverse measurement data is the foundation for long-term use of high-quality data sets. 

3.2. Project Objectives & Project Implementation 

The overall objective of the MuDak-WRM project was the investigation of water quality related 
processes in drinking water reservoirs and the development of simplified environmental 
models reproducing the most relevant compartments (catchment emissions, water balance 
and water quality).  

These models are fed by innovative and long-term monitoring in the catchment as well as 
inside the reservoir. In order to substitute local, in-situ information with remote sensing data, 
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several approaches from multispectral and radar data to derive input information, were 
followed. 

All work packages, dealing with modeling, had the goal to reduce the complexity and the data 
demand of the single model parts, in order to facilitate a global transfer of the models to regions 
with limited data availability. 

The work packages, which worked on data acquisition and monitoring addressed the task, next 
to the provision of input data for the modeling and model validation, to develop minimum 
monitoring approaches. Which means, that the high-resolution data obtained, was analyzed to 
identify most significant monitoring patterns in time and space. Where to measure what, how 
often? ñ and to still prevail the necessary level of information needed to feed the models. A 
selective and optimized monitoring is needed, to bundle available budgets and efforts by the 
responsible authorities or companies in charge. The more limited monitoring budgets are, the 
better should be the selection of timing and locations of monitoring in the catchment, at the 
river or within the reservoir. Additionally, a discussion of most relevant parameters to follow 
and control the quality status of a reservoir, was conducted. 

The MuDak project set out to produce usable products or transform preliminary scientific 
results into usable products, applications or guidelines for reservoir operators, authorities and 
scientists. These results are summarized in the form of Flyers (see chapter 3.4 Introduction of 
the work packages 

The results of the MuDak-WRM project are presented and sorted by work packages (WP) 
respectively by topic, independent of the affiliation of the involved researchers. Most WP were 
conducted by mixed teams from Germany and Brazil, as well as from universities and industry 
partners. Figure 2 shows an overview of the project components and related work packages. 
Basically, four working areas were defined beforehand of the project: 1. The water body, 2. 
The catchment, 3. Remote sensing and 4. Sensor Web and Data interoperability. 

The background and objectives of the single work packages are explained in detail in chapter 
4.4. 

 

Figure 2: Overview of project compartments and related work packages. 
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4. Project Insights 

4.1. Planning and operation of the project 

The general structure, procedure and planning of the project in order to solve the addressed 
challenges and to answer the scientific and praxis-related questions, the project consortium 
was split into three methodological-technical parts. Three work packages (WP 1, 5, 6) 
produced primary data from field measurements, which was passed on for in-situ verification 
and the validation of models. Four work packages adapted a water balance model (WP 2) 
(LARSIM), an substance emission model (WP1) (MoRE) and a hydrodynamic model (WP 3) 
combined with a water quality model (WP6) (Delft 3D) for the case study and derived 
approaches for a reduction of complexity (Figure 3). In order to reduce the complexity and data 
demand, the models were first developed to run with the best possible input data. From this 
stage on the input data was reduced in terms of temporal and spatial resolution as well as 
measurement quality itself. Unnecessary model parts were excluded from the calculations to 
increase the performance and reduce complexity. The aim was to find the minimum data 
demands for the models and to still reproduce the correct dimension of input mass fluxes 
(sediment and phosphorous), correct river flow into the reservoir as well as reproduction of 
stratification days, water temperature and critical water quality status of the reservoir.  

 

Figure 3: Methodological project approach for model complexity reduction. 

The third part (WP 7) worked on the integration, storage and visualization of complex and 
diverse environmental project data. A data exchange and standardization protocol was 
developed between all project partners. This allowed the project team to easily exchange data 
without formatting conflicts with a wide range of characteristics and including essential 
metadata. These encompassed different spatial aspects like point (water sample), 
linear/transect (boat-based sensors), vertical (water column) and raster data (satellite). 
Additionally, different temporal aspects were included like singular measurements (campaign-
based), single time series (multiple measurements campaign-based) and (real-time) 
continuous measurements (permanent installed sensor data). All types of data were stored on 
a central server and were linked to the only web client. 

The principal workflow was developed along three reservoir case studies (Figure 4). The first 
region, Große Dhünn reservoir (Wupperverband), was used as a “best case” scenario in terms 
of data availability and good accessibility. The developed models were transferred to 
Passauna reservoir (Sanepar), where a consistent, long time series of water quality data and 
catchment information was missing. After further development of approaches and complexity 
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reduction a final simplified model version was produced. This model will be applied by the 
reservoir operator in the Piraquara 2 catchment to predict water quality changes of the 
reservoir. By the transfer to a new catchment the functionality as well as the transferability of 
the product can be assessed. 

 

Figure 4: Method- and model development and transfer of project results 

 

Monitoring encompasses activities in the catchment like continuous water sampling at the river 
inflow to assess the particle and nutrient flux to the reservoir, sediment and soil sampling and 
the analysis of satellite imagery to retrieve land use and land cover change. Reservoir 
monitoring includes real-time water quality measurements on a platform (Figure 5) at the water 
intake in Passauna reservoir combined with monthly water sampling campaigns. Additionally 
an upward looking ADCP gives insights in internal flow velocities and flow directions. The 
detailed investigation of in-lake processes is complemented by campaign-based drone flights 
to better understand the spatial distribution of quality parameters (e.g. turbidity and chlorophyll 
conc.) and to bridge the information to the satellite imagery. 
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Figure 5: Measurement platform close the water intake of Passaúna reservoir. 

4.2. Study Areas 

The scientific and technical objectives of this project were reached through the combination of 
two investigation areas at which different core parts of the project were conducted. The Große 
Dhünntalsperre served as a testing area for field monitoring and model development. The 
Große Dhünntalsperre catchment covers an area of 89 km2 and 90% of the catchment is 
covered by forest and pasture land as shown in (Figure 6). The Dhünntalsperre is protected 
by 22 pre-dams at the inflows of entering rivers. 

The largest part of the field activities, however, was conducted in the catchment and at the 
water body of the Passaúna reservoir. The hydrological catchment of the Passaúna river is 
located in the Primeiro Planalto Paranaense, between parallels 25 ° 15 '–25 ° 35' South and 
meridians 49 ° 25 '–49 ° 20' West. The hydrological catchment partly covers the municipalities 
of Curitiba, Araucaria, Campo Largo, Campo Magro,and AlmiránteTamandaré and is a sub-
basin of the Iguaçu River. The region is classified as Cfb (temperate oceanic climate) according 
to the Koppen climate classification. The mean temperature during summer is 22°C, while the 
mean temperature in the winter months is 18°C (marcon et al. 2019). The average yearly 
precipitation in the watershed is1650 mm. The catchment has an area of approximately 150 
km2 that creates an average yearly inflow of 2 m3/s for the Passaúna reservoir. The Passaúna 
river composes 65.6% of the overall inflow into the reservoir, followed by the Ferraria river 
(6.9%), the Eneas river (3.6%), the own reservoir area (5.9%) and the runoff created from the 
small sub-basins surrounding the reservoir (18.0%) (Carneiro et al. 2016). Most of the 
catchment is covered by forest (43%) and agricultural area (26%) (Figure 6). Despite having 
been an environmentally protected area since 1994, a yearly increase of 2.25% (Instituto 
Brasileiro de Geografia e Estatística 2011) has been recorded in the population of the 
catchment (2010 population 66,000 inhabitants). Sanitation facilities are mostly available, but 
still a part of the untreated sewage enters the river system from the semi-formal urban areas. 
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Figure 6: Land use maps of the Große Dhünntalsperre and Passaúna reservoir. 

The three reservoirs were selected for the implementation of the project for the following 
reasons: 
 
·  The Große Dhünn reservoir represents a highly parameterized environment due to the 

optimal data availability through long-term measurements and a comprehensive database 
of the Wupperverband, in which the measurement concepts and models can be tested and 
adapted under perfect conditions. This is an important step in the targeted reduction of the 
complexity and data requirements of the models. 
 

·  The Passaúna reservoir  was selected because it is ideally suited for the described 
investigations and model development for several reasons. First, eutrophication of the 
reservoir has progressed to the point where direct action is needed in the coming years, 
but second, eutrophication has not yet manifested to the extent that targeted actions would 
not show effects. In addition, Passauna with the characteristics summarized in Table 1 
represents the majority of the globally existing reservoirs, which is relevant with regard to 
a transferability of the products to be developed. The catchment area of Passauna is very 
heterogeneous with a strong urban influence, which allows in particular the development 
of the methods in WP-5 and 6 as well as the models from WP-1, 2 and 3. 
 

