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Abstract 
 
 Temperature, suspended-particle distribution and sedimentation were surveyed 
and modeled in two pumped-storage hydropower plants, both located in Switzerland.  
 One of them, the Grimselsee-Oberaarsee plant, consists of two reservoirs 
connected with a pumped-storage scheme since more than 30 years. Due to different 
glacier coverage of the catchment, the two reservoirs exhibit different particle 
concentration and sedimentation. Our investigation performed between 2007 and 
2009 shows that the originally clearer reservoir (Oberaarsee) has become colder, more 
turbid and subject to higher sedimentation, while pumped-storage operations have 
decreased these parameters in the formerly more turbid reservoir (Grimselsee). 
However, pumped-storage operations show no direct effect on particles, as particle-
size changes due to the turbulent shear stress occurring in the penstocks could not be 
determined. 
 The second case study, the Lago di Poschiavo-Lago Bianco pumped-storage 
scheme is in a planning stage. Therefore, a water model (CE-QUAL-W2) was used to 
simulate the temperature and particle characteristics of these lakes. Similarly to the 
Grimsel plant, the colder and more turbid reservoir (Lago Bianco) is predicted to 
become warmer and clearer, while the lower lake (Lago di Poschiavo) will experience 
cooling and increased particle input, affecting negatively the surface layer where 
primary production takes place. The models indicate that in warm and dry years, the 
effect of pumped-storage operations is more pronounced, for two main reasons: 1. the 
upper lake (a shallow lake) is intensively coupled to the atmosphere and heats up very 
fast, increasing the temperature difference between the two water basins; 2. in the dry 
years, the pumped-storage impact is not attenuated through the natural tributaries as in 
the wet years. Moreover, the model shows that it is possible to minimize the increase 
in particle-content in the epilimnion of the lower lake by designing a deeper location 
of the pressure tunnel inlet/outlet. 
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Riassunto 
 
 Temperatura, particelle in sospensione e sedimentazione sono state oggetto di 
studio in due diversi sistemi di pompaggio/turbinaggio, entrambi situati in Svizzera. 
 Il primo, Grimselsee-Oberaarsee, consiste in due laghi artificiali connessi 
ormai da più di 30 anni. A causa della presenza dei ghiacciai, che variano da un 
bacino imbrifero all’altro, la concentrazione di particelle e la sedimentazione risulta 
essere differente nei due laghi. Le nostre campagne di studio (periodo 2007-2009) 
mostrano infatti che, causa pompaggio/turbinaggio il lago inizialmente più limpido 
(Oberaarsee) si è intorbidito, raffreddato ed è aumentata la sedimentazione mentre che 
nel lago originariamente più torbido (Grimselsee) i parametri appena elencati sono 
diminuti. L’effetto delle pompe/turbine resta confinato ai due laghi artificiali, anche 
perché una analisi del diametro delle particelle prima e dopo il passaggio attraverso le 
macchine idrauliche (origine di sforzi turbulenti di taglio) non ha evidenziato 
variazioni. 
 Il sistema di pompaggio/turbinaggio Lago di Poschiavo-Lago Bianco è in fase 
di progettazione. Di conseguenza, la simulazione della temperatura e della 
concentrazione delle particelle si è resa possibile solo grazie a un modello 
idrologico(CE-QUAL-W2). Anche in questo caso, il lago inizialmente più torbido e 
freddo (Lago Bianco) tende a schiarirsi e a scaldarsi, mentre quello originariamente 
più cristallino si raffredda e diventa più limaccioso, incidendo negativamente sulla 
parte trofica del lago dove ha luogo la produzione primaria. L’effetto del 
pompaggio/turbinaggio si rivela essere più pronunciato negli anni caldi e secchi, 
principalmente per due ragioni: 1. le condizioni del lago a monte (poco profondo) 
dipendono fortemente dall’atmosfera, ragione per cui temperature alte possono 
causarne un rapido riscaldamento aumentando la differenza di temperatura con il lago 
a valle; 2. negli anni secchi, l’effetto mitigante degli affluenti viene meno, cosa che 
succede invece negli anni piovosi. Con il nostro modello, inoltre, abbiamo potuto 
dimostrare che, spostando in profondità la presa e l’uscita della condotta che 
congiunge i due laghi, è possibile attenuare l’aumento di particelle nell’epilimnio del 
lago situato a valle. 
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1. Introduction 
 
 Pumped-storage schemes have recently received great attention. The reason is 
that it allows to pump water using low-cost off-peak electric power provided from 
nuclear/thermal power plants and renewable sources such as photovoltaic and wind 
energy and to produce power during high electricity demand. Especially in the Central 
Alps, and in particular in Switzerland, a few pumped-storage power plants were built 
in the last decades but currently there are several, which are in a planning or in a 
construction phase [UVEK, 2011]. Operation of existing and planned pumped-storage 
power plants require both investigations and predictions regarding different topics 
(engineering, financial foresights, authority etc.) all of them aiming to reach the 
maximum efficiency with the minimum economic effort and, above all, respecting 
environmental regulations. These considerations include also the reservoirs connected 
through a power plant, which are thought to be modified in their physical 
characteristics, above all temperature and therefore stratification as well as suspended 
particles. This thesis aims to quantify the effect of pumped-storage operations on the 
physical characteristics (temperature and particle-mass concentration), through the 
investigation of two case studies. The first pumped-storage scheme is located in the 
Oberhasli Region (Canton Bern) and connects Grimselsee with Oberaarsee (Figure 1) 
and is in operation since 1980. The second one is still in a planning stage - completion 
of the power plant is scheduled not earlier than 2019 - and will connect Lago di 
Poschiavo with Lago Bianco in the Central Eastern Alps in Canton Graubünden 
(Figure 2). 
 

 
 
Figure 1. Oberaarsee (in the upper left side of the Figure), Grimselsee (right side) and Trübtensee (in 
the foreground). Note the glaciers, which partially cover the catchment of the two reservoirs. 
 
 Grimselsee and Oberaarsee (Figure 1) are located both in strongly glaciated 
catchments, which are responsible for important particle runoff into the reservoirs 
[Hallet et al., 1996]. This feature is particularly evident in the lower and larger 
reservoir (Grimselsee), where the water exhibits high turbidity. This implies a high 
amount of suspended particles and therefore an important rate of sedimentation, while 
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the upper reservoir (Oberaarsee) is clearer and warmer. The installed capacity (363 
MW) of the plant allows to pump and turbinate significant volumes of water, which 
correspond annually to several times the volume of the reservoir's volumes causing 
mixing of the water of the two reservoirs.  
 

While Grimselsee exhibits different physical characteristics than Oberaarsee, 
pumped-storage operations are expected to modify both reservoirs properties, in 
particular turbidity and temperature. Even if no data regarding the reservoirs physical 
properties are available from the period before the installation of the pumped-storage 
plant (1980), a simple linear model would allow us to investigate the differences 
occurring in turbidity, i.e. suspended-particle concentration, and in sedimentation 
amounts between scenarios with and without pumped-storage operations. 
Temperature and particle concentration data obtained seasonally in both reservoirs 
will be applied to a mass-balance simulation - combined with the in-/outflow data 
provided by KWO - aiming to quantify the difference between the two scenarios by 
simply removing the pumped-storage effect from the model. Moreover, supposing an 
effect of the turbine/pumps on the particles, which might be modified in their size due 
to the high turbulence occurring in the penstocks, an investigation trying to answer 
this question will be carried on in this sense on both sides of the hydraulic machines 
of the power plant.  
 

 
 
Figure 2. Lago di Poschiavo (background in the upper side of the Figure) and Lago Bianco (right side). 
 
 The Lago di Poschiavo - Lago Bianco pumped-storage system evidences 
importance difference with respect to the Grimsel one. The head between the two 
water basins reaches 1300 m, the predicted installed power will be 1000 MW and, 
above all, the lower basin is a natural lake and representing therefore a major concern 
of environmental organizations causing strict regulations. In order to be accepted by 
the authorities, the project required a feasibility study [Schmid et al., 2008] and an 
environmental impact assessment [Bonalumi and Schmid, 2011], confirming that the 
two water basins are not too dramatically modified in their physical characteristics. In 
fact, the upper reservoir is located close to Bernina Pass and shows a higher particle 
content than the lower lake. It is more sensitive to atmospheric conditions than Lago 
di Poschiavo (which has a three-times larger volume) and is therefore ice-covered in 
winter but tends to heat up very fast in the summer season. 
 
 Mixing of these waters may cause various changes, for instance the 
disappearing of the ice-cover in the upper reservoir and especially the entrainment of 
particles in the lower lake, where primary production could eventually be negatively 
affected. Our study is part of the environmental impact assessment of the Lago Bianco 
-Lago di Poschiavo pumped-storage scheme [Bonalumi and Schmid, 2011] and aims 
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to evaluate the modifications that the project will involve regarding temperature and 
particle concentrations in the two water basins. The few data collected in the past in 
the water column of the two reservoirs allows to calibrate the model, while water and 
particle runoff data are mainly provided by the operators of the planned scheme 
(Ecowert and Repower). The spectra of the temperature and particle-concentration 
pattern could be widened through the simulation of the system applying the 
meteorological years of the period 1981-2009 and four hydrological years ranging 
from a wet to a dry year. Moreover, we investigate possible mitigation effects, which 
could minimize the impact of the pumped-storage operations on the clarity of the 
trophic layer. 
 Both investigations are eventually thought to be important for predicting 
particle distribution and sedimentation dynamics in reservoirs. Moreover, even if site-
specific, the modeling approach aims to be useful for further investigations, especially 
concerning modification and mitigation measures, even in other pumped-storage 
hydropower plants. 
 
1.1. Pumped-storage schemes 
 
Reservoirs and pumped-storage operations 
 Based on the inventory published by the International Commission on Large 
Dams and the current rate of dam construction, there are globally almost 50’000 large 
dams (over 15 m high) for various purposes such as electricity production [Morris 
and Fan, 1998]. The World Commission on Dams [2000] reports that one third of the 
countries in the world rely on hydropower for at least half of the electrical energy 
needs. In Switzerland, where the topography of the country is favorable and up to 160 
large dams (dam height > 15 m) exist, ~60 % of electricity is based on hydropower 
[Truffer, 2003; UVEK, 2011]. In order to meet future peak energy demand and ensure 
grid regulation, pumped-storage plants are currently planned and built in Switzerland 
as well as in other Alpine countries. The goal is to store potential energy by pumping 
water from a lower to an upper basin. This occurs usually during nights and weekends, 
when the demand and price of electricity is low. During peak energy demand, the 
water is then turbinated from the upper to the lower reservoir. This kind of operation 
is in use since the beginning of the 20th century and used initially only separate 
pumps and turbines. From the 1950s, reversible Francis-turbines became the standard 
solution for almost all large pumped-storage schemes [Coleman et al., 1976]. In the 
last decades, one of the most important achievements has been the development of 
power electronically controlled variable-speed pumped-storage systems. This 
especially improves the efficiency [Lanese et al., 1995] and reduces water hammering 
in the turbine [Gjengedal, 2001]. Today, pumped-storage systems recover about 80% 
of the energy used for pumping [Ibrahim et al., 2008].  
 
Effects of damming and reservoirs  
 Damming occurs mostly on a formerly existing valley, allowing as a 
consequence water storing in a reservoir, where formerly a river was flowing. In 
general, the primary effect of damming is the alteration of the flow regime, which 
causes important changes up- and downstream of the dam [Wüest et al., 2007; Poff et 
al., 2010]. The modification of the hydrology involves important modification also on 
the transport of suspended particles and organisms. Damming has world-wide 
decreased the particle inflow to the oceans by ~50%, with rivers like the Nile 
exhibiting a trapping efficiency of almost 80% [Vörösmarty, 2003]. Moreover, the 
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World Commission on Dams [2000] reports as consequences of damming a decrease 
in biodiversity, a reduction of the natural flooding of wetlands and flood plains as 
well as an increase of greenhouse gas emissions [Wehrli, 2011]. 
 The water entering the reservoirs transports large amounts of sediment, which 
accumulate in the reservoirs and which are difficult to be removed. A wide range of 
problems related to the gradual filling of a reservoir can occur. The most important 
ones, in particular for hydropower companies, is i) storage volume loss and ii) near 
the pressure tunnels, the blockage of the intakes and outlets [Morris and Fan, 1998]. 
This may occur due to landslides or flood events, which can cause deposition of many 
meters of sediment in a short time. Furthermore, the efficiency of power operations is 
negatively affected, as sediment particles can damage the hydraulic machines 
[Gummer, 2009]. However, the environment is mainly affected downstream, where 
the shifts of water runoff and the general reduction of sediment load are responsible 
simultaneously for modification in the river temperature as well as the transport of 
various loads such as nutrient and minerogenic particles [Petts and Gurnell, 2005]. 
Moreover, the lack of suspended sediment in the river may lower its erosional 
capacity and ecological habitat as river banks tend to disappear [Petts and Gurnell, 
2005]. 
 
Effects of pumped-storage operations 
 In comparison to the effect of damming, pumped-storage operations introduce 
new important aspects for the management of reservoirs. Water flows no more 
unidirectional as with standard power-production activity. Moreover, the water levels 
change rapidly within a few hours, while the seasonal level differences are often 
attenuated compared to a usual seasonal reservoir management. As pumped-storage 
operations exchange water from different altitudes, the reservoirs are modified in their 
thermal regime and stratification [Miyanaga, 1986; Anderson, 2010]. The degree of 
these changes depends not only on meteorological conditions but also on the reservoir 
shape and on the hydrology, which control important parameters such as vertical 
transport of particles, oxygen and nutrients and therefore primary production. 
Pumped-storage operations might connect reservoirs located in different catchments. 
As a consequence, they can introduce new species to a water basin. Furthermore, they 
can entrain or remove oxygen and nutrients as well as suspended particles, affecting 
the turbidity of the reservoirs and their sedimentation [Potter et al., 1982; Gurnell, 
1995; Hauck and Edson, 2010]. This implies, of course, additional modifications on 
the downstream aquatic systems, such as rivers, wetlands and lakes.   
 
Effects of the hydraulic machines 
 The reservoir water, which is exchanged through the pressure drafts, passes 
hydraulic machines (turbines/pumps) before entering the reservoirs. The efficiency of 
the hydroelectric power plants today is approximately 90%. 10% of the energy is lost 
by frictional losses in the turbines and mostly  in the pressure tunnels, causing heating 
of the water [Gorban et al., 2010] The turbine passages also may modify the particles. 
While big particles damage the blades [Gummer, 2009], smaller particles are thought 
to be modified in the size as a result of the high turbulent shear caused by the 
hydraulic machines and the enormous dissipation. Aggregates of particles still exist in 
the tributary of the reservoirs [Walling and Woodward, 2000] and due to processes 
such as settling, transport, ion-dipole attraction and biological swarming motility 
[Petticrew, 1996, Droppo et al., 1998], particles can form flocks or break up in the 
lakes or reservoirs. These processes are thought to be enhanced during transport 
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through the power plants, modifying thereby the ion strength, the size and therefore 
the shape of particles. As a consequence, this issue is an important concern for 
reservoir management, as sedimentation in the water column strongly depends on 
particle size. An increase in particle-size will increase also the sedimentation, whereas 
a decrease will probably maintain the particle for a longer time in suspension in the 
surface layer, decreasing the light penetration and affecting negatively the primary 
production.  
 
Ecology and mitigation measures 
 The interest for the ecological effect of pumped-storage operations has 
recently received much more public attention, mostly because power plants in a 
planning stage need environmental impact assessments. In a pumped-storage 
operation scheme, the concerns are the alteration of reservoir sedimentation, the 
modified thermal regime and stratification and the increase of turbidity, i.e. particle 
concentration, in the epilimnion, where primary production takes place. Moreover, an 
important concern are the changes of those properties, which then end up in the 
downstream waters, such as rivers, wetlands and lakes. Different strategies were 
undertaken to minimize sedimentation. Among them there is sediment trapping 
upstream, venting of turbidity currents, flushing or simply increase in reservoir 
capacity, with the goal to 'postpone' the problem [Schleiss and Oehy, 2002; Morris 
and Fan, 1998]. Changes in temperature are unavoidable, especially because a heating 
of the water occurs anyway [Gorban et al., 2001], as the hydraulic machines 
efficiency cannot be 100 %. However, a proposed solution is to move vertically the 
pressure tunnels, in order at least to distribute the temperature effect differently in the 
water column. A displacement in the deep water of the inlet would also prevent the 
rise of the particles to the surface. 
 
1.2. Case studies 
 
The Grimsel reservoirs and the Grimsel 2 pumped-storage plant 
 The Grimsel reservoirs, located in the Bernese Alps, are part of one of the 
most important pumped-storage scheme in Switzerland. The scheme consists of four 
reservoirs - Oberaarsee, Grimselsee, Gelmersee, and Räterichsbodensee - operated by 
Kraftwerke Oberhasli (KWO). Two of them, Oberaarsee (2303 m asl) and Grimselsee 
(1909 m asl), are operated as a pumped-storage hydropower plant “Grimsel 2” since 
1980 (Table 1). Annually, this power plant allows to pump and turbinate water up to 
6-7 and 9-10 times the maximum volumes of the lower (101 x 106 m3) and upper 
reservoir (65 x 106 m3), respectively. Moreover, Oberaarsee and Grimselsee are 
connected through another power plant, “Grimsel 1”, with Räterichsbodensee, while 
Gelmersee receives water from Grimselsee through a penstock. 
 Damming of these reservoirs modified strongly the downstream river flow, 
firstly shifting the main runoff from summer to winter [Wüest et al., 2007], and 
retaining 85% of the particles in the reservoirs that were originally flushed into River 
Aare [Anselmetti et al., 2007]. An impact was also observed in Brienzersee, where the 
reservoirs were found to negatively affect the fate of inorganic colloids [Chanudet 
and Filella, 2007], the light regime [Jaun et al., 2007], phytoplankton productivity 
[Finger et al., 2006, 2007] and oligotrophication [Müller et al., 2007]. 
 The Grimsel reservoirs are located in a partially glaciated catchment, which 
enhances the denudation of the bedrock composed mainly of crystalline rocks 
[Bezinge, 1987; Hallet et al., 1996; Anselmetti et al., 2007]. The particle inflow to the 
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reservoirs is not significant in winter, when the ice covers both water basins. However, 
a high particle inflow happens in spring/early summer after snowmelt, when the 
tributaries (to a larger degree in Grimselsee) exhibit a high runoff and turbidity, 
increasing drastically the particle-mass concentration of the reservoirs. Moreover, this 
seasonal effect causes a varved sedimentation pattern [Anselmetti et al., 2007]. 
 
Table 1. Characteristics of the power plant “Grimsel 2” connecting the reservoirs Oberaarsee and 
Grimselsee.  
 
Pumped-storage plant “Grimsel 2” Power  

production 
Pump  
operation 

Type Francis turbines Francis pumps 
Installed capacity of turbines [MW] 340   
Installed capacity of pumps [MW]   363 
Design discharge [m3 s-1] 93 80 
Turbinated water [106 m3 yr-1] (data from 2009)  599   
Pumped water [106 m3 yr-1] (data from 2009)   576 
Head between the two reservoirs [m] 391 
Waterway tunnel length [km] ~5 
Waterway tunnel diameter [m] 3.8 to 6.8 

 
 
The Lago Bianco project 
 The largest of the pumped-storage plant in Switzerland is planned to be built 
in Valposchiavo, in the southeastern part of the country. This pumped-storage plant 
(Table 2) will connect the natural lake Lago di Poschiavo (962 m asl) with the 
reservoir Lago Bianco (2234 m asl), which is located near the Bernina Pass. Before 
being dammed early last century, the original Lago Bianco was divided in two small 
natural lakes, Lago Bianco and Lago della Scala, while the new project aims to raise 
the now existing dam by 4 m, increasing the reservoir volume from 19 to 29x106 m3. 
 Today, a connection between the two water basins exists, as the water from 
Lago Bianco passes through three stages of hydropower plants (Palü, Cavaglia, 
Robbia) before entering into River Poschiavino, the main tributary of Lago di 
Poschiavo. Moreover, water enters from a secondary valley into Lago Palü (1923 m 
asl), from where it is partially pumped into Lago Bianco. While the three consecutive 
power stations will still be used, the Palü pump-station will be dismantled, 
simultaneously with the begin of operation of the new big pumped-storage plant 
“Camp Martin”, which will connect Lago di Poschiavo with Lago Bianco and 
eventually collect water from two intermediate intakes, Palü and Cancian. 
 16 and 5% of the catchments of Lago Bianco and Lago di Poschiavo are 
covered by glaciers, respectively. This causes high inflow of particles and low water 
transparency in Lago Bianco (upper reservoir), while Lago di Poschiavo is generally 
low on particles and contains clear water. The seasonal temperature stratification is 
significantly different in the two basins. Lago di Poschiavo shows strong summer 
stratification and usually weak winter stratification, with a rare ice-cover. Lago 
Bianco, however, is ice-covered for several months in winter. The summer 
stratification in the upper reservoir Lago Bianco is weaker and the hypolimnion is 
more exposed to the atmosphere than in the lower lake for several reasons: the lake is 
shallower, exposed to stronger winds, the high turbidity reduces the ability of short-
wave solar radiation to support the formation of a stable stratification, and particle-
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laden inflows can plunge deep and warm-up its hypolimnion [Schmid et al., 2008; 
Bonalumi and Schmid, 2011]. For this reason, summer surface temperatures are 
higher in Lago Bianco than in Lago di Poschiavo, despite the elevation difference of 
almost 1300 m and the cold-water (glacial) inflow. 
 
Table 2. Characteristics of the planned pumped-storage plant “Camp Martin”, which will connect the 
reservoir Lago Bianco and the natural lake Lago di Poschiavo. 
 
Pumped-storage plant “Camp Martin”  
Power production turbine type Pelton turbines 
Pump type Variable speed  
Power installed [MW] 1000  
Head between the two reservoirs [m] 1270  
Turbinated/pumped water [106 m3 yr-1] ~800  
Pressure tunnel length [km] 17.4  
Pressure tunnel diameter [m] 4.2 to 5.5  

 
 
1.3. Outline of the thesis 
 
 The thesis is divided into three chapters bracketed by an introduction and 
conlusions, and an appendix. Two chapters are related to the investigation of the 
Grimselsee - Oberaarsee system and one is devoted to the planned Lago di Poschiavo 
- Lago Bianco system. The approach on the existing “Grimsel 2” pumped-storage 
system consists of an investigation of temperature and particle characteristics by 
fieldwork, which allowed to collect temperature and turbidity profiles as well as to 
collect water samples from the reservoirs, which were subsequently analyzed in the 
laboratory. Moreover, a linear model was developed, helping us to simulate the 
particle mass-balance in the reservoirs. 
 In the planned scheme Lago Bianco - Lago di Poschiavo, our work consisted 
of simulations of the characteristics of the two water basins. These were made 
possible by calibrating the temperature and particle concentration data collected in the 
past, which were then adapted in a model.  
 The following three chapters are individual manuscripts that have been 
published, submitted or are in preparation for peer-reviewed journals. In addition the 
Appendix contains preliminary analyses of a sediment core collected in Oberaarsee in 
2008, the raw data of different analyses performed on the water samples, and a 
collection of image of sampling and analytical procedures. A short introduction to the 
chapters and to the different Appendix follows. 

 
Chapter 2: Particle dynamics in high-Alpine proglacial reservoirs modified by  
pumped-storage operation (published) 
 In this chapter, I studied the two reservoirs, Oberaarsee and Grimselsee, over a 
period of two years. Water sampling and depth profiles collected seasonally in 
different reservoirs’ locations provided detailed data of temperature and particle 
concentration. A linear model adapted to the measurements allowed us to quantify the 
effect of pumped-storage operation on particle concentration and on the sedimentation 
of the two reservoirs. Furthermore, I simulate different pumped-storage scenarios and 
modified parameters such as the reservoir volume or the natural particle input, in 
order to widen the findings. 



 16

Chapter 3: Investigation of particle size and turbidity in water passing through 
hydropower machines (submitted) 
 It is often assumed that turbulent shear, driven by hydraulic machines, might 
modify   passing particle and thereby affect the subsequent sedimentation in the 
reservoirs (i.e. settling). Consequently, several measurements were carried on with 
different devices (turbidimeter, CCSEM, laser sizer, laser particle counter) on both 
sides of the turbines/pumps of the pumped-storage plant “Grimsel 2”, in order to 
document potential changes. 
 
Chapter 4: Modeling of temperature and turbidity in two water basins connected 
by pumped-storage operations (published) 
 This chapter summarizes the environmental impact of a planned pumped-
storage operation scheme. Based on calibration of data collected in two water basins 
(Lago di Poschiavo and Lago Bianco), a model simulating 29 years of pumped-
storage activity was run assuming the real variability of hydrologic and 
meteorological parameters. This allowed us to estimate the differences in temperature 
and particle-mass concentration occurring in the water basins between a scenario with 
and without pumped-storage operations. Moreover, as the lower basin is a natural lake 
and must fulfill strict legal regulations, several mitigation measures have been 
assessed. 
 
Appendix A: Sedimentation in a reservoir connected through pumped-storage 
operations  
 In parallel to the model of chapter 5, a sediment core collected in Oberaarsee 
was analyzed for its grain size and sedimentation rate. In order to investigate the 
pumped-storage effect, the measurements were done on sections of the cores 
deposited both before and after 1980, i.e. the onset of pumped-storage activity. 
 
Appendix B: Raw data of analyses of reservoir water samples 
 Appendix B contains turbidity, particle-mass concentration, particle counter 
and particle diameter data of the campaigns performed between 2007 and 2009. Each 
water sample data collected in Oberaarsee and Grimselsee corresponds to a different 
depth and location indicated with Swiss coordinates. Tributary data are listed in the 
sections 4.1 of chapter 2, while the analytical methods are explained in detail in 
chapter 2 (section 3).  
 
Appendix C: Images of sampling and analytical procedures 
 This Appendix presents a short collection of images, which aim to simplify the 
comprehension of different sampling methods explained with technical language in 
chapters 2 to 4. 
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2. Particle dynamics in high-Alpine proglacial reservoirs modified by  
pumped-storage operation (Grimselsee-Oberaarsee) 
 
This article was published in  Water Resour. Res 47. doi:10.1029/2010WR010262 
(published 27 September 2011) 
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Abstract 
 
 Temperature and suspended particle distribution were surveyed and modeled in two 
high-Alpine reservoirs in Switzerland, connected by pumped-storage operations for ~30 years. 
Due to different glacier coverage of the catchments, the two reservoirs exhibit different 
particle concentrations and temperatures. After ice-breakup, the lower reservoir with a higher 
glacier cover in its catchment experiences a higher particle input becoming more turbid than 
the upper reservoir, which in contrast becomes warmer and thermally more stratified. The 
pumped-storage operations, which replace the basin volumes annually at least six (larger 
lower basin) to ten (smaller upper basin) times, modify the physical characteristics of the two 
reservoirs. This is especially so in winter, when they are ice-covered, without riverine input 
and at low water level. Our reservoir investigations between 2007 and 2009 and the 
subsequent particle-balance model show that the upper and lower basins have become more 
and less turbid, respectively. Pumped-storage operations modify the stratification and particle 
distribution in both reservoirs and therefore alter the particle outflow and sedimentation. 
However, on the basis of particle concentrations and reservoir volumes, it is evident that the 
annually-integrated particle release to downstream (~40% of total) and to overall 
sedimentation (~60%) have hardly changed. The budget model was useful in the prediction of 
particle distribution and sedimentation dynamics in the pumped-storage system, which 
implies that this approach can be useful for further employment during planning stages of 
power plants in order to modify and mitigate downstream particle loads in reservoir 
simulations. 
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1. Introduction 
 
 Damming of rivers represents the main anthropogenic change of hydrological cycling 
on a catchment-scale, as it alters river flows and particle retention over different spatial and 
temporal scales [Petts and Gurnell, 2005]. In the last century, ~48,000 large dams have been 
built globally to meet energy and water needs. Globally, one-third of the world’s countries 
rely on hydropower for more than half of their electricity supply, and large dams generate 
~19% of the total electricity [WCD, 2000]. In Switzerland, several hundred hydropower dams 
exist, which provide ~60% of the country’s electricity demand [Truffer et al., 2003].  
 Pumped-storage (PS) schemes are currently being explored and developed throughout 
the European Alpine regions to meet future electricity peak-demands. The basis of PS 
operation is to store potential energy during low-demand periods in an upper basin and to 
produce electricity during peak-demand by releasing the water to the lower basin. The 
exchange of water between two reservoirs located at different altitudes is thought to modify 
the physical and geochemical properties - stratification as well as suspended particle and 
thermal regimes - of the two water bodies involved. PS differs markedly from standard 
hydropower production where water movement is unidirectional. With PS, the water level 
can rise and fall rapidly in both reservoirs within a few hours, whereas the difference of 
reservoir levels between winter and summer seasons can be attenuated compared to 
reservoirs used for seasonal power production only. Further, PS operations are expected to 
alter the thermal stratification [Anderson, 2010], to resuspend sediments [USBR, 1993] and to 
entrain organisms [Potter et al., 1982; Hauck and Edson, 2010] from reservoirs connected by 
PS operations. The subsequent modification of turbidity, water temperature and nutrient 
fluxes can affect downstream fisheries [Miracle and Gardner, 1980; Oliver and Hudson, 
1980; Rosenberg et al., 1997]. In addition, PS operations can cause various downstream 
alterations, such as changes in thermal regime of the rivers [Caissie, 2002], aquatic 
biodiversity of rivers and lakes [Bunn and Arthington, 2002] and biogeochemical cycling by 
interrupting the flow of organic carbon and changing the nutrient balance [Finger et al., 2007; 
Müller et al., 2007]. 
 Until now, no specific investigations concerning changes to particle dynamics and 
temperature have been performed in a PS-operation system connecting two reservoirs. Here, 
we investigate the effects of PS operations on the physical characteristics of two reservoirs, 
which originally exhibited quite different conditions.  
 Emphasis is specifically placed on the basin-internal particle-mass concentration 
(PMC) and its vertical stratification and spatial distribution as well as the particle 
sedimentation within the PS system. For this purpose, the seasonal development of 
temperature and suspended particles of the reservoir waters were measured, as these 
quantities are influenced in a complex manner by the combined effect of high-Alpine weather 
and seasonal variations in hydroelectric power production. Using a mass-budgeting approach, 
the effects of PS on the temporal development of the PMC and downstream particle fluxes 
are evaluated by quantifying the particle masses exchanged between the two reservoirs and 
their impact on sedimentation with and without PS operation. The longer-term goal is to 
assess expected modifications for downstream lakes and rivers already in the planning stage 
(M. Bonalumi et al., manuscript in preparation, 2011).   
  
2. Study Area 
 
 The most prominent example of PS operations in Switzerland is located in the 
Grimsel region (Figure 1). The hydropower scheme - operated by “Kraftwerke Oberhasli 
(KWO)” - consists of four reservoirs (Oberaarsee, Grimselsee, Gelmersee and 
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Räterichsbodensee, Figure 1) located in a partially glaciated catchment. The construction of 
these Grimsel reservoirs resulted in both considerable changes in the downstream river flow 
due to shifting of runoff from summer to winter [Wüest et al., 2007] as well as in the 
retention of suspended particles in the reservoirs [Oehy and Schleiss, 2002]. Anselmetti et al. 
[2007] showed that 230 kt of inorganic matter were annually deposited in the Grimsel 
reservoirs, while only ~40 kt yr-1 of mostly fine-grained suspended particles leave the entire 
hydropower system to the downstream waters. Additionally, the downstream impacts of dam 
construction on Lake Brienz (Figure 1) and specifically hydropower-related changes have 
been investigated for the fate of inorganic colloids [Chanudet and Filella, 2007], the 
subsequent light regime [Jaun et al., 2007], phytoplankton productivity [Finger et al., 2006, 
2007] and oligotrophication [Müller et al., 2007].  
 

 
 
Figure 1. Map of Oberaarsee (upper basin) and Grimselsee (lower basin) with depth-contours of 10 m intervals. 
The reservoirs are connected by a 5 km long penstock via PS plant “Grimsel 2”. “PP Grimsel 1” (PP = power 
production only) connects Oberaarsee and Grimselsee with Räterichsbodensee, while Gelmersee collects water 
from Grimselsee through a penstock. The labels in the white boxes indicate water-sampling locations in the 
reservoirs Oberaarsee (Oa-M and Oa-D) and Grimselsee (Gr-M and Gr-D), as well as in the two rivers 
Oberaarbach (Oa-R) and Unteraarbach (Gr-R); M = middle of reservoir; D = near dam or near intake/outlet. The 
inset shows the study location within Switzerland. 
 
 Two of the Grimsel reservoirs, Oberaarsee and Grimselsee (Table 1, Figure 1), have 
been connected since 1980 by a PS scheme including the power plant “Grimsel 2”, which can 
either produce power (~340 MW) with a water flow around 93 m3 s-1 or, alternatively, pump 
water (~363 MW) at a rate of up to 80 m3 s-1 from the lower Grimselsee to the ~400 m 
higher-elevated Oberaarsee (the intake/outlet are located at 2232 m asl and 1841 m asl, 
respectively) through a 5 km long penstock with a diameter between 3.8 and 6.8 m (Figure 1). 
Since dam constructions, the waters from Oberaarsee (completed 1953) and Grimselsee 
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(1932) have been used for power production by the power plant “Grimsel 1”, from which the 
water is released downstream into Räterichsbodensee, the lowest in the chain of reservoirs 
(Figure 1). In addition, Grimselsee water is also partially released into another production-
line via an alternative outlet (Gelmersee; Figure 1). In the last 30 years, however, the volume 
of pumped water (same amount as turbinated water) has increased from ~100x106 m3 yr-1 
initially to ~600 to 700x106 m3 yr-1, with a particular increase in the last decade (Figure 2a). 
As Figure 2b documents, the seasonally pumped water volumes are larger than the reservoir 
volumes. This implies an extensive exchange between the two reservoirs, especially during 
the period January to March (Figure 2b). In this period, when the natural inflow and therefore 
the reservoirs level are low (Figures 2c and 2d), the exchanged volumes reach ~6- and ~7-
times the volumes of Grimselsee and Oberaarsee, respectively.  
 
Table 1. Characteristics of studied pumped-storage reservoirs. 
 
  Oberaarsee Grimselsee 
Altitude [m asl] 2303 1908 
Maximum / average surface area [km2] (1) 1.46/1.26 2.72/1.97 
Maximum(1) / average(2) volume [106 m3]  65/38 101/57 
Maximum / average depths (at maximum filling) [m] 90/44 100/37 
Water natural inflow [106 m3 yr-1] (2) 55 215 
Water outflow (without PS) [106 m3 yr-1] (2) 33 248 
Water outflow due to PS [106 m3 yr-1] (2) 599 576 
Residence time without PS [d] (2, 3) 252 96 
Residence time with PS [d] (2, 3) 22 26 

 (1) Maximum surface area and maximum volume refer to reservoirs at maximum water levels (i.e. in 
summer) 
(2) Data from 2009 
(3) Residence time is equal to mean volume divided by total annual inflow. 
 
 The catchments of the two reservoirs are part of the Aar Massif consisting primarily 
of crystalline rocks. The Grimselsee catchment is composed mainly of Grimsel granodiorite 
and Central Aare granite, whereas the Oberaarsee catchment also includes Variscan basement 
gneisses of granitic composition containing up to 5% (wt.) of calcite. The particles contained 
in the reservoirs, resulting from the erosion of the catchment, are composed of quartz, k-
feldspar, plagioclase, mica (mostly biotite and phengite) and clay minerals [Stalder, 1964; 
Oberhänsli and Schenker, 1988; Hosein et al., 2004]. Vegetation cover is absent except for 
pioneer plants typical of areas that only recently became ice-free, a few isolated Cembran 
pine trees and high-Alpine grass/moss [Kratochwil and Schwabe, 1994].   
 The study area receives in average ~2.2 m yr-1 of precipitation, of which 60% is snow. 
The annual average temperature is -1.0 °C at Oberaarsee and +1.2 °C at Grimselsee [Schwarb 
et al., 2001]. Both reservoirs are dimictic and ice-covered from November to June and ice-
free for the other half of the year. They exhibit almost completely abiotic conditions due to 
low nutrient levels and poor light penetration into the water, caused by the extreme 
attenuation of the high inorganic suspended-particle content. This reflects the large glacier 
coverage in both catchments (Figure 1), which is also responsible for the low water 
temperature of the reservoirs. According to Hallet et al. [1996], the areas covered by glaciers 
are more subject to erosion than the ice-free regions. In the two catchments the denudation 
rates has been quantified at 1 to 2 mm yr-1 [Bezinge, 1987; Anselmetti et al. 2007]. Erosion in 
the catchments depends not only on the type and lithology of the bedrock, but also on 
meteorological conditions. As a consequence of the high-Alpine environment, the particle 
input to the reservoirs is negligible during the cold and ice-covered season. Particle input, 
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which occurs in the western part of the reservoirs downstream of the glaciers (Figure 1), 
happens mainly during snowmelt in late spring/early summer and during extreme runoff 
events in summer. This occurs to a larger degree in Grimselsee, which exhibits a higher 
riverine input (Figure 2d). Coarse particles settle rapidly at inflow-proximal locations and 
near the thalweg of the reservoirs all the way to the dam, while the fine particles remain in 
suspension. In fact, measurements of PMC close to the dam in both reservoirs performed by 
Bühler et al. [2005] and Finger et al. [2006] documented higher particle content in 
Grimselsee than in Oberaarsee. 
 

 
Figure 2. (a) Annually-averaged volume of pumped and turbinated water between Grimselsee and 
Oberaarsee from 1980 to 2009. (b) Seasonally-averaged volumes of Oberaarsee and Grimselsee 
compared with total volumes of water pumped and turbinated during the four seasons in 2009. Note that 
pumped water amounts to several times the volume of each reservoir. c) Daily riverine water inflow to 
Oberaarsee and Grimselsee in the period 1980 to 2009. d) Reservoir levels of Oberaarsee and Grimselsee 
from 1980 to 2009. Data provided by KWO. 
 
3. Methods 
 
 Different measurement methods were employed to characterize the waters. CTD 
(conductivity, temperature, depth) casts of the water column (60 M Sea and Sun Instrument, 
Germany) provided profiles of temperature, conductivity and turbidity in the reservoirs. 
Using a light beam consisting of wavelengths ranging between 400 and 600 nm (Seapoint 
Sensor), turbidity was measured after 90-degree scattering by the particles [Clesceri et al., 
1998]. Water samples for laboratory analyses were collected in the tributaries as well as in 
two depths (at the surface and ~2 m above bottom) in the reservoirs. Turbidity [Formazin 
turbidity units, FTU] was again analyzed in the water samples with a turbidimeter (HACH 
2100 AN, USA), which - analogous to the CTD - measures the light scattered by the 
suspended particles in the sample via a 90-degree scatter detector. Particles contained in the 
water samples were also analyzed for their diameters using laser diffraction (Malvern 
Mastersizer 2000 Particle Size Analyzer, UK). The particle-size distributions and the number 
concentrations were determined with a single particle counter (Klotz, Particle Measuring 
System Syringe, Germany) using the optical particle-counting method [Göppert and 
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Goldscheider, 2008]. With this method, the light absorbance (extinction) determines 
diameters when the particles pass through a tube illuminated by a laser beam (655 nm). The 
PMC was finally derived from filtration of a known volume of water on membrane filters of 
0.40 μm pore size, which were weighed before and after filtration [Hofmann and Dominik, 
2005]. 
 

 
 
Figure 3. Particle-mass concentration (PMC) [mg l-1] of water samples from both reservoirs versus turbidity 
[FTU] obtained by the turbidimeter HACH 2100 AN. Dots represent single measurements, while lines are fits to 
samples from individual dates. The turbidity/mass ratio is smaller in summer than in winter, due to the larger 
particles in summer (after input) compared to winter (smaller particles, which are not yet settled) [Vangriesheim 
et al., 1992]. 
 
 Turbidity measured with the CTD and with the HACH turbidimeter gave different 
results because of differences in their optical designs [McCluney, 1975]. As a consequence, 
both the CTD turbidity and the HACH turbidity were calibrated with the PMC data (Figure 3), 
to convert turbidity to mass concentration [Davies-Colley and Smith, 2001]. The estimated 
PMC data range had a margin of error of ±10 %. These different sampling and analytical 
methods allowed estimating different properties of the particles, such as the size distribution, 
the volume-based median diameter, the PMC and the turbidity for a high number of samples 
with an affordable effort. 
 We probed the two reservoirs at multiple instances in two different areas, one located 
in the middle of the reservoirs (Oa-M and Gr-M, Figure 1) and one located near the dams and 
near the PS intake/outlet (Oa-D and Gr-D, Figure 1). Oa-M and Gr-M are located ~1.5 and 
~2 km upstream of the respective dams, while locations Oa-D and Gr-D were within ~100 to 
~300 m of the dams and within 200 m from the intake/outlet of the penstocks. Additionally, 
the two tributaries of the reservoirs, Oberaarbach and Unteraarbach (Oa-R and Gr-R), were 
sampled for temperature and turbidity (Figure 1). The sampling locations in the rivers were 
subject to variations due to frequent reservoir-level changes and were ~100 m upstream of the 
inflows. Sampling was conducted during a two-year period between September 2007 and 
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October 2009. For both years, at least four sampling campaigns were conducted in order to 
collect data, which represent the different seasons of a year.  
 At the beginning of the survey (summer 2007), a larger number of locations and 
depths were chosen for water sampling, in order to characterize variations in PMC and 
temperature in the reservoirs. By the end of the survey, the number of samples for calibrating 
the CTD-based turbidity sensor (Figure 3) was reduced to two, one for each reservoir. 
 
4. Results 
 
4.1. Temperature and Particle-mass Concentration in Both Reservoirs 
 Temperature and PMC in Oberaarsee and Grimselsee vary significantly during the 
study period (Figure 4). Conductivity, on the contrary, varies only little and is always below 
0.02 mS cm-1 in all studied locations of the reservoirs due to low ionic content (< 20 mg l-1). 
Hence salinity (conductivity, total dissolved solids) is not discussed further. 
 Temperature - In winter, the reservoirs are covered by ice and are inversely stratified; 
i.e. temperature increases with depth. Temperature profiles collected below ice in Oberaarsee 
show an increase from 0 °C just below the ice to a maximum of 2.5 °C in the deep-water 
(Figure 4a, black line) with the highest values already reached at 1 to 2 m depth. Similar to 
Oberaarsee, also Grimselsee is inversely stratified under the ice, with temperatures increasing 
to 2.5 °C in the top 5 m and remaining constant down to the deepest reaches of the reservoir 
(Figure 4b, black line).  
 In July, both reservoirs are ice-free and thermally stratified. In Oberaarsee surface-
water temperature reaches 14 to 15 °C with a thermocline at ~15 m depth and deep-water 
temperatures of ~4 °C (Figure 4a, grey line). In contrast, the surface temperature of 
Grimselsee is lower, reaching a maximum of ~10 °C (Figure 4b, grey line). The thermocline, 
in only a few m depths, is less developed, and the temperature decreases to below 5 °C in the 
deepest zone. Temperatures vary systematically between days and nights when the reservoirs 
are ice-free. Even if no measurements were taken during nights, temperatures show variations 
of up to 1 to 2 °C in the surface water between early morning (representing night 
temperatures) and afternoon due to the daily heating/cooling cycle.   

Particle-mass concentration - PMC undergoes a seasonal variation, with a maximum 
in early summer when the main particle input occurs and a minimum at the end of the winter 
when the settling of the particles exceeds the input for several months under the ice. During 
ice cover periods, PMC in Oberaarsee varies around 40 to 45 mg l-1 (Figure 4c, black line) 
and no major differences are observed between the surface and the deep-waters. Similar to 
Oberaarsee, PMC in Grimselsee drop under the ice to values of ~35 mg l-1 that are slightly 
increasing with depth reaching ~40 mg l-1 (Figure 4d, black line). 
 A strong PMC contrast between the two reservoirs was observed in summer, when 
Oberaarsee (Figure 4c, grey line) is less turbid than Grimselsee (Figure 4d, black line), at 
least at the surface. In fact, Oberaarsee surface water is characterized by PMC between 40 
and 60 mg l-1, only slightly higher compared to those observed in winter, while in the deeper 
zones of Oberaarsee, PMC increases drastically up to 180 mg l-1. The Grimselsee PMC 
profiles show in summer PMC between 130 (at surface) and 180 mg l-1 (deep-water). 

 While the temperature and the calibrated PMC profiles (Figure 3) from end of 
March and from early July (Figure 4) represent typical conditions during the ice-cover period 
and after snow melt, respectively, it cannot be excluded that significant variations of PMC 
may be related to special events. Individual warm days in March may occur and increase the 
PMC through short snow-melt events increasing particle inflow to the reservoirs. Moreover 
but mainly in summer, snow melt or precipitation-driven turbidity currents are a frequent 
phenomenon [Bühler et al., 2005] and may increase rapidly the PMC of the reservoirs, in 
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particular in deeper zones. Major snow melt occurs generally in the first half of June. In fact, 
as discussed in detail in the next sections, the two reservoirs experience often different 
weather conditions causing snow melt to occur earlier in one reservoir with respect to the 
other. 

 

 
Figure 4. Temperature and PMC profiles in Oberaarsee and Grimselsee measured with a CTD in winter (16/17 
March 2009; ice-covered; black lines) and in summer (1/2 July 2009; ice-free; grey lines) at the central reservoir 
locations Oa-M and Gr-M. (a) Oberaarsee temperature, with inverse stratification in winter and strong thermal 
stratification in summer. (b) Grimselsee temperature, with inverse stratification in winter and negligible 
stratification - compared to (a) - in summer. (c) Oberaarsee PMC, with low surface PMC but high deep-water 
PMC in summer. (d) Grimselsee PMC, with also higher values in summer compared to winter and weak 
gradients with depth for both seasons. 
 
4.2. Effects of Inflows  
 The main inflows of both reservoirs directly originate from the glacier tongues, which 
in 2009 were located ~0.15 and ~2 km upstream of the uppermost deltas (highest water levels) 
in Oberaarsee and Grimselsee, respectively. This glacially-scoured material (“glacial milk”) 
explains the high PMC in the reservoirs. Particle inflow occurs mainly during snow melt in 
spring/early-summer, while particle supply is low in fall and mostly absent during winter. 
The seasonal particle-relevant characteristics of these proglacial inflows can be divided into 
four periods: (i) no inflow from frozen catchments, (ii) high particle-inflow during snow melt, 
(iii) inflow of clear water while cooling in fall, (iv) high particle inflow during rain events. 
 
 (i) No inflow (winter) period - During winter, both reservoirs are ice-covered. The 
freezing of the reservoir’s surface lasts for half of the year from end of November (±2 weeks) 
to end of May (±2 weeks). As precipitation in winter occurs as snow, the inflows are 
marginal and the reservoirs experience minimal particle supply. At the end of winter, the first 
warm days causing snow melt and particle inflow occur in April and May. Even if there are 
no data from the rivers during this period, Oberaarsee PMC measured in the deepest waters 
(location Oa-M) on 27 February and 25 April 2008, show an increase from 22 to 57 mg l-1, 
which indicates first particle inflows into the reservoirs below the ice cover. 
 
 (ii) High particle-inflow during snow melting - During the observed periods, high 
particle inflow occurs in both reservoir catchments simultaneously to the ice melting of the 
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reservoir surface. Within annual variations of one or two weeks, the period of high particle-
inflow takes place in late spring in both reservoirs right after the onset of snow melting in the 
catchment. Representative for this period is the PMC measured on a sample from 
Unteraarbach (Gr-R) from 2 July 2009, which shows turbidity above 500 FTU (up to 700-800 
mg l-1).  In fact, PMC at the location Oa-M and especially Gr-M show an increase from April 
to July 2008 and also from March to July 2009 (Figures 4c and 4d), which reflects the 
particle input from the suspension-rich tributaries Unteraarbach and Oberaarbach. 
 
 (iii) Inflow of clear water - This period starts after the high particle inflow when 
snow melting ends and runoff drops. It is characterized by low particle-inflow, with 
tributaries less turbid than the reservoirs that cause dilution of the reservoir waters. Figures 5a 
and 5c show two-dimensional CTD-based PMC profiles of the reservoirs in September and 
October 2008, when the inflows are clearer and cooler than the reservoirs. In contrast to the 
snow-melting period, PMC is lower in the reservoirs close to the inflows (left side of Figures 
5a and 5c), where the inflowing waters usually form underflows due to higher density caused 
by low temperature (Figures 5b and 5d). The PMC of the tributaries tends to decrease during 
the course of summer, as shown in the data collected in 2007 and to some degree also in 2008. 
In fact, turbidity measurements in the tributaries rarely show values higher than 80 FTU in 
September/October, while in July they can increase up to 150 FTU. Following the decrease 
of PMC in the river, also Oberaarsee and Grimselsee (locations Oa-M and Gr-M) experience 
a decrease during the period July to October 2008 (Oberaarsee shows only a slight decrease) 
and in the same way during the period July to October 2009. 
 
 (iv) Peak particle-inflow during rain events - High particle inflows into the 
reservoirs take place during a few events during summer and fall, at times, when usually the 
tributaries are less turbid than the reservoirs. In August 2009, for example, turbidity of 
Oberaarbach (Oa-R) amounts to 268 FTU and that of Unteraarbach to 460 FTU (CTD-based 
PMC of 668 and 851 mg l-1, respectively). 
 
 As shown in the two-dimensional transect in Grimselsee based on data collected in 
August 2009 (Figure 5e), these cool and suspension-loaded river waters are denser than the 
reservoir waters and cause underflows. Even if this particular density-current reached only a 
distance of 500 m from the river inlet, where it starts to fade and mix horizontally with the 
reservoir waters, Oehy and Schleiss [2002] document that such underflows can continue all 
the way to the dam. Furthermore, a water sample collected on 25 June 2009, in the penstocks 
of the power plant “Grimsel 2” during power operations, showed turbidity as high as 644 
FTU, indicating a likely contribution from a turbidity current reaching the water intake near 
the dam of Oberaarsee. This value may be comparable with ~700 mg l-1 measured in a 
turbidity current in summer 2001 as reported by Bühler et al. [2005]. Even though these 
events increase rapidly the PMC of the reservoirs, the summer-long decreasing trend is not 
affected by these episodic high-concentration particle pulses. 
 
4.3. Particle-mass Concentration of Oberaarsee and Grimselsee 
 Reservoir-internal particle concentration structure - A comparison between the 
CTD-based PMC profiles taken in the middle of the reservoirs (Oa-M and Gr-M) and those 
taken close to the penstocks intake/outlet (Oa-D and Gr-D) show important differences. The 
strongest variations in PMC can be observed in the surface waters while in the deep-waters 
PMC do not vary significantly between the different locations. Considering the similar 
catchment and observation with the light microscope, the mineralogy of particles of the two 
reservoirs does however not differ noticeably. Moreover, their diameter size distributions, 
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Figure 5. (a) Two-dimensional interpolation of autumn turbidity-based PMC profiles and (b) temperature 
profiles obtained with a CTD at ten locations (indicated by black arrows) in Oberaarsee on 1 October 
2008. Note that during fall, (i) the water from the inflow is clearer than reservoir water and (ii) that the 
reservoir deep-water is more turbid than surface water. (c) Two-dimensional interpolation of autumn 
turbidity-based PMC profiles and (d) temperature profiles obtained with a CTD at 16 locations (indicated 
by black arrows) in Grimselsee on 19 September 2008. Similar to Oberaarsee (a), the Grimselsee inflow 
is less turbid than the reservoir in fall. Note the underflow of cold and dense inflowing waters. (e) Two-
dimensional interpolation of turbidity-based PMC profiles and (f) temperature profiles in summer 
obtained at six locations (black arrows) close to River Unteraarbach inlet in Grimselsee on 25 August 
2009. The measurements were taken during a rain event after a temperate week (daily precipitation up to 
~8 mm d-1; mean temperature of ~14 °C before measurements; data by Swiss Meteo). Note the turbid 
river inflow to the reservoirs. Similar patterns occur upon snow melt. 

 
determined with the Malvern Lasersizer (Figure 6), look similar and follow log-normal forms.  
 Two Grimselsee profiles collected below the ice cover on 28 February 2008 (Figures 
7a and 7b) illustrate that the water in the middle of the lake is characterized by a 5 m thick 
low PMC surface layer, while this layer is only ~2 m thick closer to the dam. Measurements 
of turbidity, particle diameter, particle number (diameter between 1 and 32 μm) and PMC of 
water samples taken at these locations resulted in a similar pattern (Table 2). At the location 
close to the power plant intake/outlet (Gr-D), turbidity and PMC are 1.5-times higher (Figure 
7a) and the particle median diameters and the amount of particles are both more than twice as 
high as at the center of the reservoirs (Gr-M). The same trends resulted from analyses of 
Oberaarsee water samples collected in April also below ice cover. All parameters, including 
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PMC, are at least 1.2-times higher in the surface waters close to the intake/outlet (Oa-D) than 
in the middle of the reservoir (Oa-M; Table 2). Moreover, temperature measured close to the 
intake/outlet was found to be slightly warmer than in the center (Figure 7b). 
 These patterns were not observed as strongly during summer and fall. However, some 
variations similar to those observed in winter were measured in the surface waters of 
Grimselsee during ice-free periods as well (Figure 5c).  
 