·  Piraquara 2  was chosen as an exemplary reservoir in the direct surroundings of the city of 
Curitiba. It is also managed by Sanepar, however, in contrast to the Passaúna reservoir it 
shows strong eutrophication symptoms already. Therefore, it is a suitable transfer region 
to implement the developed models, to apply measurement or monitoring strategies or if 
the data basis allows, plan and implement mitigation measures (Figure 4). It was planned 
that the transfer of the project results will be supported by the MuDak-team, but needs to 
be conducted by the Sanepar itself. Therefore, the application of findings and measures at 
Piraquara 2 was not seen as an incremental part of the funded project, it represents a clear 
perspective where the obtained results can be applied in the close future. 
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Table 1: Summary of the most important parameters of the project reservoirs. 

 Große Dhünn reservoir Passaúna reservoir 

Area 4,4 km² 9 km² 

Dam height 53 m 20 m 

Volume 81 Mil. m³ 48 Mil. m³ 

Catchment 89 km² 150 km² 

Age 33 years 30 years 

Purpose  Drinking water supply 
(500.000 EW) 

Drinking water supply 
(650.000 EW) 

Status oligotrophic Oligo to mesotrophic 

 

4.3. Cooperation 

The project success based on the close and intense cooperation with Brazilian partners. To 
solve the interdisciplinary tasks outlined above, a consortium of four research and five 
industrial partners was brought together on the German side. All the competencies required 
for successful completion of the project are represented in this consortium. Each work package 
is being handled by one or two German partners. On the Brazilian side, two research partners 
(universities) and three industrial or public partners are involved in the project, so that the areas 
of competence are mirrored. Funding for the Brazilian side was provided by inkind contributions 
from all Brazilian partners, as well as by complementing research funds from: 

·  CAPES:  Brazilian Higher Education Improvement Coordination, providing scholarships for 
Brazilian master and Ph.D. students, which were administrated via the graduate programs 

·  Araucária Foundation, (Fundação Araucária de Apoio ao Desenvolvimento Científico e 
Tecnológico do Estado do Paraná) 

 

 It was prepared over a long time period by smaller preceding projects, which helped to 
intensify the cooperation and to build a high degree of trust. The core team of the international 
cooperation shown in the MuDak project, worked more than 10 years on the cooperation before 
the project started. 

The partners, who participated in the project, are listed here: 

·  Companhia de Saneamento do Paraná  (SANEPAR, Paraná Sanitation Company), 

Curitiba 

·  Universidade Federal do Paraná  (UFPR, Federal University of Paraná), Curitiba 

PPGERHA (Graduate Program on Water Resources and Environmental Engineering, 

Graduiertenprogramm für Wasser- und Umweltingenieurwesen), Curitiba 

PPGEA (Graduate Program on Environmental Engineering) 

PPCGC (Graduate Program for Geodetic Sciences) 

o Depto. Engenharia Ambiental (DEA)  
o Depto. de Hidráulica e Saneamento (DHS)  
o Depto. da Geomatica (DG) 
o Depto. Solos e Engenharia Agrícola (DSEA) 

·  Universidade Positivo , Curitiba 
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PGAMB (Graduiertenprogramm für Umweltwissenschaften) 

 
·  Instituto das Aguas do Paraná , Curitiba 

·  Instituto Paranaense de assistência técnica e extensão rural (Paranaensisches Institut 

für ländliche Entwicklung), (EMATER), Curitiba 

 
Especially, the long lasting and intense cooperation between KIT and UFPR was a central part 
of the success of the complex and challenging work packages. All German partners are very 
thankful to the professors at UFPR, namely Prof. Bleninger, Prof. Kishi, Prof. Fernandes, Prof. 
Centeno, Prof. Knapik and Prof. Detzel, Prof. Robson Armindo, Prof. Matheus Duraes and 
their great researchers and lab teams. The MuDak-team is in debt to the overall active 
Postgraduate Program in Water Resources and Environmental Engineering 
(http://www.prppg.ufpr.br/ppgerha/en/) based at the UFPR. 
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The full MuDak team is shown in Figure 7. 

 

Figure 7: MuDak-team at the Kick-off workshop. In the background is Passaúna reservoir. 

Altogether, 17 PhD students were involved in the MuDak project. An even higher number auf 
Bachelor-, Master- and study projects were successfully conducted on both, the German and 
the Brazilian side. For PhD students a sequence of research stays in Germany and Brazil lead 
to three double-PhD degrees, underlining the success of sustainable cooperation and the 
importance of international research activities. 

 

Figure 8: MuDak PhD students on a workshop at Passaúna reservoir in 2017. 

The operating company of Passaúna reservoir, Sanepar, is the 4th largest water supplier in 
Brazil. The close cooperation within this project allowed for a direct exchange of information, 
data and also to develop the project products close to the need of the company. A sequence 
of schooling events for theory and in praxis were conducted. Joint field trips together with 
lectures were used for capacity building. The handling of equipment, processing of data and 
general knowledge on reservoir management were exchanged. The excellent cooperation 
manifested itself in the joint purchase of a new research vessel, which served as an operation 
base during all field campaigns (Figure 9). The vessel will facilitate research activities in the 
future and further strengthen the cooperation between Sanepar and university researchers. 
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Figure 9: Manifestation of the cooperation between the German partners and Sanepar -  a joint 
research vessel. 

4.4. Introduction of the work packages 

 

WP 1 – Emission modeling and validation 

Work package 1 was separated into two parts (Catchment box and reservoir box, Fehler! 
Verweisquelle konnte nicht gefunden werden. ) Part one focused on activities in the 
catchment, including the development of a low-complexity emission model, based on the 
MoRE model already available for German and some European catchments, soil sampling, 
river sediment sampling and catchment visits to better understand structures of semi-urban 
areas. The second part of the WP focused on the validation of the modeling results. This 
included long-term monitoring activities in the river, upstream of the inlet to the reservoir. 
Additionally, extensive sediment and sedimentation investigations inside the reservoir were 
conducted. These again, were split into the assessment of the incoming and settling sediment 
and the detection and investigation of the already accumulated sediment on the ground of the 
reservoir. 

The main objectives of WP 1 were 

Catchment: 

·  Reduction of model complexity of the MoRE model. 
o Reduction of structural complexity 
o Reduction of data demand 

·  Sampling of soil samples as input for the erosion modeling 
·  Sampling of river sediment samples to compare Phosphorous content in the sediment 

with the sources and the transported material 
·  Investigate potential point sources e.g. settlements, septic tanks etc. 

Reservoir: 

·  Measure the actual bathymetry and derive the volume-water level curve 
·  Assess the sediment thickness and overall sediment mass, calculate the annual 

siltation rate 
·  Investigate internal sediment transportation processes (density currents) 
·  Investigate sediment composition (organic matter, nutrient content) 
·  Validate modeled sediment and nutrient input 
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Both WP parts together aimed on the development of adapted measures to improve or protect 
the current status of water quality. 

WP 2 – Water balance model: 

The basic objective of the work package 2 (WP 2) was to develop and provide a generally 
applicable and transferable water balance model as a central building block for watershed and 
surface water body management. On the one hand, this model can be used alone and 
independently for water quantity management. On the other hand, it can be integrated as a 
central water balance module in a comprehensive management model for water quantity and 
water quality. In the course of development, the effects of reduced data availability and model 
complexity were also analyzed in order to define minimum standards and ensure general 
applicability. 

The main scientific objectives of WP 2, as part of the overall project, are as follows: 

·  Develop methods to quantify the effect of reduced data availability and model 
complexity on the applicability and robustness of results on water balance and runoff 
formation (diffuse matter discharge). 

·  Scientifically justified reduction of model complexity and data requirements to improve 
global transferability 

·  Improved understanding of the impact relationships between runoff formation and the 
resulting diffuse matter discharge (in collaboration with WP1). 

In addition, the following primary technical objectives were pursued: 

·  Provide a generally applicable and transferable water balance model as a central 
building block of management planning. 

·  Use of globally available remote sensing data for model development and validation. 
·  Provision of concretely applicable models (in the context of the overall management 

model) for the Wupper catchment (Grosse Dhünn) and Passaúna (Brazil). 
·  Determination of the minimum technical requirement for the use of water balance 

models in the context of management planning. 
·  Clarification whether already existing LARSIM water balance models can be used for 

management planning, or which adaptation may be necessary. 
·  Development of efficient interfaces to spatial input data for model setup (especially 

remote sensing data) and to the emission model MoRE to enable effective calculation 
of management scenarios. 

WP 3 – Hydrodynamic and sediment transport modeling 

In AP 3, a flow and sediment transport model was set up for Passaúna reservoir, which 
represents the flow characteristics as well as the relevant physical fine sediment and basic 
water quality processes in the reservoirs on the basis of hydrological (AP 2) and morphological 
(AP 1) measurement data. The goal was to simulate both, the stream flow in the reservoir as 
well as the sedimentation processes of the fine particles carried in from the river. Within the 
framework of the modeling, comparative calculations at the Große Dhünn reservoir (pre-dam) 
in Germany were conducted beforehand. 

In connection with the modeling, it was investigated which model complexity and model 
approaches or which input data basis are necessary to represent the relevant fine sediment 
processes in a physically plausible and correct way.  

The main objectives of WP 2 were: 



Introduction of the work packages  

  27 

·  The numerical modeling of the finesediment transport in the reservoirs, in particular the 
transport and deposition of fine particles, considering the relevant physical sub-
processes. 

·  The simulation of density currents due to density differences during inflow into standing 
water (e.g. caused by different temperatures or suspended sediment contents over the 
flow depth)  

·  Identification of the influence of wind and temperature on the hydrodynamics and 
sediment transport in the reservoir. 

·  Modeling of the stratification and mixing processes in the reservoirs 

The goal of the set up numerical model (Delft 3D) was both, to develop a systems 
understanding of the complex fine sediment and water quality processes in the reservoir and 
to quantify the effects of reduced data availability and model complexity on computational 
results. 

WP 4 – Close range remote sensing 

A qualitative and quantitative assessment of terrestrial material discharge potentials into 
reservoirs can be significantly supported by innovative close-range remote sensing methods. 
The advantage of imaging remote sensing compared to in-situ measurements is mainly the 
extensive data acquisition and in the case of satellite data the global availability. In this project, 
a multimodal sensor system will be integrated on a compact UAS to map inflows, their inputs 
and the distribution of constituents within the reservoir. The assembled system will be 
integrated into a concept for autonomous and continuous monitoring of reservoirs. The aim of 
autonomous and extensive monitoring of water quality parameters by means of close-range 
remote sensing entails three main scientific challenges, which will be addressed in this 
subproject: Parameter estimation of e.g. suspended sediments and chlorophyll, geocoding of 
acquired image data over water, scale jump between the methods (in-situ measurements, 
close-range remote sensing, satellite remote sensing).  

Of particular interest for the detailed analyses were: 

·  inflows and their (sediment) inputs into the reservoir, especially episodic inputs after 
heavy rain events. 

·  distribution of turbidity, chlorophyll and temperature at the surface of the reservoir. 

This WP aimed on the following points 

·  Using drone-based hyperspectral sensors for water quality parameter measurement 
·  Using hyperspectral boat-based sensors for the measurement of spatially changing 

surface water quality parameters (turbidity, chlorophyll-a). 
·  To enable the scale transition between the area-wide large-scale integrating 

observations (WP-5) and the point-based irregular sparsely distributed in-situ 
measurements 

·  The development of a flexible, cloud-independent and cost-effective method for 
recording and mapping water quality parameters of surface waters  

·  To close the gap between direct in-situ measurements of substance inputs (AP-6) and 
substance discharge modeling from the catchments 

The parameters which affect the electromagnetic reflectance spectra of water were the primary 
target variables in this subproject. In particular, these are total suspended solids (TSS), 
chlorophyll-a concentration (chl-a), as well as surface temperature (T) and turbidity or Secchi 
disk depth (SDD) of the water body. Furthermore, existing methods were used and adapted to 
determine parameters, which do not affect the reflectance spectrum of water such as 
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phosphorus content (TP) and nitrogen content (N) by integrating data from other work 
packages. 

 

WP 5 – Satellite based remote sensing 

The quantitative estimation of the terrestrial material discharge potentials can be decisively 
improved by satellite-based recording of the catchment areas of the artificial lakes. The 
vegetation cover, dynamics and vitality of agricultural and forestry surfaces as well as different 
soil characteristics can be represented by satellite image data. Besides the vegetation, sealed 
areas, open ground and others are determined, so that direct conclusions can be drawn about 
the degree of total vegetation coverage. This information can then be used as a basis for the 
material discharge modeling. 

The main objectives of WP 5 were: 

·  Further development of methods for the automated derivation of land cover to support 
substance discharge modeling from satellite-based images for water catchment areas. 

·  Determination of the influence of different land cover classes on the discharge of 
substances 

·  Ensuring the transferability of the developed methods to other vegetation zones, 
especially subtropics/tropics with test area in Brazil 

·  Modeling of the different vegetation cover rates (NDVI) over the vegetation period and 
derivation of the influence on the material discharge modeling 

WP 6 – Water quality assessment 

The aim of subproject WP 6 was to investigate the basic processes that determine the 
relationship between nutrient inputs and the resulting water quality in reservoirs in interaction 
with hydro-meteorological and operational boundary conditions. Furthermore, it was 
investigated how the relevant in-lake processes can be described on the basis of remote 
sensing data and which minimum requirements have to be met by accompanying in-situ 
measurements in the reservoir in order to be able to describe and predict the water quality and 
its dynamics with sufficient accuracy. 

Specifically, the transport pathways for particle-bound and dissolved nutrients (N and P) in the 
reservoir were investigated with particular emphasis on vertical density stratification, density-
driven currents, and vertical mixing of the water body using extensive field measurements. At 
the same time, modern optical methods for the collection of water quality data were used, 
further developed and optimized. These include immersion probes for reagent-free online 
determination of nutrients, algae groups, dissolved carbon compounds and organic pollutants.  

The main objectives of WP 6 were: 

·  An improved process understanding of the role of in-lake transport processes for the 
fate of input nutrients and the interaction of nutrient inputs and meteorological boundary 
conditions in the development of algal and cyanobacterial blooms in density-stratified 
water bodies. 

·  Identify the role of density-driven currents on the vertical distribution of dissolved and 
particle-bound nutrients and the resulting biological availability. 

·  Based on the collected measurements and on process-oriented modeling, technical 
solutions were developed to describe the processes governing algal development and 
composition with a minimum effort of measurements and priority use of remote sensing 
data. 



Results  

  29 

·  For the in-situ sensors, the development of advanced algorithms for the use of the 
additional detection channels for the automatic correction of cross-sensitivities and 
subsurface correction. 

·  Optimization and adaptation of the wavelength sets currently in use. 
·  Implementation of the SOS data interface and the data transfer to connect the system 

to the central web-based infrastructure of the project. 

WP 7 – Sensor Web- und Web Processing Architecture  

The Wupperverband and 52°North worked in WP 7 on the development of a modular 
information system, with the help of which statements on water quality in dams and dam 
catchment areas can be derived from remote sensing data.  

The focus of the conception is on the use of open standards for the web service interfaces and 
data models, as they have found their way into the INSPIRE guideline, for example. This 
ensures the transferability of the system to other dam catchment areas. This is an important 
prerequisite for the conception of long-term, integrated management strategies regarding 
water pollution control and the securing of the population's access to clean drinking water. 

The main objectives of WP 7 were: 

·  the development of a data management component, which allows the use of spatio-
temporally high-resolution satellite-based remote sensing data as well as hyperspectral 
measurement values and their linkage with in-situ measurement data. 

·  the integration of the specialized models from the sub-projects of the cooperation 
partners and the provision of the calculation results in the modular information system. 

·  the communication of the measurement data and results from the model calculations 
to the user by visualization in a web-based graphical user interface. 

Within the framework of MuDak-WRM, the following technical work objectives were pursued. 

·  Development of a suitable, scalable data management component, which allows the 
management and access to the model calculation results, forecasts and remote 
sensing data available in the project. 

·  Integration of the specialized model programs from the subprojects of the cooperation 
partners  

·  Development of a visualization component, which allows access to the model 
calculation results, forecasts and remote sensing data available in the project. 

·  Use of open standards for the web service interfaces and data models. 