 
 
Figure 6. Particle size distribution measured with the Malvern Laser Sizer of water samples collected in 
Oberaarsee (15 July 2008) and in Grimselsee (16 July 2008). The corresponding median particle 
diameters are 3.20 μm (Oa-M, surface water), 3.63 μm (Gr-M, surface water), 4.17 μm (Oa-D, deep 
water) and 4.09 μm (Gr-D, deep water). 
 
 
Table 2. Turbidity, particle diameter, particle number and PMC of surface water (2 m depth) collected 
close to the power plant intake/outlet of Oberaarsee (Oa-D) and Grimselsee (Gr-D) and in the middle of 
the two reservoirs (Oa-M, Gr-M). 
 

Gr-D Oa-D Gr-M Oa-M   
  28 Feb 2008 25 Apr 2008 28 Feb 2008 25 Apr 2008 
Turbidity [FTU] 47 62 30 35 
Median particle diameter [μm] 2.6 2.6 1.0 2.0 
Particle (1-32 μm) number [μl-1]  880 1435 306 996 
PMC [mg l-1] 19 33 - 26 

 
Comparison of particle concentrations at Oa-M and Gr-M - The CTD-based 

PMC values, measured for the different sampling campaigns at Oa-M and Gr-M (Figure 
8a), are highest in summer (June to August, 2008 and 2009). In winter, in contrast, 
when no rivers enter the reservoirs and PMC is at its lowest, Oberaarsee shows particle 
sizes slightly higher than in Grimselsee (Figure 8b), however not supported by 
differences in PMC, which are similar in both reservoirs (February to April 2008 and 
March 2009). In summer and fall (July to October, 2008 and 2009), PMC shows a 
decreasing trend with time, in particular in Grimselsee. Moreover, during this period, 
PMC (and also particle sizes) at the surface of Grimselsee are much higher with respect 
to the values measured in Oberaarsee (Figure 8a). Unlike the surface waters, the deep-
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waters appear to have approximately the same characteristics both in Oberaarsee and 
Grimselsee (Figures 8c and 8d).  
 

 
 
Figure 7. (a) CTD-based PMC profiles and (b) temperature profiles obtained in Grimselsee on 28 
February 2008 below ice cover. Close to the intake/outlet (Gr-D; black line) the water is more turbid in 
the top 2 m and warmer than the water collected in the center (Gr-M; grey line). 
 
 Comparison of particle-mass concentration at Oa-D and Gr-D - Similar to the 
middle of the reservoirs, PMC as well as particle sizes close to the dams are in summer 
higher in Grimselsee than in Oberaarsee, while during winter, the reservoirs have similar 
properties (Figures 8e and 8f). Furthermore, at the dam of Oberaarsee the surface water 
shows only a small seasonal PMC variation compared to Grimselsee.  
 As mentioned above and as shown in Figure 4, PMC are generally increasing with 
depth in both reservoirs so that the highest PMC are found in the deepest part. In fact, as 
shown in Figure 8g, the highest values measured (up to 200 mg l-1) are found in the deep-
waters of Grimselsee during summer (June to August for both 2008 and 2009). Similar to Oa-
M and Gr-M (Figure 8a), PMC of the deep-waters increase in spring and decrease in late 
summer. PMC measured in the deep-water of Grimselsee close to the intake/outlet (Figure 8g) 
is in most cases higher than in Oberaarsee. This pattern can also be observed in the particle-
size analyses, which, with the exception of a single measurement on a sample collected in 
June 2008, results for all seasons in higher particle diameters in Grimselsee compared to 
Oberaarsee (Figure 8h).  
 
5. Discussion 
 
5.1. Effects of Hydropower Operations on Reservoir Particle Content 
 Variations caused by water exchanged between reservoirs - The turbidity and CTD-
based PMC distribution in the reservoirs follows a combined effect of various factors, 
including natural parameters (such as weather and glacial melting) and man-made activities 
(such as electricity production and PS operations). 
 Snow melt - determined by weather - causes intense particle input to the reservoirs in 
late spring. This occurs approximately during the same period for both reservoirs, even 
though Oberaarsee is located 400 m higher than Grimselsee (Table 1). The catchments of the 
reservoirs exhibit different characteristics: the one of Grimselsee is larger and has a higher 
glaciated percentage glaciated compared to Oberaarsee [Anselmetti et al. 2007]. As the 
glacial abrasion is the most effective erosion process, this different glacier coverage explains 
the higher particle content in the Grimselsee tributary, the higher particle inflow to 
Grimselsee and higher PMC in Grimselsee consistently observed after snow melt (Figures 5a 
and 5c). 
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Figure 8. PMC and median particle diameters measured in surface and deep water samples collected in 
the middle of Oberaarsee and Grimselsee ((a to d); Oa-M, Gr-M) and close to the intake/outlet of 
“Grimsel 2” ((e to h); Oa-D, Gr-D). (a) In summer PMC values at Gr-M are higher than those at Oa-M; 
but in winter PMC in the surface water in the middle is similar in both reservoirs. (b) Median particle 
diameter of deep-water is slightly higher in Oa-M in late winter and higher in Gr-M in summer. (c), (d) 
The deep-waters show similar PMC and median particle diameters in both reservoirs. (e) In summer, 
PMC is higher in Grimselsee. Surface water from close to intakes/outlets shows similar PMC in winter in 
both reservoirs. (f) Particle diameters in the surface water close to the intakes/outlets are higher in 
Grimselsee in summer and slightly higher in Oberaarsee in winter. (g) PMC of deep-water close to 
intakes/outlets is similar in both reservoirs. Only in summer, Gr-D shows slightly higher values than Oa-
D. (h) Median particle diameters of deep-water are similar in both reservoirs in winter and in summer 
season. 
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 The most important difference between the reservoirs is visible in the ice-free surface 
layers. Grimselsee surface water is colder and thermally less stratified (Figures 4b and 5d) 
than that of Oberaarsee (Figures 4a and 5b). As PMC is lower in Oberaarsee, more sunlight 
can penetrate into the water body and thereby warm and stratify the surface layer (Figure 4b). 
This slight density stratification protects the surface from particle entrainment (mixing) from 
below and supports a pronounced particle stratification, which causes a positive feedback on 
sunlight, temperature and density stratification.  
 Deep convective mixing of the reservoirs, occurring in early winter before freezing 
[Geyer, 1993], causes homogenous PMC from the surface to the deep-water in both 
reservoirs (Figures 4c and 4d). Moreover, PS operations exert a main impact on the PMC, 
especially in winter without riverine inflow but with water exchanged up to several times the 
reservoir volumes (Figure 2b). PS operations bring more turbid water into Oberaarsee and, in 
contrast, power-producing releases clearer water into Grimselsee. In fact, measurements have 
shown different turbidity and PMC between pumped and turbinated water. Measurements 
performed on a time scale of a few hours on 23 and April 2009 show strongly varying 
turbidity after changing of operation mode, ranging between 130 and 135 FTU during 
pumping and 175 and 190 FTU during power production. In winter, when the particle input 
by rivers is low, a uniform PMC pattern with equal profiles both in Oberaarsee and 
Grimselsee is established, at least close to the penstocks. This pattern is caused by (i) the 
intense and continuous water exchange between the reservoirs, and (ii) the fact that particles 
of Grimselsee settle faster than in Oberaarsee due to their larger particle diameters. These 
under-ice processes are maintained throughout the winter until snow melt reactivates particle 
input (see above). 
 PS operations may have an impact on the ice-free reservoirs also during summer 
months. However, as the penstocks intake/outlets are located in the deep-water, and the water 
column of the reservoirs is thermally stratified, this exchange occurs mainly in both deep-
water compartments, where consequently PMC characteristics of both reservoirs become 
similar. 
 
 Variations in particle stratification caused by turbulence - Differences in measured 
particle stratification during winter are most probably generated by different turbulence 
intensity within each reservoir. PMC and temperature are higher (Figures 7a and 7b), the 
latter also due to heat dissipation by the hydraulic machines. These increased values occur 
especially at the surface close to the intake/outlet of the power plant penstocks which 
experience higher turbulence due to the water flow, while the middle areas of the reservoirs 
are less disturbed (Figure 7a). Turbulence-induced mixing cause diffusive-type upward fluxes 
of particles in the water column decreasing the deep-water particle content and thus reducing 
sedimentation rates in the reservoirs [Wolanski et al., 1992]. 
 This increase in surface PMC close to the dam is mainly observed in Grimselsee, 
while in Oberaarsee the center of the reservoir shows slightly higher PMC than at the 
equivalent location in Grimselsee (Figure 7a). We explain this by Oa-M being closer to the 
intake/outlet of the penstocks and, moreover, because Grimselsee is divided by a natural 
bedrock barrier in two morphologic basins, thus separating Gr-M water more from Gr-D 
water. This suppression of lateral mixing in Grimselsee is in particular effective at low water 
levels (winter and spring), when this barrier leaves only a narrow passage between the basins. 
 
5.2. Reservoir Sedimentation  
 Before PS operations started in 1980, no connection existed between the two 
reservoirs, except for a minor natural river. As a consequence, Oberaarsee became more 
turbid, whereas Grimselsee became clearer since PS operations started to exchange water 
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between the reservoirs. This is especially valid for the winter season, when the reservoir 
volumes are exchanged several times but also for the summer, when the reservoirs exchange 
less water compared to their volume (Figure 2b) but of distinctly different and higher PMC. 
These variations in PMC should be reflected also in the sedimentation, which should have 
been modified since 1980 similar to PMC. In this study, we consider only sedimentation of 
the suspended fine particles from the water column, which are distributed laterally over the 
entire reservoir. The dominantly sand-sized particles, entering laterally by turbidity currents 
in the thalweg of the reservoirs and providing the bulk of the retained sediment mass, are not 
subject of this study, as this fast-settling coarse material is not affected by PS operations. 
 Variations in PMC and sedimentation rates in the reservoirs imply a change of PMC 
characteristics in the downstream waters. However, the outflow of the reservoirs, which 
enters into Räterichsbodensee (power plant “Grimsel 1”) or into Gelmersee (Figure 1) before 
being released to the downstream River Aare, is irregular, making it difficult to determine 
any consistent trends. Furthermore, no direct pre-PS turbidity or PMC measurements were 
performed so that no data is available for direct comparison. However, an approximated 
estimation of the sedimentation in the water column can be made using the CTD-based PMC 
measurements in the reservoirs. The volume-integrated particle mass PM  in a reservoir 
(Table 3a) is obtained from the )(zPMC  and the bathymetry-dependent area )(zA , which are 
both a function of depth z , by: 
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PMC (z) is linearly interpolated between measurements, while the volume of the reservoirs 
changes due to fluctuating water levels zsurf. Settling velocity w (Figure 9) is calculated using 
Stokes’ law: 
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where ρp is the density of the particles [2650 kg m-3; Anselmetti et al., 2007], and ρw the 
density of water, r is the particle radius and μ is the dynamic viscosity of water (~1.5 10-3 Pa 
s). For the particle radius we use the measured median radius - and its relation to PMC 
(Figure 10) - as a proxy and introduce a correction factor to match the observed 
sedimentation rates in the reservoirs [Anselmetti et al., 2007]. Based on the particle-size 
distribution (Figure 6), the median particle radius is 2.5 times smaller than the distribution-
based equivalent Stokes particle radius. Based on our particle budget, the correction factor is 
accidentally 1.0 and therefore the median radius approximates the sedimentation very well. 
Given the non-spherical form of the majority of the particles, the lower than Stokes settling 
rate is not a surprise.  
 This allows approximating the sedimentation rate (SR) in the two reservoirs 
considering the time-dependent surface area A(t) of the reservoir, the near-bottom PMC(t) 
and the settling velocity w(t): 
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 The results for SR are summarized for both reservoirs in Figure 11, which shows the 
temporal dynamics of sedimentation over the two years of study. SR of the suspended 
particles increases with increasing settling velocity )(tw , increasing reservoir surface area 
A(t)and PMC(t) and SR reaches its maximum in summer. In winter, however, SR decrease 
and is similar in both reservoirs (Figure 11). As a consequence, we postulate that suspended-
particle sedimentation has changed since the initiation of PS operations in 1980, given that 
Grimselsee waters increases PMC in Oberaarsee and that less-turbid Oberaarsee waters 
lowers PMC in Grimselsee. Unlike the mean reservoir surface (Table 1), which is not 
drastically different compared to pre-PS operation, PMC has been changed significantly in 
winter, when the volume of exchanged water is several times the reservoir volume (Figure 
2b). In summer, the main change occurred in the deep zones, where waters with contrasting 
PMC are exchanged. 
 
 

 
 
Figure 9. Settling rate of suspended particles (calculated by using Stokes’ law) in Oberaarsee and 
Grimselsee during the two years of sampling. Symbols indicate sampling campaign dates (lines to guide 
the eyes). 
 
5.3. Simulation of the Reservoirs Particle Budgets 
 In order to quantify the differences between today’s condition and those during pre-
PS operations, we used a mass-balance model for a year-long simulation of the particle fluxes 
in the two reservoirs. Model assumptions are based on the observations from the two-year 
measurements (Table 3a, Figure 12). The linear model allows us to simulate particle fluxes in 
the investigated system including particle inputs, outputs, PS-operations exchange and 
sedimentation. 
 The reservoir volumes and the water flows are realistic and based on the last years’ 
operations provided by KWO. The particle input (only suspended particles), was estimated 
with the goal to obtain the average observed PMC (63 mg l-1 and 82 mg l-1 for Oberaarsee and 
Grimselsee, respectively) similar to the average PMC from the interpolated CTD-derived 
PMC measurements (56 mg l-1 and 81 mg l-1 for the two reservoirs, respectively). The 
particle input of the reservoirs was adjusted for obtaining the observed average PMC and the 
seasonal fluctuations as close as possible to the measurements. Sediment resuspension is not  
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considered in the model, as (i) the proglacial sediments are mainly composed of very fine-
grained inorganic particles, which are highly cohesive, making resuspension unlikely and as 
(ii) resuspension has not been observed. 
 
 

  
Figure 10. Relation between PMC and median particle diameter with indication of linear fit. This relation 
is used for calculating settling velocities of the suspended particles for the periods between sampling 
campaigns. 
 
 

 
Figure 11. Simulated sedimentation rate from the water column in the two reservoirs during the two years of 
sampling. For settling velocity see text. 
 

For the linear model we make the following assumptions: (i) PMC in the reservoirs 
remain constant over the course of one complete year (no long-term tends); (ii) the particle 
input is 5-times higher from June to September (after ice-breakup; snow/ice melting) than 
during the other eight months; (iii) the median particle diameter is related to PMC by the 
relation provided in Figure 10 and the corresponding settling velocity is estimated according 
section 5.2; (iv) the PS and power production are constant throughout the year.  
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Table 3. (a) Particle budget of the reservoirs with and without PS. (b) Comparison of PMC of the reservoirs 
after modification of different physical and technical parameters. 
 
a 
 Water flow Particle budget with PS Particle budget without PS 
  [106 m3 yr-1] [kt yr-1] [kt yr-1] 
Input      
Oberaarbach 46.5 6.8 (approx. 70% in summer) 6.8 (approx. 70% in summer) 
Unteraarbach 223.5 51.2 (approx. 70% in summer) 51.2 (approx. 70% in summer) 
Total input 270 58  58  

Outflow      
from Oberaarsee (upper basin)  46.5 3.9 (avg. conc. = 83.7 mg l-1) 2.6 (avg. conc. = 55.3 mg l-1) 
from Grimselsee (lower basin) 223.5 20.8 (avg. conc. = 93.0 mg l-1) 22.3 (avg. conc. = 99.7 mg l-1) 
Total outflow 270 24.7  24.9  

Pumped-storage fluxes      
Oberaarsee -> Grimselsee 600 50.2 (avg. conc. = 83.7 mg l-1)   
Grimselsee -> Oberaarsee 600 55.8 (avg. conc. = 93.0 mg l-1)   
Sedimentation (1)      
Oberaarsee (upper basin)  8.5 (avg. conc. = 62.9 mg l-1) 4.2 (avg. conc. = 42.9 mg l-1) 
Grimselsee (lower basin)  24.8 (avg. conc. = 82.4 mg l-1) 28.9 (avg. conc. = 88.3 mg l-1) 
Total sedimentation  33.3  33.1  

 
b 

Oberaarsee Grimselsee   
  average PMC [mg l-1] average PMC [mg l-1] 
Without PS operations 42.9 88.3 
Without PS, increasing the riverine particle input 
by 20% in both reservoirs 

48.6 98.8 

Without PS, increasing the riverine particle input 
by 50% in both reservoirs 

56.1 112.8 

Without PS, decreasing the riverine particle input 
by 20% in both reservoirs 

36.7 76.5 

Without PS, decreasing the riverine particle input 
by 50% in both reservoirs 

25.7 55.3 

With PS operations 62.9 82.4 
65.2 81.7 Increasing of PS operations 

from 600 to 1200x106 m3 yr-1     
Increasing of PS operations  
from 600 to 2400x106 m3 yr-1 

66.5 81.2 

63.9 84.3 
  

With PS, reducing the volume and the area of the 
reservoirs (both -10%) 
due to sediment infilling     

43.9 71.4 With PS, volume and surface of Oberaarsee  
equalized to that of Grimselsee     

55.6 61.0 With PS, doubling of riverine particle input into 
Oberaarsee and halving that of Grimselsee     
With PS, increasing the riverine particle input 
by 20% in both reservoirs 

70.1 92.5 

With PS, increasing the riverine particle input 
by 50% in both reservoirs 

79.5 105.8 

With PS, decreasing the riverine particle input 
by 20% in both reservoirs 

54.8 71.2 

With PS, decreasing the riverine particle input 
by 50% in both reservoirs 

40.0 51.2 
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 (1) The average area of Oberaarsee and Grimselsee is 1.26 km2 and 1.97 km2, respectively (Table 1), 
while the average settling velocity increases with PS from 0.21 to 0.28 m d-1 in Oberaarsee while it 
decreases in Grimselsee from 0.38 to 0.36 m d-1.  
 
 The integrated particle-mass content, PM, is then calculated in time-steps of one day 
(t-1 to t) for both reservoirs by:  
 

)1()1()1()1()1()( _____ −Δ−−Δ−−Δ+−Δ+−= tPMtPMtPMtPMtPMtPM Sedoutoperationpowerinoperationpowerinnatural
    [g] 

 
according to the natural particle inflow, the input by PS/power operation as well as the output 
by outflow (PS/power operation) and sedimentation. The PMC at the outflow and the PMC 
exchanged between the reservoirs (PS) are higher than the volume-averaged PMC in the 
reservoirs because the penstocks exchange deep-waters, which are richer in particles. On the 
basis of the measured PMC, this factor (PMC deep-water/reservoir-averaged PMC) was fixed 
to 1.59 and 1.17 for Oberaarsee and Grimselsee, respectively, for the months of June to 
September and to 1.20 and 1.17, respectively, for the other eight months, when the reservoirs 

 
Figure 12. Diagram showing Oberaarsee and Grimselsee water and particle fluxes today (with PS 
operations) and without PS operations (Q: water flow, P: particle load; in: inflows, out: outflows 
(Grimselsee has two outflows), turb: turbine operation flow, pump: pumped (PS) flow, sed: 
sedimentation). 
 
are less stratified. The model can be used not only to simulate the current reservoir 
characteristics for the investigated period, but furthermore allows for any other scenario, for 
instance one that considers the variability of most of the parameters such as the effect of PS 
operations or fluctuating hydrology causing variable particle input from runoff. 
 Our simulations indicate that, as a result of PS, Grimselsee loses particles of 5.6 kt yr-

1 to Oberaarsee (Table 3a). Before the onset of PS, PMC and the total particle mass have been 
higher in Grimselsee and lower in Oberaarsee (Figures 13a and 13b). Oberaarsee, which has 
a lower volume and is thus more sensitive to PS operations, shows an increase in annual 
average PMC of ~45% (from 43 to 63 mg l-1), while Grimselsee is affected by a decrease of 
only ~5 to 10% (from 88 to 82 mg l-1). These changes are reflected in the sedimentation, 
which has increased from 4.2 to 8.5 kt yr-1 (+100%) in Oberaarsee and decreased from 28.9 
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to 24.2 kt yr-1 (-15%) in Grimselsee. Furthermore, the overall sedimentation has only slightly 
increased, mainly due to the fact that the settling velocity is only slightly non-linearly related 
to PMC.  
 The model was used to test for other PS scenarios considering inter-annual variability 
in particle input, loss of reservoir capacity, increase of PS operations and different reservoir 
volumes. Doubling of PS-operation activities would mix the two reservoirs further and 
therefore increase the PMC of Oberaarsee (~3%) and decrease slightly (1%) that of 
Grimselsee (Table 3b). Infilling and therefore loss of capacity of the reservoirs (simulated 
with 90% of the actual volume) will cause a increase of the PMC in both reservoirs by ~+4%. 

 
Figure 13. (a) One-year simulation of volume-integrated suspended particle mass in Oberaarsee and 
Grimselsee, with and without PS operations. (b) One-year simulation of PMC in Oberaarsee and 
Grimselsee, with and without PS operations. The variations in PMC in spring are due to the low water 
volume of the reservoirs and the corresponding large relative effect of particle input.  
 
 The model was used to test for other PS scenarios considering inter-annual variability 
in particle input, loss of reservoir capacity, increase of PS operations and different reservoir 
volumes. Doubling of PS-operation activities would mix the two reservoirs further and 
therefore increase the PMC of Oberaarsee (~3%) and decrease slightly (1%) that of 
Grimselsee (Table 3b). Infilling and therefore loss of capacity of the reservoirs (simulated 
with 90% of the actual volume) will cause a increase of the PMC in both reservoirs by ~+4%. 
On the contrary, increasing the volume and the area of Oberaarsee (reaching the volume and 
area of Grimselsee) would dilute the reservoirs and therefore reduce the PMC of both 
reservoirs (~-30% and ~-13%, respectively; Table 3b). Finally, a doubling of the particle 
input in Oberaarsee and a 50% decrease of input to Grimselsee would imply a decrease of 
PMC in both reservoirs and would cause an equalization of the concentrations (Table 3b). 
The riverine particle input to the reservoirs depends mainly on the hydrology, i.e. the rainfall 
amounts. In our simulation (performed with and without PS scenarios) the modification of 
the natural particle input (±20% and ±50%, Table 3b) causes drastic changes in PMC in the 
reservoirs. Reducing the input will percentage-wise enhance the effect of PS operations, 
while increasing the particle input will partially contrast this effect. In fact, considering the 
50% decrease of particle input, PMC in Oberaarsee and Grimselsee will increase by 56% and 
decrease by 8% with PS operations, respectively (Table 3b). Lowering the input will instead 
cause a PMC difference of +42% and -7% in the reservoirs (Table 3b). In summary, various 
tests can be performed and concerns from downstream stakeholders - as experienced in this 
particular case [Wüest et al., 2007] - can be addressed before upstream changes are 
implemented. 
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6. Summary and Conclusions 
 
 The effects of pumped-storage (PS) operations on the temporal and spatial 
distribution of particles and temperature were investigated in two connected high-Alpine 
proglacial reservoirs (Oberaarsee and Grimselsee, Switzerland), both of which are 
characterized by high particle loads due to upstream glacial abrasion. Although the two 
reservoirs have distinctly different particle regimes, the extensive PS-related water exchange 
between the two reservoirs substantially equalize their concentrations. Especially in winter, 
the particle-mass concentrations (PMC) converge due to much higher water and particle 
exchange relative to the external inflow. Based on a linear coupled model, the annual average 
PMC has increased in the less-turbid reservoir (Oberaarsee) by ~45% and decreased in the 
more-turbid reservoir (Grimselsee) by ~5 to 10%. Correspondingly, the annual sedimentation 
in the two reservoirs has increased by ~100% and decreased by ~15%, respectively, and the 
seasonal regimes have changed as a result of the PS activity, although the total annual 
sedimentation (~60% of input) has increased by only ~1%. 
 The modified particle distribution affects the density stratification in the reservoirs. 
During snow melt, the reservoir with the larger and more glaciated catchment (Grimselsee) 
becomes much more turbid, which prevents sunlight penetration through the turbid water and 
subsequently impairs considerably the development of thermally-induced density 
stratification. This contrasts to the clearer Oberaarsee, which forms a warm surface layer. As 
a result, PS water-exchange during summer homogenizes the deep-water particle 
concentrations of the two reservoirs but minimally affects the more transparent and warmer 
surface layers, which become partly decoupled from the turbid deep-water. 
 
 In conclusion, although the details of the findings in this case study are site-specific, 
there are several aspects, that are relevant to any planned PS operation in the Alps and/or 
other mountain region lakes or rivers with considerable PMC (such as glaciated catchments): 

(i) The case study is representative of the Alpine region as the reservoirs investigated are 
typical for the central Alps. The approach allows for quantification of modifications 
in particle fluxes of planned (or operated) PS schemes. Although the absolute particle 
contents can be reconstructed with an uncertainty of ~10%, the differences between 
scenarios are more accurate. 

(ii) For our specific system, in which the two reservoirs had similar average depths and 
hydraulic residence times, the annual downstream release of particles has changed 
only little. However, if the reservoir connected by PS has shallow depth and long 
residence time, upstream particle sedimentation would drastically increase and the 
annual downstream particle load would be reduced as more particles are retained. 

(iii) The change in PMC affects light attenuation and therefore the surface temperature 
and the thermal density stratification. Low particle contents increase the transparency 
of the reservoir waters, the temperature of the downstream flow, and the stability of 
the water columns, thereby modifying the vertical concentration profiles. Depending 
on the elevation of the reservoir outlet, the temporal regime of the downstream 
particle load can actively be modified or even controlled. 

(iv) Natural particle input is the primary factor causing variation in PMC between two 
coupled reservoirs. Enhancing PS activities increases PMC of the formerly clearer 
reservoir and decreases that of the more turbid reservoir.  