5. Results 

Overview: 

The previously defined research questions were successfully addressed during the run of the 
MuDak project. The planed measurements and assessments were finished as planed with a 
successful data acquisition as a basis for the adaptation of the three models. During four 
individual large measurement campaigns at Passaúna and three measurement campaigns at 
the Große Dhünn reservoir pre-dam the actual ecological and operational state of the 
reservoirs was evaluated. Water quality sensors were successfully tested at the Große Dhünn 
reservoir and were later on permanently installed in the Passaúna reservoir. Time series of 
water quality data of more than one continuous year was achieved. 

Sedimentation assessment revealed that the siltation process in the pre-dam of the great 
Dhünn reservoir is relatively slow due to limited erosion in the catchment. In contrast to this, 
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the Passauna reservoir is affected by significant siltation and accumulation of nutrients, even 
though the actual status is mesotrophic.  

Collected input data for the hydrological model and the emission model was processed and 
implemented. We coupled the results from the water balance model into the emission model, 
in order to improve the precision between the emissions from the different pathways. Final 
emission values were validated with the sediment field data. 

The Sensor Web was further developed to visualize the real-time-transferred online data as 
well as various types of field data, like vertical profiles or processed satellite raster data. 

Partners from all work packages participated in an extended training and transfer session 
during five days. In parallel to the monitoring activities, the applied methods and tools were 
explained to employees from the operating company in theory as well as in the field. 
Additionally, bi- and trilateral meetings took place to exchange work package-specific demands 
from the company and authorities. 

 

Introduction of the Flyers as condensed project results: 

In order to make the central results of the project better accessible, the project team created a 
set of “technical flyers” to condense the created knowledge. The flyers are intended to be less 
scientific and more useful for practical applications or implementation in the industry. The so 
prepared content may allow for a facilitated transfer from scientific results towards practical 
use. The flyers are located at the end of each work package. 
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5.1. Work package 1 – Substance input modeling and reservoir 
sedimentation status 

5.1.1. Substance input modeling 

5.1.1.1. Introduction and objectives 

Passaúna catchment is characterized by a high anthropogenic activity, where around 35% of 
the catchment is covered by agricultural land and urban areas. The effects of this 
anthropogenic activity are expected to be visible also in the substance emissions of these 
areas into the water body. The focus of this work package was to initially assess the sediment 
and total Phosphorus (TP) emissions into the Passaúna River and the Great Dhünn reservoir 
(GDTS) and secondly to simplify the modeling approaches, for a facilitated transferability and 
applicability in other regions. For this purpose the Model of Regionalized Emissions (MoRE) 
was used and further developed (https://isww.iwg.kit.edu/MoRE.php ). 

The TP can follow different input pathways as shown in Figure 10. In the context of simplicity 
we focused on the most important pathways, which are explained in the below paragraphs. 
The most important pathways, especially for Passaúna where the emissions were expected 
higher, are the surface runoff and erosion due to the high rainfall intensities in the region and 
the input from the not connected households in the semi-formal and informal urban settlements 
in the catchment. While for GDTS the most important source of TP is the surface runoff. 

 

Figure 10: Reduced complexity of input pathways for the quantification of TP in the water bodies. 
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5.1.1.2. Preparation and method 

P-input from surface runoff in Passaúna  

Given the high rain intensity that may occur in the region, the P-input from the surface runoff 
from arable lands can play a significant role in the overall P-budget of the catchment. As there 
was no existing data about the dissolved P in surface runoff in the region, we conducted 
artificial rain experiments together with the researchers from the Department of Soil and 
Agricultural Engineering for quantifying the concentrations of dissolved P in the surface runoff 
(Figure 11). The sprinkling experiments were conducted in six locations in the Passaúna 
catchment. A these locations the sprinkling had a duration of up to 45 min while the rain 
intensity was set up to 120 mm/h at some locations. The water from the surface runoff was 
collected and brought to the laboratory and the concentration of orthophosphate was 
measured. 

Near the areas where the sprinkling experiments were conducted, also soil samples were 
collected. These soil samples were brought to the laboratory, where a P-test was conducted. 
In this test, one gram of soil is mixed with 50 ml of water and shaken for 60 min (Figure 12, 
top). The mixture is afterwards passed through a 10-20 µm filter and finally the released 
orthophosphate concentration was measured. The final values of the released orthophosphate 
were set into relation with the values of the orthophosphate from the direct runoff during the 
sprinkling position and the regression curve of Figure 12, bottom was derived. As it can be 
seen there is a direct connection between the measured orthophosphate concentration from 
surface runoff and the orthophosphate concentration released from the P-test.  

Figure 11: Schematic illustration of field rain experiments setup. 
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Figure 12: top: Dissolving experiments in the lab at IWG-SWW; bottom: Comparison between field 
measurements of dissolved Phosphorous and lab experiments.

As it was difficult to perform more sprinkling experiments, 24 soil samples were collected 
throughout the catchment (Figure 13) and to each of the samples the P-test was performed. 
Finally, the regression equation from Figure 12, bottom was implemented to the values of 
orthophosphate from the P-test, in order to derive the expected concentration of 
orthophosphate in the surface runoff. The values were interpolated via Inverse Distance 
Weighting (IDW) and a map of expected orthophosphate concentrations in the runoff was 
derived. By multiplication of these values with the surface runoff volumes delivered from the 
water balance model (WP2) the overall and specific orthophosphate mass from the catchment 
were calculated on a monthly basis. In MoRE the values of the specific load were averaged 
for a specific analytical unit (AU) and the overall load of P from the specific AU was calculated 
by multiplying the averaged specific load with the area of the AU.
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Figure 13: Location of the soil samples in and around the Passaúna catchment (grey area).

P from urban areas

The urban areas in the Passaúna catchment cover almost 10% of the overall catchment. In 
these urban areas, also semi-formal or even informal settlements are present. In such 
conditions the contribution of these areas in the overall P-budget of the catchment are 
expected to be significant. All the wastewater from the catchment is planned to be transported 
in the near catchment of Barigui River where also the wastewater treatment plant is located. 
However, as it can be seen from Figure 14, not all the urban areas are connected to the sewer 
system and even in areas with a sewer system there are direct emissions of wastewater into
the river stretches. The calculation approach for the urban input was based on the number of 
inhabitants in each AU and the amount of TP emitted from an inhabitant per day (Figure 15). 
According to Sperling (2007) and Gomes de Quevedo and da Silva Paganini (2016), a person 
in Brazil emits in average 1g/day of TP. The data about the number of inhabitants were 
obtained from IBGE (https://www.ibge.gov.br/) based on the population census of 2010. 
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Figure 14: Urban areas and sewer system extension in the Passaúna river catchment. Ferraria 
settlement is located at the north-western end of the reservoir.

Figure 15: Calculation approach for the Phosphorous input from settlements.
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The AUs were initially classified into areas with sewer system and areas without sewer system 
connection. The first step for the Passaúna catchment was to quantify how many inhabitants 
were connected to the sewer system in areas where a sewer system was present. For this 
purpose SANEPAR provided data for the area of Ferraria settlement regarding the status of 
connections to the sewer system. From the data analysis, it was concluded that from the 
households that had a water connection, only 72% had connection to the sewer system. From 
the data it was also observed that there was a uniform water consumption through the year 
therefore also the TP input through the year was assumed uniform, meaning that the TP export 
throughout the months of a year is equal. It was assumed that all other urban settlements in 
the catchment have similar characteristics regarding water consumption and connection to the 
sewage system. The second unknown in our approach was the share of inhabitants who do 
not have a sewer connection but have a decentralized system (e.g. septic tank). The calibration 
of the coeficient x (Figure 15), that represents the share of the inhabitants that use a 
decentralized system was achieved with the assistance of the Large Volume Sampler (LVS) 
data (Wagner 2019) and grab sampling campaigns in the Passaúna river, which measured the 
Phosphorous concentration over the time of the project. 

Erosion 

The high erodibility of soils in the region but also the high erosivity of the rain, suggest that a 
significant amount of soil is removed from the catchment. Together with the soil also the 
particulate Phosphorus is transported in the river stretches and afterwards in the reservoir. In 
order to calculate the TP input from soil loss, initially the soil loss and sediment yield into the 
water bodies had to be calculated. To calculate the sediment yield from the catchments we 
used an adapted form of Revised Universal Soil Loss Equation (RUSLE) (Alewell et al. 2019; 
Renard 1997; Wischmeier and Smith 1978), due to its simplicity and global applicability. In the 
present study, due to the adequate data availability, we modelled in a monthly time resolution. 
Mathematically RUSLE is presented in the following form: 

 !" = "#" · "$" · "%" · "&" · "'" · "( (1) 

 

A  the soil loss at the investigated area  
L  the slope length factor 
S  the slope steepness factor 
R  the rainfall-runoff erosivity factor 
C  the cover management factor 
K  the soil erodibility factor 
P  the support practice factor 

 $)" = "!" · "$*%  (2) 

SI the sediment input 
SDR the sediment delivery ratio  

For this study, the use of reduced complexity modeling approaches was aimed. An adapted 
RUSLE based model was used for calculating the sediment input from Passaúna catchment). 
A literature review was performed former to any modeling activities for defining the best 
possible approach for calculating each of the single coefficients. Each of the RUSLE factors 
represents one of the natural and anthropogenic phenomena as shown in (Figure 16). The 
integration of freely available satellite imagery in a high spatial and temporal resolution from 
the satellite platform Sentinel-2 and the existing precipitation data, made it possible to reduce 
the temporal resolution of the model to a monthly time step. For the calculation of the K-Factor, 



Preparation and method  

  37 

two soil sampling campaigns were conducted. From the collected soil samples, the soil 
properties were defined and subsequently the K-Factor was calculated based on a regional 
empirical relation Bouyoucos (1935). The empirical relation uses information about the texture 
of the soil and this information was derived from the 23 soil samples collected in the catchment 
(Figure 13). For the C-Factor, Normalized Difference Vegetation Index (NDVI) data from 
Sentinel-2 satellite platform was used. A locally derived empirical relation between the 
vegetation index and the C-Factor was applied (Waltrick et al. 2015). For the R-Factor 
assessment, this study relied on two different approaches, one on literature values of R-Factor 
and another one by using precipitation data recorded from the local authorities. In general, no 
land conservation practices were observed. Therefore, the P-Factor was set to maximum value 
of one. 

To calculate finally the sediment input, the soil loss calculated from the RUSLE is multiplied 
with the SDR. The SDR calculation is based on the connectivity index approach of Vigiak et 
al. (2012), where coefficients integrating information about terrain and land cover are included 
in the equation. More details about the quantification approach followed for each factor can be 
found in Sotiri (2020).  
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Figure 16: Work flow for the quantification of the sediment input. 

The total Phosphorus input from the catchment was a product of the multiplication of sediment 
yield with the TP content from the top soil and with an enrichment ratio (ER) coefficient. The 
enrichment ratio coefficient is included in the equation as during the physical process of soil 
removal the fine fraction of soil is removed first. The TP is often bound to the fine fraction of 
the aggregate and therefore at the outlet of a catchment the TP in the sediment is higher than 
the TP content of the soil at the origin of the sediment. The TP content of the soil was derived 
from soil samples (Figure 13). The TP values were interpolated in order to have the TP content 
in the entire Passaúna catchment as done.  
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The enrichment ratio was calculated based on the empirical relation of Auerswald (1989)
(Figure 17). Based on his findings, the enrichment ratio shows an exponential relation to the 
soil loss. As the soil loss for the Passauna catchment was calculated in a monthly time step 
also the enrichment ratio was calculated in a monthly timestep. 

Figure 17: Derivation of the enrichment ratio after Auerswald (1989)

5.1.1.3. Results

TP Surface runoff

As it can be seen from the below figure the highest orthophosphate specific load is incoming 
from the western and northwestern part of the catchment. However, the entire area of the 
catchment is showing relatively low specific loads. Despite the average and high values of TP 
content observed in the soil, the Phosphorus is not being easily dissolved when it is present in 
the surface runoff. From a further investigation it was observed that the excess of Iron (Fe) in 
the soil does not allow the Phosphorus to be released in the water. The existence of high Fe 
content in the topsoil confined the overall amount of the TP reached the water body to only 
320 kg a-1.
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Figure 18: Top soil content of P-OPO4 in the Passaúna catchment.

The quantification of P-Input from surface runoff in the Große Dhünntalsperre followed an 
easier process. For the catchment, data of P2O5 content in topsoil were available from 
“Fachinformationssystem Stoffliche Bodenbelastung (StoBo) www.stobo.nrw.de” for pasture 
and arable land. These values were transformed in orthophosphate concentration by the 
relation discovered by the IWG-SWW for Baden Württemberg (unpublished data). The 
procedure followed to transform the concentrations into masses, was similar for the Passaúna 
case; by multiplying with the surface runoff delivered from WP2. As it can be seen from Figure 
19, most of the P (2.2 tons) in the reservoir originates from pastureland. The low input flux from 
agricultural land can be attributed to the low coverage of the agricultural land in the GDTS
catchment, while the relatively high input from pastureland and forests, is simply linked to the 
high coverage of forest and pastureland (combined they cover more than 90% of the catchment 
area).

Figure 19: Phosphorous flux from the catchment to Große Dhünntalsperre in tons, divided over the 
relevant pathways.

Agriculture Forest Pasture
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Urban Input 

The LVS measured 19 baseflow events from March 2018 until March 2019 and an overall 
measuring duration of 165 days. As in the samling no flood events were included, the load 
measured from the baseflow represents only the input from industrial areas and not connected 
housholds. As Passsauna is classified as Environmentaly Protected Area it was assumed that 
the industry discharges were zero as the general trend shows most of the industry located in 
the Barigui catchment. The overall load in the river was atrributed to the direct dischrges of 
wastewater into the river from the unconected housholds. The finding from the overall 
measuring time were extrapolated to the entire year and from the baseflow of Passauna river 
a total of 3.7 tons of TP were measured. The application of this value in the scheme of Figure 
15 implies that only 7% of the not connected housholds have a decentralized systems and 
93% of the TP is introduced as direct untreated sewage. Due to the relatively accurate data 
for the baseflow load, the top down approach was used for having an accurate calculation 
methodology. Based on data regarding the connection of the inhabitanst to the sewer system, 
now a calibrated model can be used for the quantification of the TP from urban areas also for 
future scenarios. 

 

TP input from Erosion  

The temporal distribution of TP incoming as particulate matter, follows the same pattern as the 
sediment input, indicating that the months of early spring September and October are the most 
relevant months (Figure 21). These two months compose 27% (20% of the yearly input in 
October) of the yearly TP input from Passaúna catchment. The yearly TP input in particulate 
form, due to soil loss, is 67.2 tons annually. When comparing the different sources of 
Phosphorus input into the Passaúna river, it can be seen that soil loss/erosion is the most 
important contributor (Figure 22). TP input, due to soil loss, composes 93% of the total TP 
input.  

The most important source of sediment input as it can be seen from Figure 20 is cropland with 
55% followed afterwards by scrubland and pastureland with respectively 16 and 12%. Due to 
the high rainfall erosivity and low land coverage in the early months of spring, September and 
October are the months with the higher sediment input with respectively 7,500 and 6,000 tons 
of sediment (Figure 21). In overall it was calculated that a average of 54,800 ton/a of sediment 
is reaching Passaúna reservoir during the 20 years that the precipitation data was available. 

 

 

Figure 20: Overview of sediment input shares by land use class in the Passaúna catchment. 
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Figure 21: Sediment input from Passaúna catchment, resolved over the months of a year. 

Finally, as it can be observed in Figure 22, the temporal distribution of TP incoming from 
particulate matter follows the same pattern as the sediment input indicating that the months of 
early spring (September and October) are the most relevant months. These two months 
compose 27% (20% of the yearly input in October) of the yearly TP input from Passaúna 
catchment. The yearly TP input in particulate form due to soil loss is 67.2 tons annually. When 
comparing the different sources of Phosphorus input in the Passaúna River, it can be seen 
(figure x) soil loss/erosion is the most important contributor. TP input due to soil loss compose 
93% of the total TP input.  

 

Figure 22: Comparison of absolute P-emissions (t/a) from three different pathways. 

The input data availability in high temporal and spatial resolution enabled an increased 
temporal and spatial precision of the model output. The next step was to assess how this kind 
of data could be used for a better management of the catchment. As erosion was the main 
contributor in terms of TP input, first an analysis was performed, on how the soil loss and 
sediment input from the catchment could be reduced by afforestation in the most problematic 
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areas, characterized by high soil loss rates. For this purpose, three scenarios were 
investigated; more specifically afforestation of areas with more than 100 (scenario A), 200 
(scenario B) and 250 tons ha- 1 a-1 (scenario C), which account respectively for 12%, 5%, and 
3% of the catchment area (Figure 23). From our calculations it was found, that with full 
afforestation of these areas a reduction of 50%, 27%, and 26% of the annual sediment input 
could be achieved. Such a measure, apart from tackling the soil degradation in the catchment, 
can also significantly contribute to increase the reservoir lifetime and hinder water quality 
deterioration. 