(v) The model approach used in this study can be applied in the planning phase to alter or 
mitigate the temporal particle load or the thermal regime. If the goal is to reduce the 
particles in the already affected downstream river, the PS water exchange should be 
confined to the deep (stratified) reservoir waters and the outflow can be skimmed 
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from the clearer (low-particle) and warmer surface water. The design of the reservoirs 
and the PS scheme allows thus to reduce undesired modifications of the downstream 
flow regime. 
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Abstract 
 
 We investigated the particle properties (size, shape and number) and turbidity 
in water on both sides of a hydroelectric power plant, in order to evaluate potential 
modifications of the particles due to the high turbulent shearing caused during 
hydraulic machine passages. In our case study, the water showed high turbidity as it 
originates from two reservoirs located in a high-elevation and strongly glaciated 
catchment in the Central Alps of Switzerland. The particle size, number, and shape as 
well as the turbidity were measured during different campaigns coinciding with both 
power production and pump-storage operation modes. 
 Systematic modifications of the measured particle properties are not observed. 
Computer-controlled scanning electron microscopy in combination with image 
analyses techniques performed on samples collected before and after the water passed 
the turbines reveal constant particle size and numbers suggesting that neither breakage 
nor formation of particle aggregates were altering the particles-size distributions. 
Turbidity measurements performed over a longer time interval on a large number of 
samples were subjected to statistical tests and the results indicate that also turbidity 
remained constant. 
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1. Introduction 
 
 Suspended particles control important physical and chemical properties of river 
and lake waters, such as transparency, sedimentation, adsorption and transport of 
nutrients and pollutants [Walling and Moorehead, 1989; Gurnell, 1995; Müller et al. 
2006]. Recent investigations have documented the presence of aggregates of individual 
particles in suspended loads in rivers, especially in glacial melt waters. Such 
aggregates are often one order of magnitude larger than the original particles [Droppo 
and Ongley, 1992; Thomas et al., 1999; Woodward and Walling 1992; Walling and 
Woodward, 2000].  
 It is assumed that aggregates form in the rivers and retain their structure during 
the transport [Walling and Woodward, 2000]. Further flocculation and breaking-up 
processes occur in lakes and reservoirs within the water column due to physical 
(settling and transport), chemical (ion-dipole attraction) and biological processes 
(swarming motility) [Petticrew, 1996; Droppo et al., 1998]. The size of suspended 
particles plays an important role in determining the transport, the sedimentation as well 
as the adsorption of nutrients and contaminants [Nicholas and Walling, 1996]. 
Coagulation (and floc formation) of particles is an important process for particle 
removal in natural [Weilenmann et al., 1989] and engineered waters [Bratby, 2006]. 
Organic matter and high Ca2+ , and to a lesser extent also Na+ concentrations favor floc 
formation [Droppo et al., 1998, Domack et al., 1994]. However, as organic matter is 
generally rare in glacial environments [Chanudet and Filella, 2007], and also the ionic 
strength is rather low, floc formation in glacial waters is unlikely. 
 As a consequence of the aggregation and breaking-up processes caused 
especially by machine-induced high shear forces, the size and shape of particles might 
change during the hydropower plant passages. In particular pumped-storage cycles, 
during which the same particles pass numerous times through the turbines, may modify 
particle properties in the water and specifically their surface with potential 
consequences on the ecology of downstream areas.  

Proglacial rivers and lake systems are characterized by high particle 
concentrations, caused by glacial abrasion of bedrock in the catchment ('glacial milk'). 
Glacial melt waters in both rivers [Bogen, 1989] and lakes [Bezinge, 1987; Bonalumi et 
al., 2011] were thoroughly investigated for their particle characteristics, and potential 
implications for sedimentation behavior. 
 Suspended particles are of high importance in reservoirs located in glaciated 
catchments, due to (i) the sedimentation-related reduction of reservoir volume, (ii) the 
potential clogging of withdrawal inlets and (iii) the high particle flux into downstream 
regions [Bonalumi et al., 2012]. On the one hand, high turbulent shear occurring during 
water flow through hydraulic machines can either bring individual particles into close 
contact and thereby favoring aggregation [Shrestha, 1996] or can break-up existing 
aggregates or larger particles into smaller entities [Gregory, 2006]. These processes 
would modify the shape of the particles, which differs substantially between single 
particles and aggregates. In addition, also the mineralogy of the particles may influence 
their aggregation behavior that depends on the surface properties of the particles 
[Boller and Blaser, 1998]. On the other hand, several studies suggest that particles 
smaller than 1-2 μm are not fractured [Kendall, 1978] by turbulent shear forces and 
preliminary experiments in the study area indicate that the hydropower operation 
machines do not alter the particles substantially [Blaser and Bühler, 2001]. Although 
several investigations concerning aggregation/breaking-up processes were performed 
with different particle concentrations and shear stress applied to the particles, no 



 47

studies were performed to date on water containing exclusively inorganic particles in a 
power plant, where turbulent shear stress is extremely high [Iliescu et al., 2008]. An 
improved understanding of the characteristics of particles and their possible 
modifications during the passage through turbines and pumps in hydropower plants is 
important for predicting possible effects on the particle behavior in the rivers, and in 
the case of pumped-storage operations, also in the reservoirs. 
 This study aims to investigate if the passage through the hydraulic machine 
modifies the particle properties. Firstly we assessed the particle sizes and size 
distributions using different instruments covering a wide size-range from a few μm to 
several hundreds of μm. In a second phase, we performed time-resolved turbidity 
analyses on both sides of the pressure tunnel. A significant difference of particle size or 
turbidity before and after the water passes the turbines (up- and downstream) would 
imply a significant effect of the shear stress on the particle properties. 
  
2. Study area 
 
 Oberaarsee and Grimselsee are two reservoirs located in the Central Alps of 
Switzerland in a glaciated catchment (Figure 1). The catchments, located in the Aar 
Massif, consist mainly of the Grimsel granodiorite and the Central Alpine granite. 
Variscan basement gneisses of granitic composition, containing up to 5 wt. % of calcite 
is additionally present in the region of Oberaarsee [Oberhänsli and Schenker, 1988; 
Hosein et al., 2004]. In the partially glaciated and thus highly erosive environment, the 
enormous particle inflow into the reservoirs is generally above 50 mg L-1 [Finger et al., 
2006; Bonalumi et al., 2011] resulting in a high turbidity of ~60 to 70 nephelometric 
turbidity units (NTU). Anselmetti et al. [2007] reported high sedimentation rates in the 
reservoirs, which retain on average 232 kt yr-1 of the total input of 271 kt yr-1. 
 
 Table 1. Characteristics of the combined pumped-storage power plant “Grimsel 2” 
 
 Power production 

operations (PP) 
Pumped-storage 
operations (PS) 

Type 4 Francis turbines 4 Francis pumps 
Power produced by PP operation 340 MW  
Power used by PS operation  363 MW 
Maximum water flow  93 m3 s-1 80 m3 s-1 
Approx. pressure on Oberaarsee side 50 bar 50 bar 
Approx. pressure on Grimselsee side 18 bar 18 bar 
Annual turbinated water(1) 599 Mio m3 yr-1  
Annual pumped water(1)  576 Mio m3 yr-1 
Hydraulic head between intakes /    
outlets of the two reservoirs ± 391 m ± 391 m 
 (1) Data from 2009 (provided by KWO). 
 
 Since 1980, the two reservoirs are connected through the hydropower plant 
“Grimsel 2” (Figure 1), which pumps and turbinates water up to 6-7 and 9-10 times the 
volume content of the lower (Grimselsee, max. volume: 101 Mio m3) and upper 
(Oberaarsee, max. volume 65 Mio m3) reservoirs, respectively. Bonalumi et al. [2011] 
showed that this water cycling modified (i) the particle concentrations, which were 
originally higher in Grimselsee and lower in Oberaarsee and (ii) the sedimentation 
rates of the two reservoirs. 
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 The power plant “Grimsel 2” consists of four Francis turbines, which can be 
rapidly switched from power-production mode (PP) to pumped-storage (PS) mode. The 
water intakes and outlets are located deep in the Eastern part of both reservoirs (Figure 
1). The water flow in the pressure tunnel can reach 93 m3 s-1 during PP operations and 
80 m3 s-1 during PS operations with capacities and performances of 363 MW and 348 
MW, respectively. In general, however, the four hydraulic machines are not used 
simultaneously. The characteristics of the power plant are summarized in Table 1.  
 

 
 
Figure 1. Study area in the Central Alps, Switzerland. The white circle indicates the sampling location 
at the Hydropower plant “Grimsel 2”. 
 
3. Sampling and analytical methods 
 
 Five sampling campaigns were undertaken in different seasons during both PP 
and PS operation modes. Samples were taken at two locations of the pressure tunnel, 
situated upstream and downstream of the turbines / pumps, respectively (Figure 2). The 
pressure-tunnel tap on the Oberaarsee (upper) side is located at a distance between 50 
and 100 m from the four turbines/pumps of the power plant. The sampling tap is at the 
end of a ~5 m long secondary pressure tunnel. The pressure-tunnel tap on the 
Grimselsee (lower) side is located about 100 m away from the nearest hydraulic 
machine directly on the main pressure tunnel. Before sampling, the taps were opened 
for a few minutes and the water discarded, in order to avoid contamination from 
corrosion products in the pipes and from particles formerly deposited in the pipes. The 
water was collected in 250 mL plastic bottles. 
 Different instruments were used to measure turbidity and particle size (Table 
2a), in order to cover the wide range of particle sizes (Table 2b). We used an optical 
particle counter (Syringe®, Markus Klotz GmbH, Germany) to quantitatively 
determine the particle-size distributions. In this instrument, the water passes through a 
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Table 2. List of instruments (a) and the size ranges (b) applied during the different sampling campaigns 
 
a 
Sampling campaign Instrument used 
March 2009 HACH Turbidimeter (2100 AN) 

April 2009 Malver Mastersizer 2000, Klotz Syringe, HACH 
Turbidimeter 

July 2009 ESEM (1), Klotz Syringe, HACH Turbidimeter 
October 2009 Klotz Syringe 
April 2010 HACH Turbidimeter (2) 
August 2010 HACH Turbidimeter (2) 
(1) Including particle-shape measurements 
(2) Measurements performed along a 2 hours interval 
 
b 
Instrument size range 
HACH Turbidimeter No size information 
Malver Mastersizer 
2000 

0.5 - 3000 µm 

Klotz Syringe 1 - 32 µm 
ESEM 0.5 - 20 µm  
 
tube illuminated with a laser beam (655 nm) and the sizing of individual particles is 
derived from the attenuation of the laser light caused by the light absorbance 
(extinction) and scattering of the particles. Samples were diluted 100- to 1000-times 
for the measurements to avoid saturation of the detector. Furthermore, the size 
distribution of the particles was measured using laser diffraction (Mastersizer 2000, 
Malvern Instruments Ltd, UK). For these measurements, samples were degassed before 
the analysis using an ultrasound device in order to prevent the formation of air bubbles 
that would interfere with the measurements. In that instrument, the scattered light of a 
laser beam is recorded at a fixed angle, which can be used to derive a size distribution 
[McCave et al., 1986; Etzler and Deanne, 1997]. The turbidity, reported as formazin 
turbidity units (FTU), was measured with a laboratory turbidimeter (2100AN, HACH, 
USA) analyzing the scattered light from the particles contained in the sample by a 90-  
degree scatter detector [Naismith, 2005]. The turbidity measurements were done 
immediately after sampling, to avoid changes of the size distribution caused by the 
sedimentation of larger particles.  
 

 
 
Figure 2. Sampling taps scheme showing the four Francis turbines/pumps (T/P) of the combined 
pumped-storage power plant Grimsel 2 and the location of the sampling taps up- and downstream of the 
hydraulic machines. 



 50

 Alternatively, computer-controlled scanning electron microscopy (CCSEM) 
was applied to derive a quantitative particle-size distribution. This method has 
successfully been applied in the field of aerosol science [Xhoffer et al., 1992; Katrinak 
et al., 1995; Conner et al., 2001; Lorenzo et al., 2006]. Under certain circumstances, 
even the morphology of the particles can be used for source identification [Kaegi, 
2004]. Peng and Effler [2007] and Peng et al. [2007] used CCSEM analysis to model 
the turbidity in drinking-water reservoirs and other studies derived particle-size 
characteristics in glacial meltwater [Woodward and Walling, 1992; Woodward et al., 
2002]. In this study, CCSEM was used to derive a quantitative particle-size distribution 
considering particles between 500 nm and 10 µm. For that purpose, 1 mL of water 
(diluted in 20 mL DDI water) was filtered on nuclepore track-etched membrane filters 
(Whatman Ltd, UK) with pore size of 0.4 μm and analyzed with an environmental 
scanning electron microscope (ESEM XL30, FEG source, FEI). The applied dilution 
resulted in a filter coverage of a few percent, which is optimal for CCSEM analysis. 
The backscattered electron (BSE) signal was used for image formation in the ESEM. 
As the signal intensity of the BSE scales nearly linearly with the atomic weight, 
inorganic particles – mainly silicates – can easily be distinguished from the 
polycarbonate filter background (Carbon and Oxygen). Particles are identified after 
transforming the grayscale images into binary black and white images. Morphometric 
parameters of all particles are derived automatically from these images. Five filters for 
each sampling point up- and downstream were prepared for CCSEM analyses. Total 
particle number varied up to 50 % between the different filters. 
 
4. Results 
 
4.1. Optical particle counter measurements (Syringe) 
 Based on the measurements performed with the optical particle counter, a 
quantitative number-size distribution with a resolution of 1 μm ranging between 1 and 
32 μm can be derived. Particle numbers were always highest in the lowest size 
intervals. The size distribution follows a power law with a slope between -2 and -3 in a 
log-log scheme (Figure 3), consistent with other particle measurements in surface 
waters [Gregory, 2006].  
 Particle-number concentrations obtained during the campaign conducted in 
April 2009 were about 1.5 times higher during PS operations than during PP operations 
~8 hours earlier (Figure 3a). This is consistent with results from Bonalumi et al. [2011], 
indicating generally lower turbidity in Oberaarsee compared to Grimselsee. The 
particle content in the water has therefore changed during these 8 h, indicating that the 
water turbinated into Grimselsee has been dispersed into the reservoir so that the 
pumped water is different compared to the formerly turbinated water.  
 During PP mode, the particle-number concentration seemed to be very similar 
on both sides. The overall slopes of ~-3 of the regression line and the increasing slope 
from the smaller to the larger particles are similar for all measurements (Figure 3a).  
 Another sampling campaign was undertaken in July 2009, when the reservoirs 
were more turbid after snow melt-related particle input to the reservoirs. Samples were 
taken from the pressure tunnels only during PP. Results are very similar to the results 
from the April 2009 campaign. However, the slope of the regression line was lower in 
July 2009, i.e. between -2.5 and -3 in the log-log diagram (Figure 3b). 
 Analyses of samples from October 2009 (Figure 3c) were diluted 10-times 
more than those of April 2009. In comparison with the samples from July 2009, the 
particle concentrations were lower and the size distribution shows a constant slope (~-
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2), which is different to the other sampling campaigns, where the slope becomes 
steeper with increasing particle size (Figures 3a and 3b). 
 
4.2. Laser diffraction measurements (Mastersizer 2000) 
 The results of the analyses performed with the Mastersizer 2000 are in good 
agreement with those obtained using the optical particle counter. The sampling in April 
2009 showed particles with larger diameter on the side of Oberaarsee during PP 
operations - the median average diameter shifted slightly from 3.1 to 3.3 μm from 
upstream to downstream during turbine activity. During PS operation, the median 
average diameter remained between 4.0 and 4.1 μm (Figure 4). 
 The results from the optical particle counter indicated a slightly higher particle 
concentration in the water during PS operations (Figure 3a). In addition to that, the 
results from the laser diffraction analysis suggest that the average particle diameter in 
the water used for PS is slightly larger than in the water used for PP. This indicates that 
the water used for PP has a lower particle content with a smaller average particle 
diameter compared to the water that is used during the next cycle for PS.  
 
4.3. Electron microscopy measurements (CCSEM) 
 Size analysis of the particles - The CCSEM measurements focused on the 
sampling campaigns of July 2009, which was performed during PP at daylight hours, 
as sampling during PS at night was impossible. The particles of the samples collected 
upstream of the turbines were well distributed on the filter, as shown in Figures 5a and 
b. The different intensities (grey scales) of the particles on the BSE images reflect their 
slightly different average atomic weights caused by the different elemental 
composition. No traces of organic compounds were observed on the filters (Figures 5a 
and b) typical for the high alpine, glacial environment. The particle-size distribution 
derived from the BSE images (Figure 6a) varied only slightly from sample to sample 
(Figure 6a), i.e. the slopes varied from -2.7 to -2.9 in the log-log diagram in agreement 
with the results obtained from the optical particle counter (section 4.1). Downstream 
water samples show generally a lower particle content than those taken upstream, as 
observed also with the optical particle counter (Figures 3a). This may be due to the 
different characteristics of the taps. The upstream tap is connected by a 5 m tube to the 
pressure tunnel, unlike the downstream tap, which is directly opened from the main 
tunnel. Particles deposited in the 5 m long tube (Oberaarsee side) may have been 
resuspend during sample collection which would have affected our results. 
 Shape analysis of the particles – To quantify the shape of the particles, we 
calculated the non-dimensional shape number (eq. 1) of all particles detected by 
CCSEM: 
  

A
Pnumbershape

2

4
1
π

=        (1)  

 
where P (m) is the perimeter and A (m2) the cross-sectional area of the particle. This 
value is normalized so that a shape number of 1 represents a circle. The shape number 
increases with increasing complexity and deviation of the particle shape from a circle 
[Anselmetti et al., 1998].  
 The shape number of the particles sampled in July 2009 generally increases 
with increasing particle size (Figure 6b) from values between 1.9 and 2.6 for particles 
between 0.5 and 0.8 μm, up to 3.0 for particles between 1.0 and 1.5 μm, and even to  
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Figure 3. Particle size distributions derived from measurements performed with the Klotz Syringe 
(optical particle counter). (a) Samples collected in April 2009 during PP operations (black lines) and PS 
operations (red lines). (b) Samples collected in July 2009 during PP operations. (c) Samples collected in 
October 2009 during PP operations.  
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Figure 4. Particle-size distribution (volume-based) estimated by Malvern Mastersizer 2000 for samples 
collected in April 2009 during PP operations (black line) and PS operations (red line). 
 

 
Figure 5. ESEM image of particles on the filter collected upstream (a) and downstream (b) of the 
turbines in July 2009 during PP operations. Particles are represented by the bright areas. Small black 
dots represent the pores of the filter. The field of view corresponds to 59 x 46 μm. 
 
higher values for largest particles (Figure 6b). The particle-shape is very similar for the 
particles in the upstream and in the downstream samples (Figure 6b). 
 
4.4. Time-resolved turbidity measurements 
 Turbidity measurements were performed in every sampling campaign, except 
in October 2009. For that particular sampling, turbidity measurements were performed 
only on one side of the turbines, while in 2010, two sampling campaigns were 
conducted during which the turbidity was measured at a high temporal resolution on 
both sides of the turbines for at least one hour in both upstream and downstream taps. 
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 Results revealed important temporal fluctuation in turbidity. The high temporal 
resolution (one measurement every minute) of the turbidity measurements allowed us 
to measure the same water volume before and after passing through the turbines and 
thus to test whether there is a statistically significant change in turbidity caused by 
turbine or pump passage, which may be explained by a change in the particle-size 
distribution.  
 

 
 
Figure 6. (a) Particle-size distribution obtained with CCSEM image analyses of samples (4 samples 
analyzed on each side - Oberaarsee and Grimselsee side - of the hydraulic machine) collected in July 
2009 during PP operations.  
(b) Shape of particles of the same samples obtained with image analyses with CCSEM.  
 
 The results from the measurements of the samples collected in 2009 agreed 
well with those performed with the other instruments (Figure 7), indicating a higher 
turbidity on the side to Oberaarsee (Table 3). The campaign undertaken in April 2010 
was conducted during PP mode, while that of August 2010 during PS operations. The 
turbidity values were 2 - 2.5 times higher in August compared to April, when the 
reservoirs are usually still ice-covered [Bonalumi et al., 2011]. In April 2010 the 
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average upstream and downstream turbidities were 72 FTU and 71 FTU, respectively 
(Figure 8a). Turbidity varied between 68 and 74 FTU, except for five samples 
collected upstream, which were up to 10 FTU higher. The average upstream turbidity 
without these outliers is 71 FTU, and thus identical to the average downstream value. 
 In August 2010 the values varied between 189 and 216 FTU with a clearly 
decreasing and eventually increasing trend in the 2 hours measurement period (Figure 
8b). The average turbidity of the samples collected on the Grimselsee side pre-pump 
passage was 201 FTU, while that of the samples collected after pump passage was 202 
FTU. 
 
Table 3. Results of turbidity measurements in the sampling campaigns performed in 2009. 
 
Sampling campaign Operation mode Turbidity (FTU)  
  
    Upper side 

(Oberaarsee) 
Lower side 
(Grimselsee) 

PP operations 101 ± 5 97 ± 5 March 2009 
PS operations 99 ± 5 96 ± 5 
PP operations 134 ± 5 130 ± 5 

April 2009 
PS operations 178 ± 5 191 ± 5 

July 2009  PP operations 201 ± 5 199 ± 5 
 

 
 
Figure 7. Relation between turbidity (FTU) and particle-number concentration calculated from the Klotz 
Syringe measurement (only in the interval between 1 and 32 μm), based on the April 2009 dataset.  
 
5. Discussion 
 
 The results derived from the different analytical methods are in good agreement 
and indicate both a larger average particle size and a higher particle-number 
concentration on the side to Oberaarsee (upstream during PP and downstream during 
PS operations).  
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 Particle-mass concentration (PMC) calculated based on the results obtained 
from the Mastersizer 2000 and from the turbidity measurements are in good agreement 
and comparable to results derived from filtration experiments in the reservoirs 
[Bonalumi et al., 2011], but are considerably higher compared to the PMC derived 
from the Syringe® and the CCSEM data (Table 4). CCSEM and the Syringe particle 
counter did not detect particles larger than 10 and 20 μm (Table 2b), respectively, 
which is the size range affecting sensitively the PMC. In order to derive the mass 
concentration based on these data, we modelled the particle-size distribution with a 
power-law function, which can typically approximate natural particle-size distributions 
in freshwater [Gregory, 2006]. However, as can be seen from Figures 3 and 6, the 
particle number distribution does not follow a power law function but considerably 
flattens towards smaller particles, which may indicate a loss of larger particles, 
possibly during sample handling and/or storage.  
 

 
 
Figure 8. (a) Results from turbidity measurements for ~2 h in April 2010 during PP operation mode. 
Gray squares represent outliers. (b) Results from turbidity measurements for ~2 h in August 2010 in PS 
operation mode.  
 

We tried to account for this artifact by including only particles < 4 µm (Syringe 
measurements) for the power law fit. However, even then, PMC were still up to a 
factor 5 lower compared to the PMC derived from the Mastersizer 200 and the 
turbidity measurements. The reason for these discrepancies, which are even larger in 
case of the CCSEM results, are not fully understood, yet, but most probably include 
artifacts introduced by the immense dilution of the raw lake water and, especially for 
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the CCSEM analyses, large spatial heterogeneities on the filter. The shape number 
derived from CCSEM measurements (available for one campaign) varies slightly from 
up- to downstream (Figure 6b). The increasing shape number with increasing particle 
size may be explained by the formation of particles with more complexity (aggregates). 
However, it is also possible, that the shape numbers of smaller particles tends to be 
smaller caused by the limited amount of pixels available for a certain image resolution. 
Moreover, no traces of aggregation or coagulation were observed in the BSE images 
(Figure 5b), implying absence of composite particles or a loss of those during sampling. 
In addition, also organic compounds are absent, consistent with the observations of 
Chanudet and Filella [2007]. 
  
Table 4. Particle mass concentration (PMC) derived from the measurements performed with different 
instruments. 
 
   PMC (mg L-1) 

Instrument used Sampling 
campaign 

Operation 
mode 

Upper side 
(Oberaarsee) 

Lower side 
(Grimselsee) 

PP 48.5 45.8 
March 2009 

PS 47.1 45.1 
PP 115.7 111.9 

April 2009 
PS 157.5 169.8 

July 2009 PP 263.1 260.7 
July 2010 PP 29.2 27.6 

HACH Turbidimeter (1) 

August 2010 PS 202.8 201.4 
PP 130.0 115.0 

Malvern Mastersizer 2000 (2) April 2009  
PS 191.0 196.0 
PP 22.5(4)  11.3(4) 

April 2009 
PS 181.5(4)  167.9(4)   

July 2009 PP 75.1(4)  171.5(4)  
Klotz Syringe (3) 

October 2009 PP 100.7(4)  76.8(4) 
PP (sample 1) 27.6 26.9 
PP (sample 2) 16.2 58.5 
PP (sample 3) 34.0 67.8 

ESEM (3) July 2009 

PP (sample 4) 15.9 24.9 
(1) PMC is derived from FTU (mg L-1) regression line [Bonalumi et al., 2011.] 
(2) PMC is derived from median diameter (μm) (mg L-1) regression line [Bonalumi et al., 2011] 
(3) PMC is calculated assuming that particles are spherical and the density is 2650 kg m-3 [Anselmetti et 
al., 2007] and that they follow power-law distribution [Gregory, 2006] 
(4) PMC considering only the trend line obtained with the particles smaller than 4 μm. 

 
 The temporal offset between sampling of the two taps leads to the collection of 
different water parcels, which likely display different particle properties in terms of 
particle size and particle concentration. This can potentially result in misleading 
interpretations, if measurements are not performed simultaneously at both sides of the 
turbines / pumps. 
 The different design of the sampling tap may explain the occasionally larger 
particle sizes observed on the Oberaarsee side. The longer and bent tube may contain 
older deposited particles that become remobilized when the tap is opened. Although 
the initial waters were discarded, a contamination resulting from the resuspension of 
previously deposited particles cannot be excluded. 
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 The slope in the log-log graph derived from the particle counter increases with 
increasing particle size, which might indicate as an apparent loss of larger particles 
during the measurements. Alternatively, the formation of aggregates cannot be 
completely ruled out, although CCSEM analyses do not support this hypothesis. 
Furthermore, CCSEM data varied up to 40-50% from sample to sample, which can 
either be explained by particle losses that occurred during the dilution and the sample 
preparation or, more likely, represents a heterogeneous deposition pattern of the 
particles on the filter.  
 The turbidity measurements feature two important advantages, namely high 
temporal resolution in the order of a few minutes and the possibility to analyze the 
samples on-site directly after sample collection. Assuming that the turbidity data are 
subject to a log-normal distribution, we performed the statistical Student t-test for two-
tailed distribution and unequal variance, considering as null-hypothesis that the 
average turbidity upstream and downstream is equal. The sample covariance s2 was 
obtained from the following equation: 
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where n1 and n2 are the number of turbidity data from up- and downstream and sx1 and 
sx2 the standard deviation of the data measured upstream and downstream, respectively. 
The t statistics was calculated as follows: 
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where 1x  and 2x  are the averages of the turbidity up- and downstream. Considering 
the results listed in Table 5, we do not reject the null-hypothesis for the April 2010 
campaign, especially if we exclude the five higher values, which are assumed to be 
caused by a contamination during measurements of the samples. Moreover, we can 
clearly not reject the null-hypothesis for the campaign in August 2010, implying that 
the difference between the two data sets (up- and downstream) is not significant. 
 The Wilcoxon signed-rank statistic W, which assumes that the differences 
between the two data set is zero, was calculated as follows: 
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where xi,1 and xi,2 are the median of the data set, R indicates the rank and I is an 
indicator function. Considering the results listed in Table 5, similar to the Student t-test, 
the null-hypothesis cannot be rejected. Only in the April 2010 dataset, if the five 
measurements deviating from the other ones are included, the difference between up- 
and downstream turbidity is significant. However, as mentioned, these measurements 
suggest a contamination or mobilization of deposited particles that remained in the 
pressure tunnel. 
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Table 5. Results and interpretation of the statistical test applied to the turbidity dataset in 2010. The 
null-hypothesis is that the average turbidity is equal. 
 