 

Figure 23: Areal coverage of problematic areas for scenario A, B and C and the respective reduction 
of sediment input from afforestation. 

October and September are the most important months in regard to sediment input and soil 
loss and TP input. Especially during October the combination of the RUSLE factors is the most 
effective in terms of sediment production/erosion and TP mobilization. Figure 24 shows the 
combination of C- and R-factors for the three most characteristic months of the year. In case 
of the C-factor, October has the same values as July, which is one of the driest and coldest 
months of the year and has the lowest vegetation cover. As far as the R-factor is concerned, 
the erosivity is as high as the erosivity in the month of January, which is the month with the 
highest rainfall (together with October and February). For October, the worst combination is 
present as the rainfall erosivity is maximal, while the vegetation cover is minimal. This 
combination of factors produces the highest soil loss within the catchment. If proper land 
management strategies, like crop rotation, application of crop residues and cover crops over 
unprotected soil during winter and spring months (April-October) are applied, a significant 
reduction of the sediment input and TP input could be achieved (Sullivan 2003b, 2003a; SoCo 
Project Team 2009). 
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Figure 24: C-factor and R-factor for three months (January, July, October). 

The application of RUSLE-based models, in monthly resolution as decision support system, 
due to the increased performance of the model in both, spatial and temporal dimension, can 
lead to an improved river basin management. The free availability of the data makes the 
implementation of such approaches also globally applicable. Specifically, as shown in the 
previous paragraphs, the inclusion of NDVI data can enable the planning of management 
activities in high spatial resolution, but also aiming in the temporal dimension by highlighting 
the most problematic months of the year. The latter is of high importance as it may lead to 
reduced catchment management costs. 

5.1.2. Reservoir sedimentation status 

Accumulated solids play a crucial role for the lifetime of a reservoir. First, as they are the main 
factor, which reduces reservoir’s storage capacity by accumulating in the lakebed, and 
secondly as they are an important factor accelerating water quality deterioration. The figures 
about global reservoir sedimentation illustrate a difficult situation. It is estimated, that the 
annual storage loss due to sedimentation reaches 0.5-1% of the overall storage volume 
(Schleiss et al. 2016). Sumi (2004) calculated an average storage loss rate of 0.52% yearly. 
Basson (2009) states that in Asia 70% of the volume used for irrigation will be lost by 2025, 
while the volume used for hydropower will be reduced to 20% by 2035 (Schleiss et al. 2016). 
Vörösmarty et al. (2003) estimated that more than 53% of the global sediment flux in regulated 
basins is trapped in reservoirs. While finally, Annandale (2014) claims that the world net 
storage capacity has been declining since 1995, as the construction of new storage capacity 
is lower than the loss of the existing storage capacity from sedimentation. 

5.1.2.1. Introduction and objectives 

For the management of the reservoir in terms of quantity as well as water quality aspects, it is 
essential to know the siltation rate and also the sediment distribution inside the reservoir. For 
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many reservoirs this information is not available or only available in an insufficient resolution. 
Sediment thickness distribution can contribute to answer fundamental scientific questions 
concerning the deposition, resuspension, and transport dynamics in a reservoir. 

The majority of the current guidelines suggest that the most accurate way for computing the 
sedimentation rate of an existing reservoir is topographic differencing through subsequent 
bathymetric surveys (Bruk 1985; Carvalho et al. 2000; U.S. Department of the Interior, Bureau 
of Reclamation 2006; Morris and Fan 2010; Annandale et al. 2016; Central Water Commission 
and Central Dam Safety Organisation 2019). The application of such an approach has certain 
constraints, especially in the oldest reservoirs where the existing topographical information is 
in insufficient accuracy or it does not exist. For this case, we investigated the possibility of 
applying alternative approaches for assessing the sediment volume in the Passaúna reservoir 
independent from the existing topographic data (Figure 25). The two major objectives of the 
section were initially to use a combined approach of remote sensing and conventional sampling 
methods for accurate measurements of the sediment thickness in the Passaúna reservoir, and 
secondly to assess the general applicability of the methods for different types of reservoirs 
based on the sediment characteristics. An accurate sediment distribution pattern is of double 
importance, as apart from supporting a sustainable management of the reservoir, it can also 
contribute in answering fundamental scientific questions concerning the deposition, 
resuspension, and transport dynamics in a reservoir. The findings of the sections were also 
discussed in the scientific contribution of Sotiri et al. 2021, which is in press. 

 

The main task of this sub-work package was to generate precise validation data for the 
catchment erosion modeling. The data should include yearly accumulation rates of sediment 
mass, but also should give a good number of the amount of accumulated phosphorous inside 
the reservoir. The distribution of various sediment types (e.g. grain size) was additionally used 
as input parameters in WP3. 

 

Figure 25: Schematic overview of the applied techniques for sediment detection. 
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5.1.2.2. Methods and Preparation 

Sediment sampling 

Sediment core sampling is a method that can help for the documentation of the sediment 
thickness, when the cores are undisturbed and the sampling device penetrates to the pre-
impoundment soil. For this study, a “Niederreiter 90” corer manufactured by Uwitec was used. 
The corer consists of a metallic stainless-steel structure and replaceable 86 mm diameter PVC 
tube. If operated only by gravity, the corer has a weight of 8 kg. In order to have a deeper 
sediment penetration, we incorporated an additional 7 kg weight, which can be operated also 
as a hammer to penetrate harder sediments. The corer is easy to transport. It is connected to 
a portable manual winch, which can be installed in any type of survey vessel and operates at 
water depths of up to 100 m. Due to logistic limitations, liners up to 100 cm length were used 
(Sotiri 2021 in press). 

In total 23 sediment cores and also seven sediment grab samples were taken in the Passaúna 
reservoir. After sampling, the sediment layers and their lengths were noted. Additionally, 
physical parameters of the sediment, like wet bulk density and granulometry, were determined 
in the laboratory for the differentiation between sediment and pre-impoundment soil, but also 
to characterize the sediment material. The information from core samples was mainly used to 
compare the actual sediment thickness with the penetrometer and hydroacoustic data and not 
for the overall volumetric assessment or spatial distribution of the sediment.  

Topographic differencing  

The high-resolution bathymetric survey was conducted using a WASSP F3Xi multibeam echo 
sounder. The system has a frequency of 160 kHz frequency, emits simultaneously 224 single 
beams and has an opening angle of 120°, which results in a swath width of ca. three times the 
water depth. The multibeam was connected with a Hemisphere V123 Compass for location 
and heading information and with a WSP-038 IMU unit for Roll/Pitch (0.25° accuracy) and 
heave (5 cm accuracy) correction. The system allowed for a vertical resolution of ±2 cm and 
an average horizontal resolution of ~20 cm. Since the outer beams of each multibeam system 
tend to produce more errors than the inner beams, large parts of the survey were conducted 
with 50% beam overlap. The survey duration was ~50 hours (ca. 300 km of boat tracks) and 
created 1000 GB of data. 

As there was no previous bathymetric map and the existing topographic map was of insufficient 
accuracy, the recorded bathymetric data was used to create an actual storage-elevation curve. 
The actual storage-elevation curve was compared with the historic storage-elevation curve, 
which was being used until recently, by the reservoir operator Sanepar, in order to define 
whether significant storage loss had been taking place in the reservoir. 

Linear single-beam hydroacoustic system EA400 

The second acoustic system, that we used was the EA400 (Kongsberg Inc. 2006). The EA400 
is a single-beam dual-frequency linear echosounder, which emits two primary frequencies of 
200 and 38 kHz. The EA400 survey aimed an the investigation of the difference between the 
actual sediment water interface (SWI) from the 200 kHz soundwave and the depth of the 
strongest sub-bottom reflectance layer, obtained by the 38 kHz soundwave. The transducer 
was installed on an aluminum vessel with an incidence angle of 0° and the submersion depth 
was set to 45 cm. The measured profiles included (stable) static and (moving) dynamic profiles. 
During the static profiles, the boat was stabilized with three anchors and the water column and 
sediment was ensonified for a minimum period of 40 seconds (ca. 400 pings). The static 
profiles were recorded at each ground truthing position before the sediment sampling 
procedure, to obtain an undisturbed acoustic response from the sediment layers. During 
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driving, the EA 400 was set to an input power of 100 W, a pulse length of 0.256 ms for the 200 
kHz frequency and 0.512 ms for the 38 kHz frequency (Sotiri 2020). 

Initially, the recorded data was imported in the Sonar5Pro software (Balk and Lindem 2014) 
where the recorded data was split in two channels and afterwards visualized. The bottom line 
(SWI), which was captured by the 200 kHz (Z200) was detected automatically via the 
automatic bottom detection function of the software, while the penetration depth line of the 
38 kHz (Z38) was drawn manually for each line as shown in (Figure 26). Afterwards, the 
coordinates and the depth of each measured point were exported in ASCII format and imported 
in ArcMap. Finally, an interpolation using the Inverse Distance Weighting (IDW) technique was 
performed, and the final sediment distribution in the reservoir was visualized. Regarding the 
accuracy of the method, in the deepest areas (~18m), the 200 kHz pulse integrates information 
from a footprint area of up to 0.8 m2, while the 38 kHz pulses integrate information from a 
footprint area of up to 7 m2. In vertical direction, the accuracy of the measurement relies on 
the pulse length. With the above mentioned pulse lengths, the 200 kHz achieved a vertical 
echogram resolution of 2.4 cm while the 38 kHz pulse length achieved an echogram resolution 
of 9.6 cm, which is also the maximum accuracy of the method (Sotiri et al. 2021). 

 

Figure 26: Calculation of sediment thickness based on the dual-frequency approach. The sediment 
thickness was calculated by subtracting the actual sediment-water interface depth (Z200) from the pre-
impoundment bottom detected from the 38 kHz (Z38). 

Parametric hydro-acoustic system 

The third acoustic system used in this study was the SES2000 Compact produced by Innomar 
Technologies GmbH. The SES2000 Compact is a parametric multi-frequency single-beam 
echosounder, which can cover water depth ranges from 0.5–400 m. Depending on the 
sediment type and noise, it penetrates the sediment up to 40 m. Its layer resolution varies from 
1–5 cm. It has a primary frequency band of 85–115 kHz for acquisition of the bottom track and 
a secondary low frequency band of 4–15 kHz for the sub-bottom data. The sub-bottom profilers 
have the advantage of high penetration combined with high resolution because of the low 
frequency waves that arise due to the nonlinear propagation of the sound wave. Such systems 
can be an effective monitoring solution in reservoirs like Passaúna, where there is a low 
sedimentation rate (in the range of some cm a-1) (Missiaen et al. 2008; Yutsis et al. 2014). For 
this case, waves with 4, 6, 10, 12, 15 kHz frequencies were used. 

The acoustic system was connected to a Leica 1200 DGPS system to reach a positioning 
precision in the cm range. CTD profiles (CastAway®-CTD) were recorder for sound speed 
corrections. As with the linear echosounder, also here the measured profiles included (stable) 
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static and (moving) dynamic profiles following. In order to have an optimal spatial coverage of 
the reservoir, the measurements’ cross section of the reservoir were recorded at an interval of 
50–100 m. In addition also a limited number of longitudinal transects were recorded. Further 
detailed description of the SES2000 survey are given in (Sotiri et al. 2019).  

The recorded data was visualized and processed in ISE2 software (Innomar Technologies 
GmbH 2016). The sediment layer were drawn manually while for the water sediment interface 
(SWI), the automatic bottom detection algorithm of the software was applied. Occasionally the 
bottom detection line was manually corrected in the cases when errors were present. The 
sediment thickness was derived by subtracting from the depth of the present water sediment 
interface, the depth of the former lake bottom as shown in Figure 27. 

 

Figure 27: Transect from a 12 kHz line with the SESS2000 Compact, highlighting the pre-impoundment 
bottom (black line) and the actual sediment water interface (red line). 

GraviProbe 

The final system used to assess the spatial thickness distribution of the unconsolidated 
sediment layer, was the portable dynamic free-fall penetrometer (DFFP) GraviProbe. The 
GraviProbe (GP) is made of stainless steel, has a weight of 8 kg, has a length of 960 mm, and 
a diameter of 50 mm (Figure 29). The GP is released vertically from the boat. Because of its 
optimized shape it accelerates and penetrated the lake bottom depending also on the bottom 
type. Internally it contains accelerometers, pressure sensors, and data loggers that can record 
up to 5120 pressure and acceleration measurements per second and can achieve a precision 
of ± 1 (Seifert and Kopf 2012). The recorded data are used as input data for dynamic model 
that determines the geotechnical parameters dynamic cone penetration resistance (DCPR) 
and undrained shear strength (USS). The probe communicates via WiFi with an Android device 
(tablet or mobile phone) from which the data can be downloaded after each deployment and 
referenced spatially. The GraviProbe has been used for the characterization of the top layer of 
the sediment in marine, harbor and freshwater while there is no application for the detection of 
sediment magnitude (Stark et al. 2009; Stark et al. 2012; Albatal and Stark 2017; Kirichek and 
Rutgers 2019; Kirichek et al. 2020). The sediment layers from a DCPR curve can be detected 
either by the spikes that a curve presents or by an abrupt change in the DCPR curve (Figure 
28). 
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Figure 28: GP profile that shows the layering effect in the sediment.  

A total of 134 GP measurements were conducted, covering all the important parts of the 
reservoir (sidearms, inlet, thalweg, dam area and intake area). For a better investigation of the 
lateral distribution of the sediment, also six cross section profiles were measured in higher 
detail. The measurements were finally interpolated using the IDW technique in ArcGIS 10.5 
and the overall sediment distribution in the reservoir was presented in a raster map. 

 

Figure 29: Photo of the GP before (left) and after deployment (right). 
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5.1.2.3. Results 

Sediment sampling 

In total, 23 core samples were collected with a length ranging from 12 cm (C2) in an area with 
high water velocity to 92 cm (C14) (Figure 30). C14 is located in a sidearm, which collects the 
water from a drainage basin with high agricultural activity, and is therefore characterized from 
high soil loss and sediment yield. Most of the accumulation is observed in the thalweg as it can 
be deducted from the length of the cores (C1, C3, C7, C10, C11, C18, and C21) located in the 
central part of the reservoir. 

The cores showed that the lake bottom is covered by unconsolidated fine-grained low-density 
material. The Wet Bulk Density (WBD) values ranged between 0.7 g/cm3 in the deep areas (>8 
m) due to gas voids in the sediment to 1.6 g/cm3 in the shallow areas with an average WBD of 
1.12 g/cm3. Including also the information from seven grab samples, 19 out of 30 samples 
consisted of more than 95% of silt-clay material (<63 µm) (Sotiri et al. 2019). The samples are 
also characterized by a high organic share with an average LOI of 17%, with maximum values 
measured in C18 (50.9%) and the lowest from a grab sample located in an area with high 
water velocities at distance of five meters north from C2 (8.4%) (Sotiri 2020). 

 

 
Figure 30: Location and length of core samples in the Passaúna reservoir. L1, L2 and L3 refer to the 
layers encountered in the samples where L1 is the layer near the SWI while L3 refers to the deeper 

sediment layers. Core numbers are listed based on their location from north to south. 

Multibeam hydro-acoustic system - WASSP F3Xi 

From the bathymetric survey, a map with a 20 cm raster resolution was created. The 
bathymetric map was the base for the new elevation-storage curve (ESC) of the reservoir 
(Figure 31). The reservoir has a total storage of 69.3 hm3 at normal operational level (887.2 
masl). The dead storage is 19.5 hm3, or 28% of the overall volume of the reservoir. The 
maximum water depth of 18.1 m was recorded near the bottom outlet at 869.1 masl. 

The comparison of the actual ESC with the former ESC, shows that the actual volume at some 
depths is larger than at the time of impoundment. Such a fact can be attributed either to erosion 
at the reservoir bottom or to the inaccuracies of the old ESC. As the velocities in the reservoir 
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are minimal and cannot significantly erode the pre-impoundment lakebed, it seems that the 
cause for such a difference between the curves exists, because of the low accuracy of the 
historic ESC. 

 

Figure 31: Comparison between elevation-storage curve derived from the WASSP multibeam system, 
and the existing curve. 

Linear single-beam hydroacoustic system EA400 

From the dual frequency approach, it was found, 
that the reservoir has an average sediment 
thickness of 36 cm. Most of the sediment, as it can 
be observed in Figure 32 is observed in the 
southern and in the central part of the reservoir 
where the sediment thickness can reach up to 1 
m. Areas with more 75 cm of sediment are rare, 
while areas with more than 1 m of sediment are 
almost inexistent. 