Sampling campaign Statistical tests 
  Student t-test Wilcoxon signed rank test 
July 2010  
(without outliers) 

t = 0.070 Null-hypothesis not 
rejected 

p = 0.055 Null-hypothesis not 
rejected 

July 2010  
(with outliers) 

t = 0.005 Null-hypothesis 
rejected 

p = 0.007 Null-hypothesis 
rejected 

August 2010 t = 0.390 Null-hypothesis not 
rejected 

p = 0.359 Null-hypothesis not 
rejected 

 
6. Conclusions 
 
 The particle properties including size, number and shape and turbidity of water 
samples were investigated upstream and downstream of a power plant connecting two 
hydropower reservoirs. Analyses were performed during power production (PP) and 
pumped-storage (PS) operations. Several methods were applied in order to detect 
modifications of the particle properties, namely particle-size distribution and particle 
shape. Furthermore, temporally resolved turbidity measurements were performed 
simultaneously before and after the same water parcels passing the turbines, in order to 
distinguish between turbine-related effects on the particles (e.g. fragmentation, 
aggregation) and temporal variations of the feed water. Although the turbulent shear 
rate is expected to be important when the water is passing the pump or the turbine, the 
results of the analyses performed with different instruments indicate that the particle 
size does not differ significantly after the passage through the hydraulic machines. 
 Even if the investigation is site-specific, the following results are relevant for 
hydropower plant and reservoir management in general: 

(i) The different analytical methods applied and the turbidity measurements in 
the pressure tunnels revealed, that the results obtained by these methods differ 
considerably, most probably caused by artifacts introduced during sample dilution and 
/ or storage. Thus, great care has to be taken if results from the different techniques are 
compared to each other or to data available in the literature.  
 (ii) The observed particles in this study were dominantly individual mineral 
grains that were not fragmented during the passage through the turbines. The low ionic 
strength and the low content of organic matter typically observed in high alpine, glacial 
waters does not favor the formation of weakly-bound aggregates in the feed water. 
However, in another geographical setting with a higher content of organic matter in the 
feed water, weakly-bound aggregates may form and be fragmented during passage 
through the turbines.  
 (iii) The different designs of the sampling taps may affect the measurements, in 
addition to the artifacts introduced by the sample handling and transport. 
Remobilization of previously deposited particles in the sampling pipes probably 
affected our measurements.  

(iv) Because no significant particle-size modifications were detected by our 
measurements, there are no convincing indications that the turbidity and sedimentation 
in the reservoirs are modified due to processes occurring during the passage of the 
particles through the hydraulic machines. 
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4. Modeling of temperature and turbidity in two water basins 
connected by pumped-storage operations (Lago di Poschiavo - Lago 
Bianco) 
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Abstract  
 
 Pumped-storage (PS) systems are used to store electric energy as potential 
energy for release during peak demand. We investigate the impacts of a planned 1000 
MW PS scheme connecting Lago Bianco with Lago di Poschiavo (Switzerland) on 
temperature and particle-mass concentration in both basins. The upper (turbid) basin 
is a reservoir receiving large amounts of fine particles from the partially glaciated 
watershed, while the lower basin is a much clearer natural lake. Stratification, 
temperature and particle concentrations in the two basins were simulated with and 
without PS for four different hydrological conditions and 27 years of meteorological 
forcing using the software CE-QUAL-W2. The simulations showed that the PS 
operations lead to an increase in temperature in both basins during most of the year. 
The increase is most pronounced (up to 4 °C) in the upper hypolimnion of the natural 
lake towards the end of summer stratification and is partially due to frictional losses in 
the penstocks, pumps and turbines. The remainder of the warming is from intense 
coupling to the atmosphere while water resides in the shallower upper reservoir. 
These impacts are most pronounced during warm and dry years, when the upper 
reservoir is strongly heated and the effects are least concealed by floods. The 
exchange of water between the two basins relocates particles from the upper reservoir 
to the lower lake, where they accumulate during summer in the upper hypolimnion 
(10 to 20 mg L-1) but also to some extent decrease light availability in the trophic 
surface layer. 
 
Keywords 
Hydropower, Pumped-storage, Particle-mass concentration, Temperature, 
Stratification 



 68

1. Introduction 
 
 Pumped-storage (PS) operation systems are currently developed in the 
European Alps, with the future goals (i) to meet peak-electricity demand and (ii) to 
store untimely generated electricity. Deane et al. [2010] reviewed existing and 
projected PS plants and listed projects for a total of 7.4 GW installed capacity in 
Europe, 2.1 GW of which in Switzerland. In the meantime, especially since the 
Fukushima Daiichi nuclear accident, these numbers have massively increased. In 
Switzerland alone, projects with a total installed capacity of 4.5 GW are projected or 
under construction [UVEK, 2011], corresponding to an investment of several billion 
USD. While the technical potential for additional PS is also available in the United 
States, the economic boundary conditions are currently less favorable for this 
technology than in Europe [Yang and Jackson, 2010].  
 PS operations connect two water basins (reservoirs and/or lakes) where water 
is pumped from the lower to the upper basin during low-energy demand, and released 
back through turbines for peak-energy production. The exchange of water between the 
two basins located at different altitudes affects their thermal regime and the 
stratification as well as oxygen and nutrient cycling in the water column [Potter et al., 
1982], entrains larval fish and organic compounds [Hauck and Edson, 1976; 
Anderson, 2010], and entrains or removes particles, modifying the turbidity of lakes, 
reservoirs and downstream rivers involved [Miyanaga, 1986; Bonalumi et al., 2011]. 
 Thermal stratification is a typical characteristic of almost all lakes and 
reservoirs in peri-alpine and high-mountain regions [Livingstone et al., 1999; Boehrer 
and Schultze, 2008]. The strength of stratification depends, besides the main 
meteorological boundary conditions [Effler et al., 1986; Wüest and Lorke, 2003], on 
various factors such as the exposure and morphometry (including depth and surface 
area) of the reservoir [Ford and Stefan, 1980], the hydrology that characterizes 
volumes and temperature of the inflows and outflows [Finger et al., 2006], as well as 
the occurrence of turbidity currents [De Cesare and Boillat, 2003; De Cesare et al. 
2006]. Natural variations of those external forces (meteorology, hydrology etc.) are 
responsible for different stratification every year. Furthermore, stratification controls 
reservoir dynamics such as vertical transport of particles, oxygen and nutrients and 
therefore primary production [Martin et al., 1985; Owens and Effler, 1989; Wetzel, 
2001]. 
 Suspended particles are relevant reservoir parameters, as they affect water 
quality, such as turbidity of the surface water, where primary production takes place 
[Hart, 1988; Chung and Gu, 1998; Rellstab et al., 2007]. Moreover, if the particle 
runoff is shifted through time, this can affect primary production and then 
subsequently the food-web in a downstream lake [Chanudet and Filella, 2007; Finger 
et al., 2007]. Particles are transported by the inflows into the lakes and reservoirs, 
where they eventually settle with a velocity that depends on their size and density 
[Cuker et al., 1990; Cuker and Hudson, 1992]. In glaciated catchments, erosion is 
more effective [Hallet et al., 1996] causing higher particle concentrations in 
proglacial than in non-glacial lakes [Koenings et al., 1990; Anselmetti et al., 2007].  
 The main objective of this paper is to investigate the effects of PS operations 
on temperature and particle-mass concentration (PMC) of two basins, Lago Bianco 
and Lago di Poschiavo, located in the Southeastern part in Switzerland (Figure 1), and 
to understand to what extent these effects are modified by variable meteorological and 
hydrological conditions. In contrast to the PS system investigated by Bonalumi et al. 
[2011], where two artificial reservoirs with similar properties were connected and 
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mainly the impacts on the rivers and lakes further downstream were of ecological 
relevance, the PS system considered in the present study would connect a natural lake 
to an artificial reservoir. As a consequence, the ecological impacts are of higher 
importance, as a natural ecosystem is affected and thus much stricter regulations 
apply than in artificial reservoirs. In the present case, the Swiss Federal Act on the 
Protection of Waters (Swiss Legislation #814.20) applies, which states that “if water 
is withdrawn from or discharged into a natural lake, the stratification and flow 
conditions in the lake may not be substantially modified, and no water-level 
fluctuations potentially harmful to the riparian zone may be allowed to occur.” The 
respective ordinance (Swiss Legislation #814.201) further specifies that “living and 
breeding conditions for organisms must not be negatively affected.” Similar 
regulations apply in many other countries where environmental impact assessments 
are required for such large-scale projects. 

Figure 1. Study area showing the upper reservoir (Lago Bianco) and the lower natural lake (Lago di 
Poschiavo), as well as the current three power plant stages (PP; normal font) and the planned pumped-
storage (PS) plant with the two intakes (indicated in italics) to the penstock (dotted line). 
 
 In order to assess the effect of the PS scheme, we simulated the physical 
characteristics of the two basins using a coupled two-dimensional hydrodynamic 
model. During the years 1988 and 2007, sampling campaigns were conducted in the 
two basins and in the different inflows. Combined with existing hydrological records, 
these data were used to calibrate the model. In order to evaluate the relationships and 
feedbacks between natural variability of the external forcing and the impact of the PS 
system, simulations were performed based on 29 years of observed meteorological 
forcing combined with four different hydrology scenarios. These include two dry 
years of different intensity, one average year and one wet year. Moreover, we 
simulated three planned alternative in-/outlet depths in Lago di Poschiavo, which are 
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expected to considerably affect the temperature and PMC pattern. To our knowledge, 
this is the first study where the sensitivity of the impacts of a hydropower scheme on a 
natural lake to external forcing has been investigated in such detail. 
 The paper is organized as follows: after introducing the setting of the case 
study, the research questions are provided in more detail before the modeling 
approach is explained. The results include the effect of PS operations on temperature 
and PMC in the two basins as well as the ecological implications of these changes. 
 
2. Study Area 
 
 The most powerful (1000 MW) of the PS operation schemes in Switzerland is 
planned to be built in the Bernina and Valposchiavo region in the Southeastern part of 
the country. The hydropower plant Camp Martin, operated by Repower, will connect 
two basins, Lago Bianco and Lago di Poschiavo, located near the Bernina Pass and 5 
km South of the town of Poschiavo, respectively, and collect water from two 
intermediate intakes Palü and Cancian (Figure 1). 
 The upper basin, Lago Bianco, is a reservoir created in 1910/11 by damming 
two small natural lakes (original Lago Bianco and Lago della Scala). At the maximum 
surface elevation of 2234 m above sea level (asl), Lago Bianco has a surface area of 
1.43 km2 and a maximum depth of 26 m (Table 1). The planned PS scheme will raise 
the dams by 4 m and the volume from the current 22.4x106  to ~29x106 m3. The lower 
basin, Lago di Poschiavo, is a natural lake located at 962 m asl, with a surface area of 
1.95 km2, a maximum depth of 85 m and a volume of ~111x106 m3. In the following, 
we use the terms “upper reservoir” for Lago Bianco and “lower lake” for Lago di 
Poschiavo. 16 and 5% of the catchments of the upper reservoir and the lower lake are 
covered by glaciers, respectively. The glacial tributary inflow results in high PMCs 
and low water transparency in the upper reservoir, which is the origin of its name 
(“Lago Bianco” translates to “White Lake” in English). In contrast, the lower lake is a 
relatively clear natural lake with regional importance for tourism and fisheries. 
 The seasonal temperature stratification is significantly different in the two 
basins. The lower lake is dimictic with a permanently cold hypolimnion, strong 
summer stratification and usually weak winter stratification topped occasionally by a 
thin ice cover. The upper reservoir, however, is ice-covered during several months in 
winter. The summer stratification in the upper reservoir is weaker and the 
hypolimnion is more exposed to the atmospheric forcing than in the lower lake for 
several reasons: the upper reservoir is shallower, it is exposed to stronger winds, the 
high turbidity reduces the ability of short-wave solar radiation to support the 
formation of a stable stratification, and particle-laden inflows can plunge deep and 
warm-up its hypolimnion. For this reason, summer hypolimnetic temperatures are 
higher in the upper reservoir than in the lower lake despite the elevation difference of 
almost 1300 m and the cold-water (glacial) inflows. 
 Today the water from the upper reservoir is used for hydropower production in 
three stages before being released into the River Poschiavino, the main tributary of the 
lower lake (Figure 2). The daily variation of power production leads to hydro-peaking 
flow in Poschiavino. Moreover, water enters from a secondary valley into Lago Palü 
(1923 m asl), from where it is partially pumped into the upper reservoir. In the future, 
this water will be used through the existing stages, while pumping water from Lago 
Palü into the upper reservoir will be dismantled when the new PS plant is in operation. 
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Figure 2. Schematics of the water flow as today without PS (above) and as planned with PS (below). 
Indicated are the power plants (PP), the pumped-storage plant (PS) and the intake/inflows (short 
arrows). 
 
3. Aims of Present Study 
 
 The new PS scheme will connect the hypolimnia of the two basins and lead to 
a continuous exchange of water between them. As a consequence, differences 
between the two water bodies will be partly evened out. Hypolimnetic temperatures 
are expected to decrease in the lower lake and increase in the upper reservoir during 
winter and vice versa during summer. In addition, temperature in the whole water 
volume will increase to some extent due to the heat production by the frictional losses 
in the penstocks, pumps and turbines. Furthermore, PS operations will reduce the 
water residence time in the upper reservoir. As a consequence, part of the particles 
formerly settling in the upper reservoir will be flushed into the lower lake, where they 
can accumulate during summer near the inlet depth [Schmid et al., 2008], from where 
they can be entrained to the surface layer by turbulent mixing during wind events and 
by seasonal mixing in autumn, affecting surface water clarity and primary production. 
 The present study aims at quantifying these predicted changes, and to evaluate 
their dependence on meteorological and hydrological conditions in order to determine 
worst-case scenarios for the environmental impact assessment. Simulations are 
performed using 29 years (1981-2009) of observed meteorological conditions in 
combination with four different hydrologic years (one average year, one wet year, and 
two dry years), summing up to a total of 116 simulated years covering the full range 
of naturally occurring boundary conditions. Furthermore three different penstock 
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inlet/outlet depths in the lower lake are simulated to estimate the potential for 
mitigation by such technical measures. 
 
4. Methods - Model Description 
 
4.1. Software 
 The software CE-QUAL-W2, which was employed in our study, was 
developed by the U.S. Army Corps of Engineers and can simulate water movements, 
for instance PS operations-driven water exchange between two basins as well as 
determine the temperature conditions and PMCs along a longitudinal and vertical 
direction [Cole and Wells, 2008]. CE-QUAL-W2 assumes lateral homogeneity and is 
well applicable to long and narrow lakes, as well as dammed rivers and reservoirs. 
CE-QUAL-W2 was used in many reservoirs to describe thermal regimes, water 
quality and also particle transport [Cole and Wells, 2008; Kim et al., 2004; Kim and 
Kim, 2006]. 
 The original software was known as LARM (Laterally Averaged Reservoir 
Model) and was developed by Edinger and Buchak [1975]. CE-QUAL-W2 has been 
under continuous development since 1975. Our simulation applies the software 
version 3.6 [Cole and Wells, 2008]. In the following, we describe the geometric data, 
initial and boundary conditions as well as the major model parameters required to run 
the model. 
 The model setup requires geometric data, initial and boundary conditions, 
hydraulic and kinetic parameters and calibration data [Cole and Wells, 2008]. 
Geometric data includes the bathymetric grid, segment orientation, as well as inflow 
and outflow locations (Figure 3). Initial conditions encompass, amongst others, 
beginning and ending time, initial temperature and constituents’ concentrations (in 
our case PMC), and initial surface-water elevation. The model recognizes as boundary 
conditions inflows and outflows (upstream and tributary, which can occur also in an 
internal segment) and surface boundary conditions that are surface heat-exchange, 
solar-radiation absorption, and wind stress. Hydraulic and kinetic parameters include 
diffusion coefficients, the Chézy coefficient, the light extinction coefficient and 
suspended-solids settling rate (Table 1).  
 
4.2. Model Grid  
 The model simulates the water body as a grid of cells consisting of segments 
in longitudinal and vertical direction (Figure 3). The bathymetry of the two basins 
consists of 43 segments in the longitudinal directions, which are the segments 2-16 for 
the upper reservoir, corresponding to 3.0 km length with a resolution of 200 m, and 
the segments 19-42 for the lower lake, corresponding to 2.4 km length with a 
resolution of 100 m (Figure 3). The model requires one additional empty segment 
upstream and downstream as well as at the top and the bottom of each lake. In the 
vertical direction, the maximum depth consists of 27 segments in the upper reservoir 
(depth of 54 m) and 42 segments in the lower lake (depth of 84 m). The total number 
of grid cells is 1055 (223 + 832) but the number of active cells changes during the 
simulation depending on the water level. In the model, the water is thought to be 
transferred directly from one basin to the other. The time in which the water passes 
through the penstock is neglected. For the planned maximum water flows during 
pumping (95 m3 s-1) and turbining (74 m3 s-1), the water residence time in the 
penstock would be about 80 and 100 minutes, respectively. In the PS scenarios  
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Figure 3. Two-dimensional bathymetric grid arrangement for the simulation of the two basins. Our 
results are based on the simulation output in the segments 14 and 34 (bright gray) at the deepest 
locations of the upper reservoir (Lago Bianco) and the lower natural lake (Lago di Poschiavo), 
respectively. The numbers on the left of the grids indicate elevations above sea level. 
 
Table 1. Most important CE-QUAL-W2 model parameters used in this study. 
 
Parameter Value 
Horizontal eddy viscosity 0.1 m2 s-1 
Horizontal eddy diffusivity 0.1 m2 s-1 
Ice albedo (reflection/incident) 0.25 
Pure water extinction coefficient  0.195 m-1 
Mass-specific extinction coefficient of 
suspended particles 

0.095 m-1 mg-1 L 

Suspended solids settling rate  7 a / 0.2 b m d-1 
Wind sheltering coefficient 1 
Shading coefficient 1 
Turbine / pump efficiency 90 % 

a Particles with diameter size > 4 μm. 
b Particles with diameter size < 4 μm. 
 
simulated here, the effective water exchange between the two basins is therefore 
overestimated by ~15%. As a consequence, the impacts of the pumped-storage system 
may be somewhat overestimated. However, previous simulations with average annual 
flow rates for pumping and turbining ranging between 8 and 30 m3 s-1 had shown that 
at the projected average flow rates of ~ 25 m3 s-1 (section 4.3) the simulated 
temperatures and especially PMCs are only weakly sensitive to a further increase in 
the flow rates [Schmid, 2009]. 
 The inflows to the upper reservoir are usually cold and rich in particles and 
thus have a higher density than the lake water. They are therefore expected to plunge 
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into the hypolimnion. In the model they are distributed between 2226 m asl and the 
deepest point of the lake. The inflows to the lower lake are expected to stratify either 
in the surface layer or in the thermocline during most of the year, similar to what has 
been observed and simulated for the inflows of Lake Brienz [Finger et al., 2006]. 
During flood events or during winter, the inflows can also plunge into the 
hypolimnion. In the model, the inflows are distributed to the surface layer from the 
surface down to 946 m asl (top 16 m at full supply). The model would also allow for 
density-dependent inflow levels. However, tests with this feature were not successful 
in reproducing observed temperatures and PMC and therefore inflow depths were 
prescribed. The PS inlet/outtakes are defined by the construction plans. In addition to 
the original location, two alternative locations 10 and 30 m deeper were implemented 
in the lower lake. 
 The efficiency of turbination and pumping was fixed at 90% each. 
Considering the hydraulic head between the two basins (1270 m), the frictional heat 
loss of 10% of the potential energy results in a warming of the water passing through 
the penstocks by ~0.3 °C. This warming is included in the model. However, the 
software does not provide the possibility to add a heat input without a corresponding 
water flow. We therefore introduced an arbitrary water inflow, corresponding to 0.01 
% of the water turbinated/pumped and exhibiting a temperature of 3000 °C. 
 
4.3. Boundary Conditions 
 Hydrologic boundary conditions were obtained from Repower AG and 
ecowert gmbh. They consist of the hydrological data of four years (Table 2) 
representing one average year (1988) with a flood event in fall, one wet year (2001), 
one extremely dry year (2005) and one normal dry year (2007). The data include the 
inflows to the upper reservoir (Figure 4a) and the lower lake (Figure 4b) and the 
outflows of both basins (Tables 2 and 3). Moreover, Repower AG provided PS 
operation scenarios for the four hydrologic years (Table 4, Figure 4c), calculated for 
optimizing the profit based on assumptions for the power market and keeping the 
water levels within the legal limits. During the summer months, operations are further 
restricted by regulations of the maximum lake level variations. From the point of view 
of the environmental impact assessment, these scenarios are worst-case scenarios as 
they only allow for full-scale operations, whereas in reality operations are expected to 
often run at reduced levels. The pumped-storage scenarios feature only relatively 
small differences between the four simulated hydrological years. Furthermore, the 
boundary conditions include two minor hydropower inlets/outflows, that is the 
pumped water from Palü to Bianco (Table 2) and the water inflow of the intakes 
Palü/Cancian (Table 3). The time step for the hydrologic flows is 1 day, except for the 
PS operations and the artificial outflows, which have a time resolution of 1 hour. 
Since the simulations were run for several consecutive years, the original water flows 
had to be modified in order to arrive at the initial lake levels at the end of each 
simulation year. In order to achieve this, the outflows of the two basins were scaled 
such that they were equal to the total inflows. For the wet year 2001, in addition, a 
fraction of the outflow had to be shifted from winter to summer in order to avoid the 
level of the lower lake exceeding the physical limits. 
 The inflow temperatures of the lower lake were calculated as follows [Schmid 
et al., 2008]: first a linear relationship was derived between mean monthly 
temperatures in Poschiavino and in the River Inn at S-chanf based on measurements 
from the years  
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Figure 4. Water inflow to a) the upper reservoir (Lago Bianco) and to b) the lower lake (Lago di 
Poschiavo) for the four hydrological years (with PS). PMC in inflow to c) the upper reservoir and to d) 
the lower lake. e) Assumed temperature in inflow to the upper reservoir, in Palü intake, and measured 
(1981) temperature in River Poschiavino, the main tributary of the lower lake. f) Volumes of the two 
basins compared to annually pumped / turbinated volumes. 
 
 
Table 2. Hydrological characteristics without PS (annual averages) and PMC in the in- and outflows of 
the two basins for four years of different hydrological characteristics. 
 
Quantity (flow, load, PMC) 1988 2001 2005 2007 
Upper reservoir (Lago Bianco) 
Natural inflow (m3 s-1) 0.59 0.87 0.39 0.46 

Pumped water from Lago Palü to Lago Bianco (m3 s-1) 0.16 0.01 0.13 0.02 
Turbinated water from Lago Bianco (m3 s-1) 0.86  1.16 0.58 0.72 
Particle load (inflow) to Lago Bianco (kt a-1) 6.44 10.2 4.47 5.30 
     
Lower lake (Lago di Poschiavo) 
Natural inflow (m3 s-1) a 6.34 9.23 3.54 4.38 

Outflow from Lago di Poschiavo (m3 s-1) 7.22 10.8 4.12 5.23 
Particle load (inflow) to Lago di Poschiavo (kt a-1) 11.0 36.6 2.05 3.71 
Average PMC in Poschiavino (mg L-1) a 55.0 125.9 18.4 26.9 

a Without water turbinated from Lago Bianco. 
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Table 3. Hydrological characteristics with PS (annual averages) and PMC in the in- and outflows of 
the two basins for the four simulated hydrological years. The difference in the inflow to Lago Bianco 
(upper reservoir) between the simulation with and without PS is due to model adjustments. 
 
Quantity (flow, load, concentration) 1988 2001 2005 2007 
Upper reservoir (Lago Bianco) 
Natural inflow (m3 s-1)  0.58 0.86 0.39 0.45 
Turbinated water from Lago Bianco (m3 s-1) 25.8 25.0 26.2 26.3 
Particle load (inflow) to Lago Bianco (kt a-1) 6.41 10.2 4.45 5.27 
     
Lower lake (Lago di Poschiavo) 
Pumped water from Lago di Poschiavo (m3 s-1) 25.2 24.2 25.8 25.8 

Inflow from Palü and Cancian intakes to penstock (m3 s-1) 0.30 0.47 0.18 0.21 
Natural inflow to Lago di Poschiavo (m3 s-1) a 6.04 8.76 3.36 4.16 
Outflow from Lago di Poschiavo (m3 s-1) 6.92 10.1 3.93 4.82 
Particle load (inflow) to Lago di Poschiavo (kt a-1) 10.4 34.6 1.91 3.49 
Average PMC in Poschiavino and Palü/Cancian intakes (mg L-1) 54.5 125.4 18.0 26.6 

a Without water turbinated from Lago Bianco. 
 
Table 4. Impact of pumped-storage on timing and duration of stratification in the lower lake for the 
four different hydrological years (average and standard deviation of the simulation results for the 27 
meteorological years 1982-1996 and 1998-2009). 
 
 1988 2001 2005 2007 
Without pumped-storage 
Onset of summer stratification (day of year) a 107 ± 7 120 ± 30 107 ± 7 102 ± 9 
End of summer stratification (day of year) b 307 ± 7 300 ± 13 312 ± 8 311 ± 6 
Duration of summer stratification (days) 200 ± 10 180 ± 37 205 ± 10 209 ± 12 
Date of complete mixing (day of year) c 333 ± 6 319 ± 4 349 ± 9 345 ± 7 
     
With pumped-storage 
Onset of summer stratification (day of year) a 91 ± 12 98 ± 22 94 ± 12 91 ± 12 
End of summer stratification (day of year) b 299 ± 15 307 ± 15 314 ± 8 317 ± 8 
Duration of summer stratification (days) 208 ± 19 209 ± 27 220 ± 14 226 ± 15 
Date of complete mixing (day of year) c 327 ± 5 318 ± 4 336 ± 6 333 ± 6 

a The onset of summer stratification is defined here as the last day in spring when the temperature 
difference between the second grid cell from the top and the bottom grid cell is smaller than 0.2 °C. 
b The end of summer stratification is defined here as the first day in autumn when the temperature 
difference between the second grid cell from the top the grid cell at 30 m depth is smaller than 0.2 °C. 
c The date of complete mixing is defined here as the first day in autumn when the temperature difference 
between the second grid cell from the top and the bottom grid cell is smaller than 0.2 °C. 
 
 The inflow temperatures of the lower lake were calculated as follows [Schmid 
et al., 2008]: first a linear relationship was derived between mean monthly 
temperatures in Poschiavino and in the River Inn at S-chanf based on measurements 
from the years  
1988/9; this relationship was then applied to calculate the mean temperature of the 
Poschiavino for each day of the year based on temperature measurements by the 
Federal Office for the Environment (FOEN) from the River Inn for the years 1997-
2009. The mean temperature for each day was then finally corrected by 30% of the 
difference of the current air temperature (shifted by four hours to account for the time 
delay of river temperatures compared to air temperatures) to the mean air temperature 
for this day of the year for the same period. This procedure allowed reproducing both 
the seasonal and the daily dynamics of temperatures observed in the River 
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Poschiavino in 1988/9. The resulting temperatures for one simulation year are shown 
in Figure 5. Temperatures of the inflow (Figure 4f) to the upper reservoir and of the 
intakes Palü and Cancian were derived from a sine-curve model [FOEN, 2008]. The 
inflow to the upper reservoir was compared with measurements obtained in the River 
Lonza (Blatten, Switzerland), which is situated in a similar environment, while the 
temperatures of the intakes Palü and Cancian were adjusted based on measurements in 
1988 and 2007. 
 In the absence of direct measurements, PMCs of the inflow of the upper 
reservoir (Figure 4d) were derived from measurements obtained in Oberaarbach [Arn, 
2002], which is located upstream of Oberaarsee in the Central Alps at a similar 
altitude as the upper reservoir and also in a partially glaciated catchment [Bonalumi et 
al., 2011]. The 

 

Figure 5. Examples of temperature and PMC model data (black line) compared to collected field data 
(gray symbols and gray lines): Temperature and PMC in the upper reservoir in summer 1988 (a and b) 
and 2007 (c and d); temperature and PMC in the lower lake in summer 1988 (e and f) and 2007 (g and 
h). The dotted black lines represent particles < 4 μm only. 
  
same PMCs were used for the four hydrological years. These PMCs were successfully 
used to reproduce the seasonal trend of average PMCs in the upper reservoir [Schmid 
et al., 2008]. PMCs in the inflow of the lower lake were obtained with hourly 
resolution from a direct correlation with the inflow discharge (Figure 4e), based on a 
discharge-concentration relationship supplied by the Limnex AG. This relationship 
had been developed based on observations as part of a previous environmental 
assessment. The highest particle input occurs in 2001, followed by 1988 and the dry 
years 2007 and 2005. 
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 Suspended particles were divided in two classes, namely those with a diameter 
smaller and larger than 4 μm. The model assumes that the large particles sink with a 
velocity of 7 m d-1, and the small particles with a velocity of 0.2 m d-1. These 
velocities correspond to particle diameters of 11.5 and 2.0 μm, respectively. In order 
to reproduce the PMCs observed in the basins, it is assumed that the PMC of the 
inflow to the upper reservoir consists to 80% of particles > 4 μm, while in the inflow 
to the lower lake, which contains less glacial particles, PMC consists to 95% of 
particles > 4 μm. Grain size distribution measurements from the upper reservoir 
yielded average fractions of 69% and 92% of particles < 4µm on 31 May and 25 
October 2007, respectively. The model yielded average fractions of 71% and 97% for 
the same dates. 
 Meteorological surface boundary conditions required by the model consist of 
air temperature (Figure 6), wind velocity and direction, humidity, solar radiation and 
cloudiness. These were obtained from three meteorological stations of MeteoSwiss: 
Robbia (7 km North of the lower lake, all parameters for the lower lake), Corvatsch 
(15 km west of the upper reservoir, wind direction and wind speed after 2004 for the 
upper reservoir), and Bernina (near the shore of the upper reservoir, all remaining 
parameters for the upper reservoir). Solar radiation in the upper reservoir was 
calculated from cloudiness using the algorithm implemented in CE-QUAL W2 v3.6. 
The wind velocities at the station Robbia were found to be different from those on the 
lower lake, especially in summer so that additional corrections, with the help of 
measurements on the lake itself performed in 1988, were necessary [Bonalumi and 
Schmid, 2011]. Wind velocities on the upper reservoir were multiplied with a factor 
1.3 to account for the lower time resolution (one measurement a day) of these 
measurements, which would otherwise lead to an underestimation of the energy input 
that is proportional to the third power of the wind speed. However, also with these 
corrections, wind-induced mixing was underestimated in both basins during the 
summer stratification. Therefore, wind speeds were multiplied with additional factors 
for 1.8 in June to August for the lower lake and 1.4 in June and July for the upper 
reservoir. Simulations were run with the meteorological observations of the years 
1981 - 2009. 
 
4.4. Initial Conditions 
 The simulations without PS were initialized on 1 January 1981 and run 
continuously until 31 December 2009. The simulations with PS had to be re-
initialized on 1 January 1997, because the restriction of the number of significant 
digits in the input files would have led to too large truncation errors in the duration of 
the pumped-storage flows for simulations longer than 1000 days. The following initial 
conditions were used for all simulations for 1 January 1981: homogeneous water 
temperatures of 4 °C in the lower lake and 1.3 °C in the upper reservoir, PMCs of 2 
mg L-1 in the lower lake (50% particles < 4 μm) and 10 mg L-1 in the upper reservoir 
(80% particles < 4 μm). The choice of the initial conditions had significant impacts on 
the simulation results only in the first few months of the simulations, but impacts 
were minimal for the following years. The initialization years 1981 and 1997 were 
therefore excluded from the following analysis of the results, resulting in a total of 27 
years of meteorological boundary conditions used for the analysis. 
 
4.5. Model Parameters and Calibration 
 Several default parameters were adjusted during the model calibration in order 
to reproduce the measurements obtained in the basins. The most important and 
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characteristic parameters for our study are listed in Table 1. Vertical profiles of 
temperature and PMC observed in the upper reservoir (1988: 5 profiles, 2007: 7 
profiles) and in the lower lake (1988: 16 profiles, 2007: 6 profiles), as well as 
temperature time series obtained with moored temperature loggers in the lower lake 
were used for calibrating the model. Figure 5 shows a few representative results of the 
calibration. More information on the data and the calibration is provided in reports 
[Schmid et al., 2008; Bonalumi and Schmid, 2011]. 
 With respect to preliminary simulations [Schmid et al., 2008], the horizontal 
eddy viscosity and diffusivity were reduced from 1.0 to 0.1 m2 s-1, while the mass of 
particles < 4 μm in the River Poschiavino was halved from 10 to 5% providing better 
reproduction of the PMCs measured in the lower lake. Predictions of lake mixing 
were improved by correcting wind velocities (section 4.3) and by stratifying the river 
input into the surface layer of the upper reservoir, without considering its density. 
Some differences between the model and the observed data could, however, not be 
eliminated, especially in the surface layer of the basins, where the model tends to 
overestimate the heating in spring and underestimate it in summer. 
 
5. Results and Discussion 
 
5.1. Temperature – Overview 
 The distance between the upper reservoir and the lower lake is only ~15 km 
but the elevation difference of more than 1200 m implies very different 
meteorological conditions. Air temperature is ~5 °C lower at the upper reservoir than 
at the lower lake throughout the year (Figure 6). Moreover, the upper reservoir is 
exposed to stronger winds which drive vertical mixing in the lake. In combination 
with the different shapes and average depths of the basins, these meteorological 
differences result in different seasonal evolution of water temperature and thermal 
stratification. 
 Since the upper reservoir has a smaller volume and, more important, a lower 
mean depth than the lower lake, and because of the higher exposure to strong winds, 
the hypolimnion of the upper reservoir during summer is more strongly influenced by 
variations in meteorological conditions than that of the lower lake. Contrarily, the 
upper reservoir is ice-covered for several months during winter and at that time 
largely decoupled from the atmosphere. 
 PS operations modify temperatures in the basins by three different processes. 
First, due to the exchange of large volumes of water, temperature differences between 
the intake/outlet depths in the two basins are largely removed. Second, the alterations 
of temperatures at the intake depths can affect density stratification, mixing processes 
and therefore vertical temperature profiles in the basins. Third, temperature in both 
basins is increased due to the heat added by frictional losses during turbining and 
pumping. In the model, a turbine/pump efficiency of 90% each is assumed (Table 1; 
Gorban et al., 2001). 
 
5.2. Particle-Mass Concentrations – Overview 
 Because of the high concentrations of suspended particles in the inflows 
(Figure 4c, d), PMCs are much higher in the upper reservoir than in the lower lake. 
Particle-rich inflows tend to stratify near the bottom of the upper reservoir. Without 
PS, the water residence in the reservoir allows PMCs to increase strongly after snow 
melt and to decrease afterwards, due to the inflow of clearer water and the 
sedimentation of particles from the water column. PS operations will connect the two 
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basins and as a consequence decrease water residence time, especially in the smaller 
upper reservoir. This will imply a lower sedimentation in the upper reservoir and an 
inflow of clearer water from the lower lake. Conversely, the lower lake will 
experience massive additional particle inputs from the upper reservoir at the inlet 
depth. Due to turbulent mixing, some of these particles will be entrained into the 
surface layer of the lower lake (Table 5), where they will reduce light penetration and 
thus affect primary production (Table 6). 
 

 

Figure 6. Monthly-averaged minimum, maximum and mean air temperature from the two 
meteorological stations Bernina (near the upper reservoir) and Robbia (near the lower lake) during the 
29 years (1981-2009) used for the simulations in this study. 
 
5.3. Seasonal Development and Impacts of Meteorological Conditions 
 In the following, we evaluate the impacts of PS on temperature and PMC in 
the two basins in the course of the year based on vertical profiles simulated for the 
average hydrological year 1988 and 27 years (1982-1996, and 1998-2009) of 
meteorological forcing (Figures 7 and 9), and use specific years to exemplify the 
impacts of meteorological conditions. It should be noted that differences between the 
simulations with and without PS in the surface layer, especially of the upper reservoir, 
should be interpreted with care, as temperatures and PMCs at the same elevation are 
compared and the surface elevation might be different in the two scenarios. 
 
5.3.1 Early Winter (January) 
 Temperature – In January, the ice-covered upper reservoir (Figure 7a) is 
typically almost completely mixed without PS, exhibiting temperatures around 1°C, 
as exemplified by the year 1996. The lower lake (Figure 7e) is inversely stratified, 
with hypolimnetic temperatures near the temperature of maximum density of 4 °C. 
With PS, the hypolimnion of the upper reservoir is flushed with water from the lower 
lake and thus warmed to almost 4 °C. The additional heat input delays the simulated 
freezing date of the upper reservoir on average by 40 days from the second half of 
November to the beginning of January. However, for average January conditions and 



 81

Table 5. PMC in the surface layer of the lower lake (average of top 10 m) for four simulated years with 
and without PS operations and percentage difference. The data were obtained by averaging the results 
of 27 meteorological years. 
 
    1988      2001      2005      2007   

  
without  
PS 

with  
PS 

Diff. 
 

 without 
PS 

with  
PS 

Diff.
 

 without 
PS 

with  
PS 

Diff. 
 

 without 
PS 

With  
PS 

Diff. 
 

  (mg L-1) (mg L-1) (%)  (mg L-1) (mg L-1) (%)  (mg L-1) (mg L-1) (%)  (mg L-1) (mg L-1) (%) 
January 2.53 3.81  51  4.26 5.52 30  1.06 2.37 124  1.94 3.07 58% 
February 1.99 2.75  38  3.66 3.96 8  1.03 2.02 96  1.62 2.39 48% 
March 1.96 2.56  31  3.04 3.68 21  1.29 1.49 16  1.31 2.01 53% 
April 1.69 2.20  30  2.61 3.20 23  0.98 1.73 77  1.27 1.65 30% 
May 1.27 1.69  33  2.18 2.55 17  0.89 1.49 67  0.90 1.15 28% 
June 2.84 3.36  18  13.7 23.0 68  1.28 1.35 5  1.46 1.42 -3% 
July 1.83 3.03  66  13.7 18.6 36  1.81 2.37 31  3.08 2.6 -16% 
August 2.72 3.56  31  5.95 7.84 32  1.58 2.26 43  3.32 2.91 -12% 
September 1.71 3.52 106  4.70 4.84 3  1.14 2.42 112  2.49 2.17 -13% 
October 2.27 2.44    7  3.94 4.68 19  0.96 1.44 50  2.22 1.51 -32% 
November 3.54 4.82  36  3.87 4.66 20  1.10 1.88 71  2.15 2.97 38% 
December 2.56 4.87  90  4.84 6.81 41  1.23 3.03 146  2.12 3.77 78% 

 
Table 6. Euphotic depth in the lower lake for four simulated years with and without PS operations and 
percentage difference. The data were calculated from the PMCs in Table 5 from a relationship between 
PMC and light attenuation, and averaged over 27 meteorological years. 
 
    1988      2001      2005      2007   

  
without  
PS 

with  
PS 

Diff. 
 

 without 
PS 

with  
PS 

Diff.
 

 without 
PS 

with  
PS 

Diff. 
 

 without 
PS 

With  
PS 

Diff.
 

  (m) (m) (%)  (m) (m) (%)  (m) (m) (%)  (m) (m) (%) 
January 10.6 8.3 -22  7.7 6.4 -17  15.6 11.0 -30  12.1 9.5 -22 
February 12.0 10.1 -16  8.5 8.1 -5  15.7 11.9 -24  13.2 10.9 -17 
March 12.1 10.5 -13  9.5 8.5 -11  14.5 13.7 -6  14.4 11.9 -17 
April 13.0 11.4 -12  10.4 9.2 -11  16.0 12.8 -20  14.6 13.1 -10 
May 14.6 13.0 -11  11.5 10.5 -8  16.5 13.7 -17  16.4 15.1 -8 
June 9.9 9.0 -10  3.1 1.9 -37  14.5 14.2 -2  13.8 14.0 1 
July 12.5 9.5 -24  3.1 2.4 -24  12.6 11.0 -13  9.5 10.4 10 
August 10.2 8.6 -15  6.1 4.9 -19  13.3 11.2 -16  9.0 9.8 8 
September 12.9 8.7 -32  7.2 7.0 -2  15.2 10.8 -29  10.7 11.5 8 
October 11.2 10.8 -4  8.1 7.2 -11  16.1 13.9 -14  11.3 13.6 20 
November 8.7 7.1 -19  8.2 7.2 -12  15.4 12.3 -20  11.5 9.7 -16 
December 10.5 7.0 -33  7.0 5.5 -22  14.8 9.5 -35  11.6 8.3 -28 

 
a surface temperature of 0 °C, the heat flux out of the reservoir, calculated using the 
method of Livingstone and Imboden [1989], is on the order of 150 W m-2. With an 
average PS water exchange of 25 m3 s-1 and a typical reservoir surface area of 1 km2 
at this time of the year, the temperature difference between the pumped and the 
turbined water would have to be at least 1 °C in order to compensate for this heat flux. 
This is not the case, as the temperatures at the inlet/outlet depths are converging due 
to PS. The reservoir therefore becomes inversely stratified, and ice formation occurs 
also with PS. Consequently, near-surface temperatures in the upper reservoir are 
generally near 0 °C with and without PS, whereas PS increases hypolimnetic 
temperatures by ~3 °C. Conversely, the upper hypolimnion of the lower lake is cooled 
down by the exchange with the water from the upper reservoir, supporting a slightly 
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Figure 7. Simulated temperature profiles at the locations specified in Figure 3 without PS, with PS and 
the difference between the two for the hydrological year 1988 and for 27 years of meteorological data 
(1982 to 2009, except 1997): a) January 1, b) April 1, c) July 1 and d) October 1 for the upper reservoir 
and e) to h) on the same dates for the lower lake. Colored lines: profiles for specific meteorological 
years that are discussed in the text; grey lines: all other meteorological years, indicating the range of 
variation. 
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earlier formation of an inverse stratification. On 1 January, the lower lake is inversely 
stratified in 21 out of 27 years, compared to 16 years without PS. Most of the cooling 
induced by the inflow of cold water from the upper reservoir during winter is, 
however, balanced by the heating due to friction in the pumps and turbines, as shown 
by a comparison of two simulations with and without the heat input due to friction 
(Figure 8a). 
 

 

Figure 8. Temperature profiles based on hydrology and meteorology of 1988 on a) February 1 and b) 
October 1 in the lower lake at the location specified in Figure 3 simulated with (light grey) and without 
(dark grey) the heat input due to the friction in the penstocks and the hydraulic machines. For 
comparison simulated temperature without PS (dotted black). 
 
In some winters, mixing of the upper reservoir is incomplete without PS, with bottom 
temperatures of up to 3 °C, as exemplified by the 1986 profile (wind speed in October 
and November 1985 only 2.8 m s-1 compared to the average for all years of 4.5 m s-1). 
Consequently the PS-induced warming of the hypolimnion is below average in these 
winters. A special case is the year 1994, when a strong wind event on 1 January led to 
mixing of the whole reservoir at 2 °C in the PS scenario and consequently the 
difference to the state without PS was small. However, this was a transient situation, 
and a few days later, the hypolimnion was filled again with 4 °C water from the lower 
lake. 
 Particle-mass concentrations – During winter, simulated PMCs in both basins 
continuously decrease, as particles are settling while the discharge and PMCs of the 
inflows are low (Figure 4). In January, without PS, PMC in the upper reservoir 
(Figure 9a) ranges between 5 and 10 mg L-1. Depending on the stratification particles 
are either vertically homogeneously distributed (1996), or increase with depth (1986 
and 1994). In the lower lake (Figure 9e), PMCs are around 2.5 mg L-1 with little 
vertical variation. With PS, PMCs are almost homogeneously distributed in both lakes, 
with concentrations near 4 mg L-1. 
 
5.3.2 Late Winter (April) 
 Temperature - On 1 April, the upper reservoir (Figure 7b) is still ice-covered 
without PS, but solar radiation penetrating through the ice-cover has warmed the 
water up to 2.5 to 3.0 °C. At the same time, the lower lake (Figure 7f)  is in transition 
between inverse winter stratification and summer stratification. With PS, the model 
predicts usually thawing of the upper reservoir at around this time due to an increase 
in water temperature by ~1 °C compared to the situation without PS. However, it 
should be noted that the ice model has not been calibrated due to lack of data, and 
seems to significantly underpredict ice cover duration in spring. The permanent input 
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Figure 9. Simulated PMC profiles at the locations specified in Figure 3 without PS, with PS and the 
difference between the two for the hydrological year 1988 and for 27 years of meteorological data 
(1982 to 2009, except 1997): a) January 1, b) April 1, c) July 1 and d) October 1 for the upper reservoir 
and e) to h) on the same dates for the lower lake. Black line: year 1988, where the meteorological 
forcing corresponds to the hydrological forcing; colored lines: profiles for specific meteorological 
years that are discussed in the text; grey lines: all other meteorological years, indicating range of 
variation. 
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of heat due to friction has warmed up the hypolimnion of the lower lake by a few 
tenths of a degree compared to the situation without PS, despite the exchange with the 
colder upper reservoir. As a consequence, PS supports an earlier build-up of summer 
stratification in the lower lake, on average by ~15 days for all simulated cases (Table 
4). On 1 April, first signs of summer stratification are simulated in only 2 out of 27 
years without PS (while 5 other years still show winter stratification). With PS, 
summer stratification has started to develop already in 14 out of 27 years. These 
processes are exemplified by the year 1998 when solar radiation in February and 
March was strongest and the simulated ice-cover on Lago Bianco already disappeared 
on 4 April without PS. 
 Particle-mass concentrations – Until 1 April, particle settling has further 
decreased PMCs in both basins (Figure 9b,f) to values of 2.5 to 4.0 mg L-1 in the 
upper reservoir and 1.5 to 2.0 mg L-1 in the lower lake. During winter stratification 
(e.g., 1982), PMC in the lower lake can decrease to 1 mg L-1 in the surface layer, but 
remains above 2 mg L-1 in the hypolimnion. With PS, PMCs are typically decreased 
by 0.5 mg L-1 in the upper reservoir, and increased by 0.5 to 0.8 mg L-1 in the lower 
lake. PMC can be increased by more than 1 mg L-1 in the surface layer in years where 
spring mixing – entraining particles from the hypolimnion – has already occurred with 
PS but not without PS (e.g., 1982). 
 
5.3.3 Early summer (July) 
 Temperature - On 1 July, summer stratification in the lower lake (Figure 7g) is 
fully developed, with surface temperatures of 12 to 16 °C and hypolimnion 
temperatures of 4.0 to 4.5 °C. Stratification in the upper reservoir (Figure 7c) is 
comparably weaker, with surface temperatures between 9 and 12 °C and hypolimnion 
temperatures around 7 °C, but the variability is larger. In summers with weak wind 
forcing during the month of June (1986: 2.0 m s-1, 2008: 2.1 m s-1, compared to an 
average of 4.1 m s-1), stratification is stronger and the hypolimnion remains colder, 
while the opposite is the case in summers with strong winds (2003: average wind in 
May and June 5.2 m s-1, combined with warm air temperatures). PS generally leads to 
an accumulation of heat in the hypolimnia of both basins. In the upper reservoir, the 
temperature of the whole hypolimnion is increased by ~1 °C, except for years when 
the hypolimnion is naturally warm and the cooling by the input of hypolimnetic water 
from the lower lake exceeds the warming due to friction (such as 2003). In the lower 
lake, heat accumulates mainly in a layer between 920 and 940 m asl. In this layer, 
maximum temperature differences range for most summers between 1.5 and 3.0 °C. 
Interestingly, the simulated temperature variability in this depth range is larger 
without than with PS, and consequently the maximum temperature difference is 
mainly determined by the temperature in the scenario without PS. The largest 
difference of 3.6 °C was simulated for the summer 2003 (Figure 7g) when unusually 
warm conditions in combination with strong winds resulted in a large heat input to the 
upper reservoir (Figure 7c) that was transferred by PS to the lower lake. 
In contrast, the lowest temperature difference of 0.8 °C in the lower lake was 
simulated for the year 1984 (Figure 7g), when strong wind in combination with 
relatively weak stratification produced a mixing event in the lower lake on 11/12 June 
that warmed the upper hypolimnion significantly. At the same time, cool weather in 
May and June kept the hypolimnion temperature in the upper reservoir at a low level 
(Figure 7c), and the warming of the lower lake by the water exchange was 
comparably weak. 
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 Particle-mass concentrations – The snowmelt in spring leads to a strong 
increase in PMC in the upper reservoir to values around 40 to 50 mg L-1 in July 
(Figure 9c). In the lower lake (Figure 9g), PMCs are highly dynamic, as the 
distribution of particles introduced by the river depends on currents in the lake and 
thus on wind conditions. Background PMCs are around 3 mg L-1, while peak PMCs 
from recent inflows reach up to 5 or 6 mg L-1 but vary on a daily basis. With PS, 
particles are transferred from the upper reservoir to the lower lake where they 
accumulate near the inlet depth. PMCs in the upper reservoir are reduced to 15 to 25 
mg L-1. In the lower lake, PMCs reach maximum values of 9 to 11 mg L-1 at 930 m 
asl, and increase by a factor of ~3 compared to background conditions. In the surface 
layer, PMCs increase by ~2 mg L-1. Simulated PMCs vary on a daily basis within the 
range depicted by the profiles in Figure 9g. 
 
5.3.4 Autumn (October) 
 Temperature - The accumulation of heat in the upper part of the hypolimnion 
of the lower lake (Figure 7h) continues throughout the stratified period, and its extent 
depends largely on air temperature (R2 for the correlation between average air 
temperature in July to September and maximum temperature difference between the 
two scenarios is 0.45). This is exemplified by the three summers with highest (1991, 
2003, and 2009) and lowest (1984, 1993, and 1996) average air temperature in July to 
September, and has two reasons: first, the heat input from the atmosphere via the 
water in the upper reservoir to the lower lake is higher in warm years, and second, the 
heat input to the upper hypolimnion of the lower lake without PS is lower in warm 
summers with strong stratification and a shallow mixed surface layer. Almost half of 
the total warming in October is due to the heat input from friction in the pumps and 
turbines (Figure 8b). 
In the upper reservoir without PS (Figure 7d), the water column is already mixed in 
some years and still stratified in others on 1 October. The dark yellow profiles in 
Figure 7d show three years (1986, 1987, and 2009) with wind speeds in September 
below 3 m s-1, and average air temperatures above 6.5 °C, when stratification still 
persisted on 1 October. With PS, the upper reservoir is mixed on this date for all years 
considered. 
 Particle-mass concentrations – During the summer, PMC starts to decrease 
again in the upper reservoir, reaching average values of ~20 mg L-1 on 1 October 
(Figure 9d). Depending on the stratification (Figure 7d), the particles are either evenly 
distributed, or PMC in the hypolimnion is in the range of up to 35 mg L-1, while 
surface PMCs range between 10 and 20 mg L-1. In the lower lake (Figure 9h), PMC is 
typically ~2 mg L-1 and slightly elevated (~3 mg L-1) in the metalimnion. With PS, 
PMC in the upper reservoir is reduced by half to 10 mg L-1, and homogeneously 
distributed, as the reservoir is already completely mixed. In the lower lake, particles 
accumulate near and below the inlet depth, and PMCs reach maxima of 8 to 10 mg L-1 
in a 20 m thick layer between 915 and 935 m asl. The transfer of particles from this 
layer to the surface layer is inhibited by stratification. PS therefore increases PMC in 
the surface layer only by 0 to 1 mg L-1. Occasionally PMC in the surface layer is even 
slightly lower than without PS, because the amount of particles introduced by the 
river to the surface layer is reduced by the PS system. The increase of PMC in the 
surface layer is enhanced by strong wind (2001) or cold temperatures (1996) in the 
previous months, which both promote entrainment of particles to the surface layer by 
mixing, and conversely diminished by weak winds (1999) and high air temperatures 
(1991) which reduce vertical entrainment. 
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5.4. Effect of Pumped-Storage Operations for Variable Hydrology 
 The effects of PS operations on lake temperatures depend not only on 
meteorological but also on hydrological conditions. During rainy years, the higher 
inflow from the tributaries contrasts and attenuates the impact of PS operation on the 
lake. Conversely, the largest impacts on water temperatures in the two basins are 
predicted for dry years.  
 The accumulation of heat during summer in the upper hypolimnion of the 
lower lake is highest for the dry years 2005 and 2007 (Figure 10c,d), when maximum 
temperature differences range between 2.5 and 5.5 °C. For the average year 1988 
(Figure 10a), maximum temperature differences are about 0.5 °C lower; for the wet 
year 2001 (Figure 10b), they range between 0.5 and 3.0 °C. For all considered 
hydrologies, the effect of summer air temperatures on the maximum temperature 
difference on 1 October discussed in section 5.3.4 is obvious. Temperature differences 
in the upper reservoir are less sensitive to hydrological conditions (data not shown). 
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Figure 10. Differences in temperature (a to d) and PMC (e to h) between the simulations with and 
without PS at the locations specified in Figure 3 for the four hydrological years 1988 (a and e), 2001 (b 
and f), 2005 (c and g) 2007 (d and h) on 1 October in the lower lake, for meteorological forcing from 
27 different years (1982 to 2009, except 1997). The colored profiles mark special meteorological years 
discussed in the text; the grey profiles indicate the other years to show the full variability of the dataset. 
 