From this approach, it was assessed that the 
overall sediment accumulation was 2.47 hm3 in 
2018, where 77% or 1.9 hm3 are deposited in the 
dead storage area. According to these findings 
the reservoir has lost 3.4% of its total volume 
during its 30 years of operation. This means that 
the reservoir has a yearly storage loss of 0.11%. 

Parametric hydro-acoustic system 

Due to the high anthropogenic activity in the 
catchment there is a high nutrient input into the 
Passaúna reservoir. As explained before, LOI of 
up to 50% was present in the sediment, which is 
a proxy for high organic material in the sediment. 
The high organic share in the sediment combined 
with the high temperatures occurring in the in the 
reservoir lead to high gas presence in the sediment (Marcon et al. 2019; Hilgert et al. 2019). 

Figure 32: Sediment magnitude distribution 
in Passaúna reservoir, detected by the 
dual-frequency approach. 
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The presence of gas was also visually observed during the process of core sampling (ebullition 
eruptions) but also in the cores themselves. The high gas content in the sediment restricted 
significantly the penetration of the sound wave from the sub-bottom profiler. In areas with 
relatively low gas content the pre-impoundment lakebed could be detected, while in areas with 
high gas content the presented information was diffuse and no information about the sediment 
thickness could be derived (Figure 33). Due to the lack of soundwave penetration, the sediment 
distribution and sediment volume could not be derived with this approach. 

 
Figure 33: Limited acoustic penetration and acoustic blanking due to gas presence in the sediment. 

GraviProbe 

As mentioned before, in total 134 GP measurements were conducted (Figure 35a). As 
explained before, an abrupt change in DCPR curve slope could be linked with a change in the 
lake-bottom material. After analyzing the GP profiles, it was observed that at the locations 
where the GP had reached the pre-impoundment soil at the DCPR value of 200 kPa an abrupt 
change in the curve slope was observed. From this observation, it was assumed that for 
Passaúna’s conditions, the value of 200 kPa is an orientation value for discriminating between 
sediment and pre-impoundment soil. Based on this approach, sediment thicknesses between 
0 and 1.8 m were measured in the reservoir. The average measured sediment thickness in the 
reservoir was 57 cm. As it can be seen from figure x, the most important sediment 
accumulation areas are near the inlet of the reservoir (south of Ferraria Bridge) and near the 
dam reaching up to 1.8 m. 
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Figure 34: Longitudinal Profile of the reservoir and the sediment thickness from GraviProbe 
measurements 

After interpolating the values, as shown in Figure 35b, in most of the reservoir, the sediment 
thickness is in the range of 0–0.7 m. From this map an overall sediment volume of 3.36 hm3 
was calculated, where 74% or 2.37 hm3 are deposited in the dead storage area. The overall 
sediment volume corresponds to 4.6% of Passaúna’s initial volume or to a siltation rate of 
0.15% or 112,000 m3 per year. 

.  

 

Figure 35: a. Location and sediment thickness of the measurement. b. Sediment thickness from 
GraviProbe measurements, interpolated with IDW. 
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Summary of measurement techniques 

As shown also in (Table 2), all approaches carry uncertainties. Initially, these errors are 
associated with the accuracy of the devices. In this regard, the two devices which performed 
better, are the GP and the sub-bottom profilers. The linear single-beam system has clear 
limitations, which can produce errors up to 27% for Passaúna. As far as the overall accuracy 
of the measurements is concerned, the EA400 showed the highest inaccuracies. When 
compared to the GP results the dual frequency approach expressed a Normalized Mean 
Absolute Error of 56%. Interpolation is also a cause of bias in the results. Combined with the 
results’ accuracy, the interpolation technique IDW can cause a deviation of 22.8% and 42% 
for the GP and EA400 measurements respectively. However, these values can differ 
significantly depending on the amount of points, their spatial distribution, and the interpolation 
technique. The other approaches could not be properly evaluated due to the lack of reference 
data. Concerning previous sedimentation studies of Passaúna reservoir, Saunitti et al. (2004) 
found sedimentation rates between 0.66–3.04 cm a-1. As shown in Table 2, the sedimentation 
rates calculated form this project lie within the same range of sedimentation rates found from 
Saunitti et al. (2004) (Sotiri 2020). 

Table 2: Method overview of sediment detection methods. 

Method 
Sediment 
volume 
(hm3) 

Mean 
sedimentation 
rate (cm/year) 

Usable life 
(sediment 
until 887.2 
masl) 

Maximum 
error due to 
device 
accuracy (cm 
[%]) 

NMAE  
due to 
interpolation 
and device 
accuracy (%) 

Topographic differencing 
via multi-beam 

n. a. n. a. n. a. n. a. n. a. 

EA400 - spatial 
information 

2.47 1.2 909 9.6 [27] 42 

EA400 - point information 
at core locations 

2.70 1.07 808 9.6 [27] n. a. 

Parametric sub-bottom 
profiler SES2000 

n. a. n. a. n. a. 1–5 [n. a.] n. a. 

Core samples 3.90 1.51 569 n. a. n. a. 

DFFP GraviProbe spatial 
information 

3.36 1.9 641 1 [2] 22.8 

Saunitti et al. (2004)  0.66–3.04    

n.a. – not assessable 
 

Reservoir lifetime assessment 

The findings of the sediment volume and distribution were used for the quantification of the 
reservoir lifetime. From the five measurement techniques used for the sediment thickness 
detection, four were used to assess the reservoir lifetime, while the results of multibeam and 
sub-bottom profiler could not be used for volumetric sediment calculations (Table 2). Under 
the assumption that the sediment input from the catchment will not change in the following 
years, it will last between 569-909 years for the full sedimentation of Passaúna. For the usable 
lifetime (duration until the total loss of storage capacity) estimation, we used both spatial and 
point information. The reservoir usable lifetime was calculated by dividing the initial storage 
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capacity by the yearly sediment input. In the case of the spatial information (GP and EA400), 
the interpolated maps were used to find the overall sediment volume. Based on that, we 
calculated the yearly sediment input by dividing the overall sediment volume by the years of 
reservoir operation under the assumption that the sediment input is constant over the years. 
For the point information, the overall sediment volume was computed by multiplying the mean 
measured sediment thickness with the area of the reservoir. The overall lifetime was assessed, 
following the same principle as for the spatial data.  

Despite the findings from Table 2 that suggest a reservoir lifetime of at least 569 years, the 
reservoir may suffer the problems of sedimentation earlier. By examining the GP profile at the 
water intake, a mean sedimentation rate of 1.85 cm/year was measured in the thalweg. When 
extrapolating the finding to future scenarios, assuming that the longitudinal deposition pattern 
in the reservoir and sediment input from the catchment will not change and no sediment 
remediation measures will be applied in the reservoir, it is expected that the technical structure 
of water abstraction will face problems before 300 years have passed (Figure 36). However, 
with the frequency increase of extreme events due to climate change, or the increase in internal 
sediment production of the reservoir, the Passaúna reservoir may encounter problems even 
before the predicted time. 

 
Figure 36: Predicted accumulation behavior for the Passaúna reservoir. 

The project has shown, that several techniques can be applied for a precise mapping of 
sediment deposition in the reservoir. However, each type of reservoir needs specific surveying 
techniques and often the methods suggested from international guidelines are not sufficient. 
One major finding of this WP consists in summarizing the conclusions from each method in a 
compacted diagram as presented in Figure 37. The figure presents a guiding work flow on how 
to choose the most suitable technique for in-reservoir sediment detection techniques based on 
three levels of information (existence of previous bathymetric data, gas content in the sediment 
and expected sediment thickness). The accuracy of the measurement depends highly also on 
the frequency and density of the measured points from each technique. As showed in this 
project, the scientific solutions already exist but need to be transferred to wide engineering 
use. One of the main restrictions for the application of these techniques is the high costs 
associated with these studies (several hundreds of thousands of euros including equipment 
costs and human resources costs). Therefore, in order to minimize these costs, prior to any 
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sedimentation study or survey, profound knowledge of the geomorphological characteristics of 
the catchment and the reservoir are needed for choosing the most suitable approach (Sotiri 
2020). 

 

Figure 37: Work flow for an adapted sediment detection program. 
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5.1.3. Flyers 
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