PMC decreases in the upper reservoir due to PS operations for all hydrological 
conditions (Figure 11a,b,c,d). Summer volume-averaged PMC differences tend to be 
similarly high at 30 to 40 mg L-1 in the wet year 2001 and the dry year 2005 and 
lowest at ~10 mg L-1 in the dry year 2007. The low value for 2007 is partly due to 
dilution, as the reservoir level is significantly higher for the scenario without PS than 
for the PS scenario, and the inflowing particles are thus distributed over a larger 
volume. Relatively speaking, the impact is highest for the dry year 2005 where 
summer PMCs are reduced to a third, compared to half in the wet year 2001. 
 The lower lake shows an increase in the whole water column (Figure 
11e,f,g,h), inclusive the surface layer, where low turbidity generally favors primary 



 88

production (Table 5, Figures 8a,b,c,d). The PMC difference is quantitatively higher 
for the wet and the average year (Figures 11a,b), but even more than for the upper 
reservoir, the relative difference is much lower for the wet year 2001. PMCs in the 
lower lake in this year are largely dominated by the direct, highly dynamic and 
inhomogeneous turbid inflows from River Poschiavino, while the additional 
contribution of particles from the upper reservoir is comparatively small. Therefore 
individual concentration profiles can be strongly modified by slight changes in 
stratification and horizontal mixing patterns invoked by the PS operations (Figure 8f). 
Nevertheless, the increase in PMC in the surface layer due to PS is still higher under 
windy and cool conditions, as shown above for the average year 1988 (Figure 9h). 
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Figure 11. Simulated volume-averaged PMC in the two basins (a-d: upper reservoir; e-h: lower lake) 
for the hydrological and meteorological years 1988 (a and e), 2001 (b and f), 2005 (c and g) and 2007 
(d and h), with and without PS operations. 
 
5.5. Effect of Variable Inlet/Outlet Depths 
 With the goal to mitigate the effect of PS operation on lake temperatures, we 
modified the inlet/outlet depth of the penstock in the lower lake. The two alternative 
inlet/outlet depths were simulated at 920 m asl and 900 m asl, respectively, i.e. 10 and 
30 m deeper as the originally planned location (Figure 3). In May and October, the 
lower lake exhibits mostly higher temperatures with PS than without (Figures 12a,b). 
However, depending on the depth of the penstock inlet/outlet, the temperature profile 
changes: the deeper the inlet/outlet is located, the larger is the volume that is 
significantly affected, as the warming affects mainly the volume between the 
inlet/outlet and the thermocline. The simulation based on the original inlet/outlet 
depth shows the highest temperature increase at 930 m asl but only a slight increase in 
the bottom water. The inlet/outlet at 920 m asl distributes the temperature increase to 
the whole water column below the thermocline and this effect is enhanced with the 
inlet/outlet situated at 900 m asl, for which the bottom temperature increases to 8 °C 
in October (Figure 12b). In autumn, the differences between the three simulations are 
most pronounced, except for the surface layer, which is not significantly affected by 
the PS operations (Figure 12b).  
 The PMC distribution is modified by the inlet/outlet depth in a similar way 
(Figures 12c and 12d). In spring, the maximum PMC difference is located at the 
inlet/outlet depth (Figure 12c). Especially with the inlet/outlet at 930 m asl and 920 m 
asl PMC also increases significantly in the surface water. A similar feature is visible  
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in October (Figure 12d), when PMC difference increases with depth following the 
increasing depth of the inlet/outlet. In the photic zone at the surface, both deeper 
alternative inlet/outlet locations would imply a slightly lower PMC. In fact, in 
summer, in comparison to the simulations with the inlet/outlet at 930 m asl, the PS-
driven PMC increase is attenuated on average by 40% (inlet/outlet at 920 m asl) and 
60% (inlet/outlet at 900 m asl), respectively [Bonalumi and Schmid, 2011]. 
 

 

Figure 12. Temperature profiles based on hydrology of 1988 on a) May 1 and b) October 1 in the 
lower lake simulated with the planned inlet/outlet at 930 m height (black line), and the alternative 
altitudes 920 m (gray line) and 900 m (dashed gray); c) and d) PMC profiles for the same dates. For 
comparison simulated temperature and PMC without PS (dotted black). 
 
5.6. Ecological Implications 
 The impacts of the PS operations, described in the previous sections, are 
subject of concern, especially regarding the lower lake. Due to its natural origin, 
management standards and impacts on the lake have to fulfill the legal regulations for 
lakes. The predicted changes in PMC, temperature, and stratification are undoubtedly 
significant compared to the natural variability. Furthermore, the PS operations lead to 
important lake-level variations. The negative impacts of these changes on aquatic 
organisms and the extent to which they can be compensated for by reducing hydro-
peaking in the River Poschiavino need further evaluation in the course of the 
environmental impact assessment. In the following, we shortly discuss the potential 
ecological implications of the changes in PMC, temperature and stratification. 

The heating of the upper reservoir during the winter season will shorten the 
period of ice-cover as well as reduce the ice thickness. Mixing of the upper reservoir 
will occur earlier in spring and fall, when the pumped water from the lower lake is 
warmer and colder than the hypolimnion temperature of the reservoir, respectively. In 
the lower lake, summer stratification is expected to develop about two weeks earlier, 
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while there is no clear trend for the end of summer stratification, defined as the time 
when mixing reaches 30 m depth (Table 4). In summary, prolonged and earlier 
summer stratification is predicted. This is on top of an increase in the duration of 
summer stratification that is expected to occur due to climate warming, and which has 
been predicted to result in an earlier onset of the spring phytoplankton bloom [Peeters 
et al., 2007]. Such shifts in stratification can potentially disrupt interactions between 
different trophic levels and thus lead to significant changes in phytoplankton and/or 
zooplankton composition [Winder and Schindler, 2004]. Complete mixing of the 
lower lake in fall occurs on average about one week earlier, and is supported by 
increased hypolimnion temperatures. PS operations thus promote homogenization and 
oxygen supply to the hypolimnion in winter and could help to avoid a potential shift 
to facultative monomixis of the deep lower lake that may be induced by climate 
warming as has been shown for Lake Zurich [Rempfer et al., 2002]. 
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Figure 13. Simulated average PMC in the surface layer of the lower lake for the hydrological and 
meteorological year 1988 (daily average of simulated values at 0, 4 and 8 m depth). 
 
 PMC increase in the lower lake is due to the connection with the upper 
reservoir. Even if the surface is less affected than the deep-water, PMC in the surface 
layer still increases by ~1 mg L-1 for the average hydrological year 1988 (Table 5, 
Figure 13). Consequently, light penetration into the lake will be reduced, decreasing 
thereby the photic zone and the space for primary production. The average euphotic 
depth (i.e., the depth at which light availability is 1% of that at the lake surface) was 
calculated for each month for all four hydrological scenarios (Table 6) based on a 
relationship between PMC and light absorption derived from measurements 
[Bonalumi and Schmid, 2011]. For most months and hydrological scenarios, a 
decrease of the euphotic depth by 10 to 20% was predicted. The increased turbidity in 
the lake may also negatively affect fish that locate their prey visually, including the 
brown trout (Salmo trutta) and the Arctic char (Salvelinus alpinus), the two important 
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species for recreational fisheries in the lower lake. However, as the simulations for the 
hydrological year 2007 show, if conditions are calm  
and entrainment of particles to the surface layer is reduced, light availability in the  
surface layer can even be increased by PS operations during summer months, as the 
direct riverine input of particles is reduced. 
 The mitigation measures in the lower lake, that is lowering the inlet/outlet 
position, were thought to diminish the temperature and PMC modifications, especially 
in the lower lake. However, as shown above, shifting the inlet/outlet will mainly result 
in a different vertical distribution of PMC and temperature. A deeper inlet/outlet will 
diminish the PMC increase in the surface layer of the lower lake and therefore reduce 
the impact on light availability, primary production and visibility. However, a 
deepening of the penstock will strongly modify the pattern of thermal stratification 
causing temperatures of up to 8 °C in the deep-waters, which is unnatural for lakes in 
the Swiss Alps. The overall changes in the temperature stratification compared to the 
natural state of the lake are thus larger than with a shallower inlet. This trade-off 
between impacts on surface turbidity and deep-water temperatures needs to be 
evaluated in detail for an optimal choice of the inlet depth. 
 
6. Conclusions 
 
 The effects of PS operations on temperature, stratification and turbidity in two 
basins have been investigated by simulating a coupled system where water is 
exchanged between a reservoir (upstream) and a natural lake (downstream) located at 
different altitudes (hydraulic head ~1300 m) and with different characteristics 
regarding depth, volume and turbidity. Simulations were performed with a coupled 
two-dimensional model using the software CE-QUAL-W2. Even though the results 
from this study are site-specific, similar conditions occur and similar processes need 
to be considered also at other PS systems. 
 Particle concentrations in the two basins are mainly affected by the reduction 
of the residence times in the upper reservoir and the large exchange of water masses 
between the turbid upper reservoir and the much clearer lower natural lake. PMC in 
the upper reservoir is reduced by at least a factor of two, while particles accumulate 
during summer in a layer beneath the metalimnion in the lower lake, creating a turbid 
layer at this depth. The density gradient between this layer and the epilimnion 
constrains the transport of particles to the surface layer, but nevertheless PMC also 
increases to some extent in the surface layer. The euphotic depth during summer is 
reduced, affecting negatively primary production and visibility. 
 Temperatures are influenced not only by the exchange of water masses, but 
also by the more intense connection of the deep water to the atmosphere when 
residing in the shallower upper reservoir. During the stratified period, cold deep water 
from the lower lake is brought to the upper reservoir, where it is heated up before 
being transferred back to the lower lake. Heat thus accumulates in the same layer 
below the metalimnion as the particles, where differences to the state without PS 
reach several °C towards the end of summer. In the upper reservoir, PS operations 
cause heating in all seasons, as well as a significant reduction of the ice cover duration. 
 Unavoidable frictional losses in the PS system significantly increase the 
heating of the two basins. Towards the end of summer, when the temperature increase 
near the inlet depth in the lower lake is at its highest, almost 50% of the temperature 
increase in the lower lake is due to the frictional energy dissipation in the penstocks 
and hydraulic machines. This observation underlines the necessity of taking into 
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account the heating by frictional heat losses in the evaluation of the impact of PS 
systems with a high hydraulic head. 
 Furthermore, PS operations are predicted to prolong summer stratification in 
the lower lake by approximately two weeks, mainly by supporting an earlier onset of 
stratification in spring. They may thus amplify trends that are expected to occur due to 
climate warming, and alter the boundary conditions for phytoplankton growth and 
trophic interactions. 
 The proposed mitigation measure of deepening the inlet in the lower lake has 
ambiguous effects: While the impacts on PMC in the surface layer can be successfully 
reduced, a larger part of the water column of the lake is affected by temperature 
increases of several °C towards the end of the stratified period. 
 The complex interactions between meteorological and hydrological forcing 
and the impacts of the PS operations were analyzed by simulating the difference 
between the scenarios with and without the PS system for 27 years of local 
meteorological conditions in combination with four real and distinctly different 
hydrological years. The results show that meteorological conditions, in particular 
atmospheric temperature, can attenuate or intensify the effect of PS operations. In our 
case-study, warm summer temperatures increase the heating effect on the lower lake, 
due to the more efficient heat exchange of the upper reservoir with the atmosphere. 
Hydrology affects both temperature and PMC of both basins. Higher inflows by the 
tributaries in wet years can to some extent conceal the effect of PS operation on the 
lake physical properties. Therefore the highest relative changes in temperature and 
PMC profiles occur in dry years. In summary, the impacts of the PS operations on the 
lower lake are strongest in dry and warm summers, indicating that the impacts of the 
PS system may be enhanced by future climate change, which is expected to increase 
the frequency of warm and dry summers in the Southern Alps [CH2011, 2011]. These 
results highlight the importance of covering the full variability of boundary conditions 
in the environmental impact assessment of PS systems. 
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5. Conclusions 
 

The effect of pumped-storage operations on the temporal and spatial 
distribution of particles as well as on turbulence-driven particle-size changes and on 
sedimentation was investigated in two pumped-storage systems. Although the studied 
systems exhibit different characteristics, the important volume of water exchanged 
may cause similar effects. The following conclusions can be drawn from the two 
reservoir systems: 
 

1. Pumped-storage operations decrease drastically the water and particle 
residence-time of the reservoirs. As a consequence, the reservoir characteristics are 
modified substantially. Clearer and warmer reservoirs become more turbid and cooler 
and vice versa. Furthermore, these effects imply a change in sedimentation rates in the 
reservoirs. 
 

2. Pumped-storage operations modify temperature and particle concentration. 
Subsequently, light attenuation, surface temperature and thermal stratification are 
affected. These parameters modify water column stability, vertical particle 
concentration profiles and the particle settling rate (i.e. sedimentation). 
 

3. Different external parameters can minimize or enhance the effects of 
pumped-storage operations. Particle and water enter through the tributaries into the 
reservoirs, thus a larger water runoff and natural particle input dampens the pumped-
storage-driven particle and temperature modifications. On the contrary, dry 
meteorological conditions, and subsequent low water flow, enhances the pumped-
storage effect. 
 

4. The depths of the inlet/outtake of the penstock affect the outflow of 
particles. Depending on the depth of the outlet, downstream-running particle loads 
can be controlled and modified. 
 

5. In both investigated reservoir systems, the coupled reservoirs of each 
system exhibit a different volume. Rising of the dam – implying an increase of water 
volume – of the smaller reservoir would help to minimize the pumped-storage 
operation effect, as the seasonal regime of the water flow can easier be controlled. A 
possibility would be the management of the reservoir level, depending on the 
reservoir particle load. 
 

In contrast, other aspects vary substantially between the two systems. The 
differences between the water basins of the Lago Bianco project are enhanced. The 
head between the reservoirs is three-times higher than in the Grimsel system, the 
volume differences between the water basins is larger and one basin is a natural lake 
(Lago di Poschiavo). This system is subject to more significant modifications, which 
in the Grimsel reservoirs do not occur or are insignificant:    
 

1. Lago Bianco is shallow and reacts fast and strongly to atmospheric 
conditions, in particular wind and temperature. Cold winters and warm summers 
enhance the temperature modification in Lago di Poschiavo. 
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2. While pumped-storage operations seem not to modify the particle runoff 
downstream of the Grimsel system, as the total sedimentation remains approximately 
the same, this will not be the case downstream of Lago di Poschiavo. The shorter 
residence time of Lago Bianco and the direct connection between the two systems 
will increase the particle runoff to downstream waters. 
 

3. Energy dissipation by turbines/pumps is unavoidable. At the end of summer, 
when the temperature difference - between the scenarios with and without pumped-
storage operations - near the inlet of Lago di Poschiavo is at its highest, temperature 
increase is up to 50% due to frictional heat losses by the hydraulic machines and 
waterways systems. 
 

4. The warmer water flowing into Lago Bianco in winter will, depending on 
the meteorological conditions, shorten or even eliminate the ice-cover in winter. 
 

5. Lago di Poschiavo is a clear dimictic natural lake so that hydropower 
operations have to follow strict legal rules. Moreover, major concerns exist regarding 
primary production taking place in the surface layers. An increase in particle content 
affecting these aspects negatively is unavoidable and can only be partially minimized 
by increasing the depth of the penstock in-/outlet. However, this would cause a 
temperature increase in the depth towards the end of the stratified period. 
 

In conclusion, this thesis contributes important aspects for future planning of 
pumped-storage systems. In fact, both case studies are representative of the pumped-
storage systems of the Alpine region, as both systems are typical for the Alps. In fact, 
all the studied reservoirs feature originally different physical characteristics, are 
located in a partially glaciated catchment and are dimictic, ice-covered in winter 
(Lago di Poschiavo to a less extent) and thermally stratified in summer. Moreover, 
particle input to the reservoirs occurs in spring/summer, while the contribution in fall 
is minimal and negligible in winter. 
 

The application of two different models to data observed in the reservoirs 
looks promising, allowing a concrete simulation of the particle mass-balance and 
temperature pattern. Compared to the measurements in the field, the models can help 
to understand the importance of the single parameters. It is possible to simulate 
different conditions of the atmosphere, variable hydrology and changing pumped-
storage scenarios, without the complexity that field campaigns would require. 
Moreover, the model allows a simulation of a long period of time, covering the worst-
case situations that might occur in a reservoir. However, there is some optimization 
potential regarding future investigations: 
 
 The application of a 2-D modeling is precise for the water basins, which 
feature an elongated shape like those studied. A3-D modeling would however 
improve the understanding of the particle dynamic in the lateral direction. 
 

Calibration of particle concentration (Chapter 2): Even if the variations 
between the different scenarios are accurate, the seasonal calibration from FTU to mg 
l-1 units suffers an error of ±10%. This is due to 1. Imprecise instrument; 2. FTU/mg l-

1 variations from sample to sample. 
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Particle dynamics in reservoirs (Chapter 2 and 4): Sampling of the reservoirs 
is elaborated and needs planning. In most cases, samples were taken from a couple of 
locations and two different depths. Monitoring of the reservoirs in different depths 
and a higher number of locations providing turbidity data in short time intervals, even 
if difficult due to reservoir level changes, would greatly improve the understanding of 
the reservoir internal dynamics, in particular particle transport and settling. 
 

Sedimentation (Appendix A): Sediment traps near the penstock would help to 
investigate more accurately the effect of pumped-storage operations on sedimentation. 
 

Particle-size detection (Chapter 3): Particle-size modifications occurring by 
turbulent shear stress were not registered from our instruments. Particle high-
resolution photography in the penstocks could maybe detect particle aggregation or 
breaking up. 

 
 Calibration of temperature (Chapter 4): CE-QUAL-W2 model tends to 
overestimate the heating in summer and underestimate it in summer. The future 
version of the model has to be improved in this sense. 
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Sedimentation in a reservoir connected through pumped-storage 
operations 

 
 
Summary 
 
 A sediment core from Oberaarsee (Canton Bern, Switzerland) has been 
studied for its grain size and sedimentation rate and compared with cores collected in 
previous studies in Grimselsee. Oberaarsee is a reservoir existing since 1952, while 
pumped-storage operations exchange water with a lower reservoir, Grimselsee, since 
1980. Due to a more important portion of glacier covering its catchment, Grimselsee 
exhibits higher particle runoff from its tributary Unteraarbach and therefore higher 
particle concentration, especially in summer after snow-melt-driven particle inflow. 
This turbid water enters Oberaarsee through pumped-storage operations. The volume 
of the yearly pumped or turbinated water has recently become 10 times larger than the 
volume of Oberaarsee itself. Sedimentation in the water column depends strongly on 
parameters such as particle concentration and particle size, and because of pumped-
storage operation these parameters are thought to have been sensitively changed in the 
last decades. Sediment cores provide an annually layered record of sedimentation 
history since the reservoir has been established. The analyses these layers do not show 
any trend in particle-size variation through time. Moreover, it seems that 
sedimentation rate has not increased since the onset of pumped-storage operations.  
 
1. Introduction 
 
 Reservoirs used for power production are only sustainable as long as their 
water content can provide a maximum volume. A major limitation is given by 
reservoir sedimentation, which reduces storage capacity and which reduces as a 
consequence the life expectancy of a reservoir [Morris and Fan, 1998]. Moreover, 
sediment can cause damage to the hydraulic structures through entrainment into the 
penstocks or through blocking the penstock intakes [Gummer, 2009].  
 In Switzerland, up to 60% of the electric energy derives from hydropower 
[UVEK, 2011]. Reservoir sedimentation is therefore of special concern, especially for 
power production managers. Moreover, the high-Alpine region, where most of the 
country’s reservoirs are located, is subject to an enhanced erosion of the catchment, 
causing high sediment yields that enter eventually into the sinks of the lakes and 
reservoir basins. 
In our study region, the investigated reservoirs Oberaarsee and Grimselsee are located 
in a catchment covered partially by glacier, enhancing this phenomenon [Hallet et al., 
1996]. Both reservoirs, but the lower reservoir Grimselsee in particular, exhibit high 
particle concentrations, which can reach up to 200 mg/L in summer [Bonalumi et al., 
2011]. Furthermore, large amount of sediments are deposited in the former valley-
thalweg- covered today by the reservoirs water [Anselmetti et al., 2007]. This 
sedimentation, consisting of particles of sand to clay size, results in a total thickness 
of up to 12 m at the bottom of Grimselsee [Anselmetti et al., 2007] and occurs as a 
consequence of turbidity currents, especially during flood events. Such events start in 
the tributary and, driven by density differences, reach the power dam after several km 
distance [Schleiss and Oehy, 2002; Bühler et al., 2005]. Another source of sediment is 
provided by slope and delta collapses, which also may cause turbidity currents and 
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which may be partly caused by frequent reservoir water-level changes [Bühler et al., 
2005].  
 
Table 1. - Maximum volume of Oberaarsee and the average yearly volumes of water 
pumped into Oberaarsee from Grimselsee. 
  
      
Oberaarsee maximum volume [106 m3]   65 
Average yearly pumped water 1970-1979 [106 m3] 0 
Average yearly pumped water 1980-1989 [106 m3] 135 
Average yearly pumped water 1990-1999 [106 m3] 257 
Average yearly pumped water 2000-2009 [106 m3] 582 

 
 The studied reservoirs are connected since 1980 through pumped-storage 
operations. These exchange yearly several times the water volume of the water basins; 
moreover, this activity was tripled from the beginning of operations to the last decade 
of the century and again nearly doubled in the last 10 years (Table 1). Due to the fact, 
that particle concentration and size is different in the two reservoirs (the lower 
reservoir has higher particle concentrations than the upper one), also the pumped 
particle content and the particle size are expected to be higher than the natural lake 
water. Moreover, a linear model provided in Bonalumi et al. [2011] assumes that 
sedimentation rate in the water column is sensitively modified through the activity of 
pumped-storage operations, as the settling rate is mostly dependent on particle 
concentration and particle size. However, the lower reservoir is barely modified in its 
annual sedimentation budget through pumped-storage operations (-15%) because it 
exhibits a larger volume, while the reservoir upstream Oberaarsee, according to 
Bonalumi et al. [2011], shows in the model a doubling of the annual sedimentation 
amount using the today’s scenario in comparison with the situation without pumped-
storage operations.  
 Several studies were performed in the sediment of these reservoirs system. 
Investigations were previously done on turbidity currents, which, as mentioned before, 
reach the dam during strong flood events [Schleiss and Oehy, 2002; Bühler et al., 
2005]. Anselmetti et al. [2007] provided information about the amount of sediments 
retained in the reservoirs, evaluating the erosion rate of the catchment, the change in 
flow regime of the river Aare and the modification of the sedimentation pattern in the 
downstream-located Lake Brienz. Moreover, the reduction of the sediment runoff is 
thought to have modified also the inflow of nutrients and as a consequence affect 
primary production and fish ecology [Rosenberg et al., 1997; Finger et al., 2007]. 
 In the contrary to the problems related to the loss of capacity due to 
sedimentation from turbidity currents and landslides as well to their downstream 
impact due to sediment retainment, there is a lack of information concerning 
sedimentation changes due to pump-storage operation activities in the reservoir 
themselves. These changes are expected to modify the life expectancy of the 
reservoirs, i.e. to shorten the formerly less turbid higher reservoir (Oberaarsee) and to 
extend the life of the originally particle-richer lower-one (Grimselsee). 
 Furthermore, it is planned to double the volume of Grimselsee through a 
higher dam, which will alter the actual sedimentation and therefore modify the 
particle dynamics in the system (particle concentration in the reservoirs, particle 
transport downstream or pumped into Oberaarsee). In this context, the particle settling 
in the water column, affected by variations through pumped-storage operations, is of 
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special importance, because it can explain the different particle supplies to the 
downstream river. 
 Sedimentary records are generally used to record the past reservoir sediment 
fluxes. While the analyses of the sediments of the lower reservoirs were obtained by 
Anselmetti et al., 2007, this appendix aims to reconstruct the history of sediment 
accumulation in the upper and smaller reservoir of the “Grimsel 2” pumped-storage 
scheme (Figure 1). This is thought to be stronger affected by pumped-storage 
operations [Bonalumi et al., 2011], and based on analyses of the particle size and the 
sedimentation rate of the sediments, this postulated trend will be validated. The 
required sediment records are provided through sediment coring, which took place in 
a location near the intake/outlet of the penstocks (Figure 1) above the main thalweg 
and therefore are thought to be less influenced by flood-driven turbidity currents. 
Later on, the result obtained will help us to quantify the effect of pumped-storage 
operations on the sedimentation and also to propose mitigation measures.  
 
2. Study area 
 
 The Grimsel Region in the Swiss Central Alps features one of the most 
important power plant systems of Switzerland. Our study region involves four 
reservoirs - Oberaarsee, Grimselsee, Räterichsbodensee and Gelmersee - Oberaarsee 
and Grimselsee water are used for power production in the power plant Grimsel 1, 
before being released into Räterichsbodensee, while Gelmersee receives water from 
Grimselsee through a penstock. The function of the power plant Grimsel 2 is to 
exchange water between Grimselsee and Oberaarsee through the pumped-storage 
power plant Grimsel 2. This pumped-storage power plant consists of 4 Francis 
turbines (340 MW, water flow: 93 m3/s), which can be switched rapidly into a pump 
modus (363 MW, water flow: 80 m3/s) and connects through a 5 km-long penstock - 
with a diameter shifting from 3.8 and 6.8 m - the reservoirs Grimselsee and the 400 m 
higher elevated Oberaarsee (the intakes/outlets are located at 1841 and 2232 m asl, 
respectively. 
 Oberaarsee and Grimselsee exhibit a different shape. The upper reservoir is 
approximately 3 km long and less then 1 km wide, while the lower reservoir exhibits a 
narrow shape reaching a length of 6 km but a maximum width of only 0.5 km. While 
the maximum volume is completely different, 65 and 101 x 106 m3 in Oberaarsee and 
Grimselsee, respectively, the maximum depth is similar reaching 90-100 m in both 
reservoirs in a location near the dam. The main inflows of both reservoirs directly 
originate from the glacier tongues, which in 2009 were located ~0.15 and ~2 km 
upstream of the uppermost deltas (highest water levels) in Oberaarsee and Grimselsee, 
respectively. 
 Oberaarsee and Grimselsee exhibit a different shape. The upper reservoir is 
approximately 3 km long and less then 1 km wide, while the lower reservoir exhibits a 
narrow shape reaching a length of 6 km but a maximum width of only 0.5 km. While 
the maximum volume is completely different, 65 and 101 x 106 m3 in Oberaarsee and 
Grimselsee, respectively, the maximum depth is similar reaching 90-100 m in both 
reservoirs in a location near the dam. The main inflows of both reservoirs directly 
originate from the glacier tongues, which in 2009 were located ~0.15 and ~2 km 
upstream of the uppermost deltas (highest water levels) in Oberaarsee and Grimselsee, 
respectively. 
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Figure 1. Map of Oberaarsee (upper basin) and Grimselsee (lower basin) with depth-contours of 10 m intervals. 
The reservoirs are connected by a 5 km long penstock via pumped-storage plant “Grimsel 2”. Power plant 
“Grimsel 1” (PP = power production only) connects Oberaarsee and Grimselsee with Räterichsbodensee, while 
Gelmersee collects water from Grimselsee through a penstock. The sampling point of the sediment core of 
Oberaarsee is indicated with a circle. The inset shows the study area within Switzerland. 
 
 The catchment of the reservoirs is entirely located in the Aar Massif, and 
consists primarily of crystalline rocks, especially granite and granodiorite, while 
Oberaarsee exhibits also gneisses of granitic composition with up to 5 wt.% calcite 
[Hosein et al., 2004]. The particles found in the reservoir, resulting from the erosion 
of the mentioned rocks, are composed by quartz, k-feldspar, plagioclase mica and clay 
minerals.  
The denudation rate of the catchment was estimated between 1 and 2 mm yr-1 and 
depends on different factors as the lithology, the amount of ice covering the 
catchments which enhance the erosion, especially in the Grimselsee catchment, and 
the meteorological conditions [Anselmetti et al., 2007]. The region receives 2.2 mm 
yr-1, while the annual average temperature is -1 and +1.2 °C in Oberaarsee and 
Grimselsee, respectively [Schwarb et al., 2001]. Moreover, due to the high-alpine 
atmospheric conditions, most of the particle input occurs in summer during snow-melt, 
while in winter, due to the low temperature and the freezing of the reservoirs and of 
their tributary, the particle input to the reservoir is negligible [Bonalumi et al., 2011]. 
In this period, therefore, reservoir sedimentation is thought to be based mainly on 
particle settling in the water column. 
 
3. Methods 
 
 High-resolution reflection seismic investigation were performed in summer 
2001 and 2002 in Oberaarsee with a 3.5 kHz pinger system mounted on an inflatable 
catamaran connect to an inflatable boat [Anselmetti et al., 2007]. This data provided 
us a geo-referenced location in the reservoir (Figure 1), which was chosen to collect 
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the sediment core in February 2008 with a percussion-piston corer. In the laboratory, 
the core was then split and photographed. 137Cs activity was measured along the core 
in order to detect the sediment layer deposited in 1986, which shows a reference peak 
caused by the accident in Tchernobyl, Ukraine. This procedure was combined with 
manual counting of the varved layers. The varved-type sediment allowed us 
afterwards to choose several layers, which are representative for Oberaarsee before 
and after 1980, i.e. the onset of pumped-storage activity. 
 Sediment grains of the brighter layers, representative for the summer 
deposition, were then analyzed for their size distribution using laser diffraction 
(Malvern Mastersizer 2000 Particle Size Analyzer, UK). This instrument allowed us 
to determine the average median particle size of the single years. Furthermore, in 
order to avoid the formation of bubbles or aggregates, the ultrasound was also 
activated. On the other hand, annual average sedimentation rate (=sedimentation 
thickness (cm)/number of years (yr)) of the periods 1964-1980 and 1981-2007 (before 
after the onset of pumped-storage operations, respectively, were calculated and 
compared. The early years prior to 1964 were not measured as they are bad preserved  
 
4. Core description and comparison with Grimselsee 
 

At the coring site, sedimentation is thought to occur mainly in a pelagic-type, 
i.e. vertically from the water column. The rounded shape of the layers appearing on 
the opened core surface is caused through coring, which causes friction on the edge of 
the cores due to the highly cohesive lithologies. The sediments consist mostly of 
quartz, feldspar, mica and clay minerals. Moreover, no organic compounds were 
detected in water samples due to the high turbidity [Bonalumi et al., 2011] so that no 
organic constituents are expected in the sediment deposits. 
  The sediment core can be subdivided in two sections (Figure 2). The older 
section, below 45 to 50 cm core depth, exhibits a brownish color, is rich in organic 
matter, contains sand  and represents clearly the pre-damming deposit (before 1952). 
Traces of grass were found on the top of this section, which represents the former soil 
of one side of the valley used as meadow. The diffuse layering might reflect some 
flood events alternating fine detrital material with organic-rich soil deposits. On the 
contrary, the overlying section shows a regular alternation between inorganic fine-
sized bright yellowish-gray laminas, which are up to 0.5-1 cm thick, and dark brown 
layers of maximum 0.1 cm thickness, which are even finer-grained than the brighter 
ones (Figure 3). The dark layers exhibit a more or less uniform thickness. These are 
interpreted to settle in the winter season, when the reservoir is used to be ice-covered. 
Between them, the summer brighter layers consist often of a multiple succession of 
single events of irregular thickness, which can occur more than once in a year. These 
graded layers containing larger grains at their bases (up to sand size) are recognizable 
and thought to be caused by individual flood events. Moreover, due to their coarser 
grain size, they dry up quicker in the laboratory and often are marked by small 
fractures (Figure 3).These events are recognizable also from the slight variation of 
colour as indicated with the green arrow. In general, the transition from winter layer 
to summer occurs abruptly from the darkest layer below to a thicker bright one above, 
which probably indicates the passage from the ice-covered reservoirs to the early 
snow melt. On the contrary, the summer-winter transition is preceded by a general 
darker sand layer coarser than the other summer layer (blue arrow in Figure 3). This 
can be interpreted as the consequence of overturning of the reservoir in fall, when the  
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Figure 2. Sediment core collected in Oberaarsee. From the bottom to the top of the figure, the upcore 
change from the brownish part to the grey part indicates the construction time of the reservoir (1952). 
The gray layers (coarser grain size) shows the annual deposits in summer, while the thin darker layers 
(finer grain size) the particle settling in winter, below ice-cover. 
 

The general change in color from more yellowish-brownish to more greyish 
colors in ~20 cm depth is a result of oxidation in the upper part by lake water 
containing oxygen so that Fe becomes oxidized (the transition occurs in the 1986 
layer). The lower section contains anoxic pore water, so that Fe occurs in it reduced 
form. This color change will move upcore with ongoing sedimentation in the reservoir, 
as it represents a chemical and not a stratigraphic boundary. 
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Figure 3. Detail of the sediment core of Oberaarsee showing the finely laminated winter deposit, the 
brighter sediment settling in summer and the fracture, where sand-size sedimentation occurred. 
 

The grain size of the layers, which were deposited in summer (brightest layer) 
in Oberaarsee between 1970 and 2008, vary from year to year (Figure 5). The 
minimum median size of the grains measured was 7.9 μm, while the maximum was 
near 11 μm. Before onset of pumped-storage operations, the average median particle 
size is 8.5 μm, while after 1980, the calculated average size is 8.8 μm. Based on 
Figure 5, there is no visible increasing or decreasing trend of the grain size in the 
summer layer; this parameter remains similar in the 40 years time interval. This fact is 
confirmed also by the comparison of the standard deviation of the data observed 
before and after 1980 (0.5 and 1.0 μm, respectively). 

Sedimentation rate at the coring site varies from year to year depending on 
climate and hydrology, as it is dominated by the thickness of the summer layer. A 
comparison between the average sedimentation rate before and after 1980 allows to 
observe a potential trend. However, similar to the grain size, sedimentation rate does 
not show a significant change before and after onset of pumped-storage operation.  
Sedimentation thickness is amounts to ~12 cm for the period 1964-1980, while it is 
about 18 cm in the period 1981-2007 (Figure 4). This means that in both periods the 
average annual sedimentation rate is around 0.7 cm/yr. Because of the constant 
density of 1.9 to 2 g/cm3 measured along the whole core, it is supposed that pumped-
storage operations do not modify the sedimentation rate. 

 
Comparison with Grimselsee 

Based on a model proposed by Bonalumi et al. [2011], which focuses on the 
dependence of sedimentation rate to particle concentration and size, the overall 
pelagic-type sedimentation of Grimselsee should have decreased by 15% in the last 30 
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Figure 4. Sedimentation in the periods before and after the onset of pumped-storage operations in 1980. 
The red lines indicate the end of the layer of the years 1964, 1980 and 2007, respectively. The figure is 
stretched 3-times in the horizontal direction. 
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Figure 5. Median particle size of the summer layers of the sediment core of Oberaarsee. 
Empty square indicates the grain size of the sediment layer before onset of pumped-storage operations 
in 1980, while the full square those after 1980.  
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years due to the regime of pumped-storage operations. However, Anselmetti et al. 
[2007] argue that sediment cores from Grimselsee, taken in the area of the former 
natural Grimselsee, have not been modified since 1980 in their characteristics, i.e. 
grain size, composition and amounts. While this is possible due to the fact that 
Grimselsee is larger and less affected through the pumped-storage operations, it is 
surprising that a change in the opposite way is not observed in the cores collected in 
the smaller reservoirs located upstream, Oberaarsee. Based on the same model 
[Bonalumi et al., 2011], the inflow of particle-richer water pumped from Grimselsee 
is thought to have caused a sedimentation increase of nearly 50% but in fact, this 
feature is not supported by our measurements. Moreover, the mean grain size of 
Grimselsee core was found to be 8.4 μm [Anselmetti et al., 2007], which is smaller 
than the mean grain size measured in this study in Oberaarsee (approximately 10 μm), 
while also varve thickness is higher, up to 1 cm/yr. 

Considering these aspects, it seems that pumped-storage operations do not 
modify the sedimentation of the reservoirs significantly. A possible explanation is that 
pumped-storage operations may impede the settling of particles in the reservoirs 
through increased turbulence, explaining the differences observed in the particle 
concentrations in the reservoirs and in the annual sedimentation rate. Alternatively, it 
is possible that our measurements are not representative of the pumped-storage 
influence on sedimentation, as distance from the penstock inlet and horizontal 
velocity is thought to be a sensitive parameter. This could indicate that sedimentation 
differences between the periods before and during pumped-storage activity could 
maybe be identified closer to the inlet. Lastly, the summer layer deposited away from 
the main Thalweg, where the core was taken, is avoided by the main turbidity currents. 
Nevertheless, the mutliple graded layers within one summer interval also indicate a 
strong influence of meteorologic data, i.e. the number of strong flood events, which 
may obscur the effect of pumped-storage operations on sedimentation rate. 
 
5. Conclusions 

 
We have attempted to demonstrate that the onset of pumped-storage 

operations and later the increasing of the pumped volume have an effect on 
sedimentation. This was not observed with our measurements as grain size as well as 
sedimentation rate of Oberaarsee do not show significant trends. However, this does 
not exclude that this may occur. 
 In fact, our single particle-size measurements give only general information 
about the reservoir characteristics, i.e. particle concentration, particle size, particle 
settling. Moreover, the annual layers in the sediment core of another Oberaarsee 
sediment core, taken 0.5 km further toward the inflow, analyzed by Anselmetti et al. 
[2007] are more than 2-times thicker (around 2 cm/year) than the one analyzed in this 
paper. As a consequence, we can conclude that: 
 

- in our core, sedimentation seems to follow mostly seasonal variations, which 
are snow-melt driven particle input, flood events and slow sedimentation of finer 
particles in the rest of the year. Meteorological parameters and hydrology seem to be 
responsible only for the slight year-to-year fluctuations of the grain size. 
 

- the reservoir sedimentation dynamics need more investigations, as 
sedimentation rate can vary dramatically from one location to the others. In particular, 
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sedimentation rate needs to be evaluated near the penstock inlet/outtake, which are 
supposed to be more sensitive to the effect of pumped-storage operations. 
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Appendix B 
 
Raw data of analyses of reservoir water samples (Grimsel reservoirs) 
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Sampling campaign  
Grimselsee 24 September 2007 
Oberaarsee 16-October 2007 
 
Reservoir Sample name CH-coordinate X CH-coordinate Y
Grimselsee Gr2 663959 157199 
Grimselsee Gr3 664714 157067 
Grimselsee Gr4 666689 157632 
Grimselsee Gr5 668192 158233 
Grimselsee Gr6 668837 158215 
Oberaarsee Oa2 661714 154666 
Oberaarsee Oa3 662478 154767 
Oberaarsee Oa4 663727 154666 
 
Sample name Depth (m) Turbidity (FTU) Mass conc. (mg/L) calibrated 
Gr2 0 106 62 
 10 103 61 
Gr3 0 111 64 
 15 133 73 
 28 140 77 
Gr4 0 111 65 
 20 126 70 
 55 143 77 
Gr5 0 112 65 
 30 140 76 
 51 146 78 
Gr6 0 64 46 
 35 124 70 
 69 162 84 
Oa2 0 60 17 
 5 90  
 8 77 30 
Oa3 0 85 36 
 18 120  
 35 103 50 
Oa4 0 92 42 
 35 69  
 63 100 49 
 
 
 



 122

Sampling campaign  
Grimselsee 26 February 2008 
Oberaarsee 27-February 2008 
 
Reservoir Sample name CH-coordinate X CH-coordinate Y
Grimselsee Gr1 667863 158054 
Grimselsee Gr2 666834 157886 
Grimselsee Gr3 665875 157375 
Oberaarsee Oa1 663760 155331 
Oberaarsee Oa2 663659 155410 
 
Sample 
name 

Depth 
(m) 

Turbidity
 (FTU) 

Mass conc. 
(mg/L) 
measured 

Median 
particle. size 
(μm) 

Part. number in 
0.001 mL 
(1-32 μm) 

Gr1 2 47 33 2.6 880 
 15 37 24 2.1 1059 
 35 36 23 2.3 1055 
Gr2 2 30 17 1.0 306 
 10 39 25 2.0 949 
 24 48 34 2.3 1107 
Gr3 2 21 8 1.2 252 
 5 36 23 2.1 809 
 9 44 30 2.6 1093 
Oa1 2 39 25 1.9 641 
 15 48 34 2.3 1094 
 35 37 23 2.4 997 
Oa2 2 36 8 2.2 648 
 20 41 23 2.1 935 
 45 30 30 1.6 1135 
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Sampling campaign  
Oberaarsee 25-April 2008 
 
Reservoir Sample name CH-coordinate X CH-coordinate Y
Oberaarsee Oa1 663750 155316 
Oberaarsee Oa2 662896 154996 
 
Sample name Depth (m) Turbidity (FTU) Mass conc. (mg/L) measured 
Oa1 2 62 47 
 10 63  
 25 85  
Oa2 2 35 22 
 5 43  
 12 60  
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Sampling campaign  
Grimselsee 15 July 2008 
Oberaarsee 16-July 2008 
 
Reservoir Sample name CH-coordinate X CH-coordinate Y
Grimselsee Gr1 668275 158230 
Grimselsee Gr2 667412 158019 
Grimselsee Gr3 666558 157663 
Grimselsee Gr4 665126 157092 
Grimselsee Gr5 663834 157248 
Oberaarsee Oa1 663817 154482 
Oberaarsee Oa2 663318 155159 
Oberaarsee Oa3 662322 154771 
Oberaarsee Oa4 661437 154654 
 
Sample 
name 

Depth 
(m) 

Turbidity
 (FTU) 

Mass conc. 
(mg/L) 
measured 

Median 
particle. size 
(μm) 

Part. number in 
0.001 mL 
(1-32 μm) 

Gr1 0 223 141 3.6 4552 
 35 237  4.1 5579 
 72 291 211 4.1 6210 
Gr2 0 201 138 3.6 4534 
 20 207 146 3.8 4227 
 50 252 186 4.1 6298 
Gr3 0 209  3.6 4676 
 18 218  4.0 5125 
 40 262  4.1 5847 
Gr4 0 208 122 3.3 5754 
 10 213 146 3.8 4666 
 26 197 168 4.0 4663 
Gr5 0 154 140 6.0 3574 
 2 157 141 6.5 3488 
 5 167 144 6.5 3413 
Oa1 0 88 60 2.7 2331 
 30 248 173 4.7 6381 
 66 272 186 4.2 7449 
Oa2 0 92 55 3.2 2542 
 20 230 154 3.9 5284 
 65 275 200 4.2 6717 
Oa3 0 90  3.4 2163 
 15 206  3.9 4889 
 30 260 152 4.1 6141 
Oa4 0 89 56 2.9 2161 
 2 93 57 3.3 2599 
 4 96 93 4.3 2283 
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Sampling campaign  
Grimselsee 5 September 2008 
Oberaarsee 4-September 2008 
 
Reservoir Sample name CH-coordinate X CH-coordinate Y
Grimselsee Gr1 668286 158236 
Grimselsee Gr2 667345 158036 
Grimselsee Gr3 666414 157630 
Grimselsee Gr4 664693 157021 
Grimselsee Gr5 663468 157437 
Oberaarsee Oa1 663886 155569 
Oberaarsee Oa2 663381 155212 
Oberaarsee Oa3 661850 154766 
Oberaarsee Oa4 661347 154597 
 
Sample 
name 

Depth 
(m) 

Turbidity
(FTU) 

Mass conc. 
(mg/L) 
measured 

Part. number in 0.001 
mL 
(1-32 μm) 

Gr1 0 145  2995 
Gr2 0 147 71 2824 
Gr3 0 136  3103 
Gr4 0 132 63 2844 
Gr5 0 141   
Oa1 0 81 34 1732 
Oa2 0 84  1808 
Oa3 0 86 38 1663 
Oa4 00 74  1722 
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Sampling campaign  
Grimselsee 19 September 2008 
 
Reservoir Sample name CH-coordinate X CH-coordinate Y
Grimselsee Gr1 668242 158276 
Grimselsee Gr2 667327 158136 
Grimselsee Gr3 665529 157248 
Grimselsee Gr4 663877 157203 
Grimselsee Gr5 663303 157519 
 
Sample name Depth (m) Turbidity 

 (FTU) 
Mass conc. (mg/L) 
measured 

Part. number in 0.001 mL 
(1-32 μm) 

Gr1 0 134  3142 
 20 168  3604 
 65 183  4090 
Gr2 0 141 75 2910 
 10 156  3185 
 35 189 100 3642 
Gr3 0 139  3076 
 10 152  3052 
 35 182  3751 
Gr4 0 130 74 2898 
 5 129  2532 
 15 117 78 2613 
Gr5 0 52  1361 
 2 54  1309 
 4 53  1340 
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Sampling campaign  
Oberaarsee 1 October 2008 
 
Reservoir Sample name CH-coordinate X CH-coordinate Y
Oberaarsee Oa1 661789 154738 
Oberaarsee Oa2 662560 154938 
Oberaarsee Oa3 663421 155328 
Oberaarsee Oa4 663877 155261 
 
Sample name Depth (m) Turbidity

 (FTU) 
Mass conc. (mg/L) 
measured 

Part. number in 0.001 mL 
(1-32 μm) 

Oa1 0 93 41 1797 
 5 91  1647 
 20 96  1699 
 70 148 84 3308 
Oa2 0 89  1385 
 15 107  1825 
 60 158  2741 
Oa3 0 90 40 1386 
 15 119  1976 
 35 159 93 2832 
Oa4 0 92  1228 
 5 89  1518 
 10 98  1613 
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Sampling campaign  
Grimselsee 16 March 2009 
Oberaarsee 17 March 2009 
 
Reservoir Sample name CH-coordinate X CH-coordinate Y
Grimselsee Gr1 668111 158179 
Grimselsee Gr2 667548 158184 
Grimselsee Gr3 666714 157860 
Oberaarsee Oa1 663897 155363 
Oberaarsee Oa2 663712 155267 
Oberaarsee Oa3 663283 155157 
 
Sample name Depth (m) Turbidity

 (FTU) 
Mass conc. (mg/L) 
measured 

Median 
particle. size 
(μm) 

Part. number 
in 0.001 mL 
(1-32 μm) 

Gr1 2 77  1.6 1639 
 15 93  1.6 1543 
 47 92  2.1 1725 
Gr2 2 81 35 1.4 1108 
 10 89  2.1 1351 
 29 95 43 1.7 1425 
Gr3 2 67 23 1.0 871 
 10 89  1.4 968 
 28 90 43 1.8 1136 
Oa1 2 92 47 1.8 1069 
 15 92  1.8 1223 
 38 93 45 1.8 1452 
Oa2 2 88  1.5 966 
 15 92  1.8 1302 
 43 100  1.7 1257 
Oa3 2 84 41 1.6 500 
 15 92  1.7 1222 
 45 95 36 2.1 986 
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Sampling campaign  
Grimselsee 2 July 2009 
Oberaarsee 1 July 2009 
 
Reservoir Sample name CH-coordinate X CH-coordinate Y
Grimselsee Gr1 664141 157127 
Grimselsee Gr2 665880 157403 
Grimselsee Gr3 667449 158024 
Oberaarsee Oa1 662041 154708 
Oberaarsee Oa2 663816 155502 
 
Sample name Depth (m) Turbidity

 (FTU) 
Mass conc. (mg/L) 
measured 

Part. number in 
0.001 mL 
(1-32 μm) 

Gr1 0 214  4728 
 2 276  5535 
Gr2 0 171  4041 
 10 241  5481 
 27 255  5647 
Gr3 0 221 152 4503 
 7 227 151 5020 
 15 237 157 5193 
 40 263 187 6197 
Oa1 0 77  1596 
 5 65  1563 
Oa2 0 65 29 1184 
 7 66 45 1539 
 15 64 46 1535 
 55 246 158 4923 
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Sampling campaign  
Grimselsee 2 July 2009 
Oberaarsee 1 July 2009 
 
Reservoir Sample name CH-coordinate X CH-coordinate Y
Grimselsee Gr1 663383 157468 
Grimselsee Gr2 666137 157520 
Grimselsee Gr3 667600 158054 
Oberaarsee Oa1 661640 155259 
Oberaarsee Oa2 662556 154791 
Oberaarsee Oa3 663857 155527 
 
Sample name Depth (m) Turbidity

 (FTU) 
Mass conc. (mg/L) 
measured 

Part. number in 
0.001 mL 
(1-32 μm) 

Gr1 0 448  6081 
 2 422  6041 
Gr2 0 101  2043 
 20 94  2404 
 40 115  2690 
Gr3 0 129 95 3958 
 20 150 122 3347 
 50 164 141 4621 
 70 152 144 4208 
Oa1 0 22  1144 
 5 18  1335 
Oa2 0 13  1025 
 15 52  971 
 40 120  3197 
Oa3 0 32 18 997 
 20 65 64 1793 
 45 123 113 3292 
 70 121 125 2457 
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Appendix C 
 
Images of sampling and analytical procedures 
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Figure 1. Webcam image of Oberaarsee (from the KWO Homepage) 
 
 

 
 
Figure 2. Image of the western basin of Grimselsee with its typical colour. 
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Figure 3. Picture of Grimselsee water on the shore. The water has a heterogeneous 
colour depending on the orientation of mica and clay suspended particles with respect 
to the sunlight. 
 
 

 
 
Figure 4. Panel of KWO showing maps and section of the power plant Grimsel 2. 
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Figure 5. The power plant Grimsel 2 hall. The four green-yellow units represent the 
four Francis pump-turbine installation. 
 
 

 
 
Figure 6. Example of a Francis wheel in a smaller scale compared to that used in the 
power plant Grimsel 2. 
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Figure 7. Sampling campaign in Oberaarsee. Material ready to use: a NISKIN bottle 
for water sampling, a CTD-device and a boot motor (from left to right). 
 
 

 
 
Figure 8. Sampling campaign in winter. Preparing for sampling. In winter, the only 
access to the reservoirs is possible with helicopter and then with skis or snow-shoes. 
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Figure 9. Sampling campaign in summer from a KWO boat. Sampling on the 
reservoir is made through a boat. In the picture, a CTD-device is ready for taking a 
verticale profile of temperature and turbidity in the water.  
 
 

 
 
Figure 10. Sampling campaign in winter. A hole through the thick ice (diameter ~40 
cm) needs sometimes more than a half an hour drilling. 
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Figure 11. Sampling campaign in winter. A CTD-device is removed from the water 
after taking a profile (same procedure as Figure 9 in summer). The data, stored in the 
instrument, are then downloadable when connected with a PC. 
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Figure 12. Sampling in the power station. A tap connected to the pressure draft 
upstream of the power plant Grimsel 2 allows sampling of water and measuring of 
temperature and turbidity with a CTD-device. 
 
 

 
 
Figure 13. Sampling in the power station. The same as in Figure 12 can be made 
downstream of the power plant, where the tap is located directly on the penstock. 
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Figure 14. NISKIN bottle. The NISKIN bottle (0.5 l of volume) can be opened from 
both sides and is usually connected with a cable. From the surface, with the help of a 
falling object, the bottle can be closed at the needed depth for water sampling. 
 
 

 
 
Figure 15. Plastic bottle. Tha water sampled in the reservoirs or from the pressure 
draft is brought in 250 mL plastic bottles, later transported to the lab for analyses.  
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Figure 16. Klotz syringe particle counter. The PC collects the measuring of particle 
number and particle size distribution from the particle counter device at the left. 
 
 

 
 
Figure 17. HACH 2100 AN Turbidimeter. Glass bottle entered in the turbidimeter. 
The displays gives the turbidity in NTU (or FTU) units. 
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Figure 18. Malvern laser sizer. The device on the right contains a water sampler and 
plastic tube, where the water flows into the instrument. Emission and detection take 
place in the elongated instrument on the left side. 
 
 

 
 
Figure 19. Filter unit for particle-mass concentration measurements. Vacuum pump 
(left) and filter device containing a 0.4 μm membrane (right). Particles larger than this 
size remain on the filter, whereas water percolates through it. 
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Figure 20. Membrane after filtering in a dryer. The brown colour indicates the 
particle larger than 0.4 μm filtered from the membrane. 
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