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Abstract

New renewable electricity is nowadays often generated by photovoltaics and wind. Yet, their
intermittent nature calls for energy storage, which is today still provided to ~95% by pumped-
storage (PS) hydropower plants. However, PS is known to affect abiotic and biotic characteristics
of the two connected water bodies. Thus, a two-dimensional laterally-averaged hydrodynamic
and water quality model was set up to assess the impacts on water quality and temperature in a
first step. Then, this analysis was extended to evaluate the additional effect of climate change,
which also modifies abiotic and biotic characteristics. For this purpose, 150-years long synthetic
time series of meteorological conditions for current (1998-2012) and future climate (2078-2092)
were generated with a weather generator. To assess the robustness of projected impacts on the
ice cover of the upper reservoir (Sihlsee) three one-dimensional, vertical hydrodynamic models
were additionally set up.

To attribute effects to either the PS flows or to water withdrawal from the hypolimnion, two
reference scenarios were defined: one with deep-water withdrawal (NoPS) and another one with
surface outflow (QNat). While the hypolimnetic temperature differs by <1 °C comparing present
PS and NoPS, the temperature differences can reach up to ~10 °C for the comparison with QNat.
Thus, the effects at Sihlsee are mainly shaped by the deep-water withdrawal. The hypolimnetic
warming will be further amplified by climate change with an increase, e.g. for September, of
<0.6 °C for QNat compared to ~2.5 °C for the extended PS operation.

The major hypolimnetic temperature dissimilarities between QNat and all other PS scenarios
further result in different dynamics of stratification, oxygen depletion and nutrient release from
sediments. Climate change, in case of QNat, further strengthens and prolongs summer
stratification, which consequently leads to declining dissolved oxygen and increasing phosphate
concentrations in the hypolimnion. This effect can partly be counteracted by deep-water
withdrawal and PS operation.

While the comparison of present with both reference scenarios yields no major differences for the
ice-covered period, the ice thickness is projected to decline by ~30% along with an earlier ice-off
by ~1 month for the extended PS scenario. Climate change generally results in an additional
thinning and shortening of the ice-covered period. This trend is supported by the results of the
one-dimensional models. For the extended PS operation, future climate could even result in a
complete disappearance of the ice cover at Sihlsee, which is not supported by all models, as the

two-dimensional model shows different impacts for segments closer to the PS intake/outlet.



Abstract

Overall, the results highlight the importance of the PS intake/outlet position, and of a clear
definition of the reference state for the environmental impact assessment. This seems to be
crucial for existing reservoirs, as the choice of the reference state could result in a different
assessment of the ecological effects and subsequently requirements and costs for compensation
measures. Moreover, the findings show that future cdimate should be considered for the
planning of new and recommissioning of existing PS hydropower plants, which will be in place
for many decades.

Keywords

Reservoir modelling; recommissioning pumped-storage operations; hydropower; lake ice; lake
stratification; lake stability; weather generator; climate scenarios; CE-QUAL-W2; GLM; Simstrat;
MyLake;



Zusammenfassung

Immer mehr Elektrizitdit wird durch Photovoltaik- oder Windanlagen produziert. Jedoch ist
diese zeitlich veranderlich und erfordert elektrische Speicherkapazitat, die auch heute in den
meisten Féllen durch Pumpspeicherung (PS) bereitgestellt wird. Allerdings wirkt sich die PS auf
abiotische und biotische Faktoren der verbundenen Gewasser aus. Daher wurde ein zwei-
dimensionales hydrodynamisches und Wasserqualitatsmodel aufgesetzt. Da der Klimawandel
die verbundenen Gewasser ebenfalls verandert, wurde das Model erweitert. Dazu wurden 150-
jahrige Zeitreihen fiir aktuelle (1998-2012) und kiinftige (2078-2092) meteorologische Daten mit
einem Wettergenerator erzeugt. Um zu tiberpriifen, wie aussagekraftig die Ergebnisse des zwei-
dimensionalen Modells betreffend der Eisdecke des oberen Speichersees (Sihlsee) sind, wurden

zusétzlich drei weitere ein-dimensionale hydrodynamische Modelle erstellt.

Vergleicht man den aktuellen PS-Betrieb mit zwei unterschiedlichen Referenzszenarien ergeben
sich Temperaturdifferenzen (AT) im Hypolimnion von < 1°C (Referenz mit Tiefen-
wasserentnahme) und ~10°C (Referenz mit Oberflachenabfluss, QNat). Daher wird die
Temperatur im Hypolimnion des Sihlsees hauptséachlich durch die Tiefenwasserentnahme
beeinflusst. Fiir die PS-Erweiterung entstehen AT im Hypolimnion von ~2°C. Zusétzlich
beeinflusst das kiinftige Klima die Temperatur im Hypolimnion, z.B. ergeben sich fiir September
AT <0.6 °C fiir QNat und ~2.5 °C fiir die PS-Erweiterung,

Die grossen AT im Hypolimnion zwischen QNat und allen anderen PS-Szenarien verdndern
auch die Schichtung, die Sauerstoffzehrung und die Néhrstoffriickldsung aus dem Sediment. Fiir
QNat bedeutet die Beriicksichtigung des Klimawandels, dass die sommerliche Schichtung
verstarkt und verldngert wird, was zu verringertem Sauerstoffgehalt und zunehmenden
Phosphatkonzentrationen im Hypolimnion fiihrt. Dieser Effekt kann durch die
Tiefenwasserentnahme und den PS-Betrieb zum Teil kompensiert werden.

Fiir die PS-Erweiterung im aktuellen Klima findet das Ende der Eisbedeckung um ~1 Monat
frither statt und die Dicke verringert sich um ~30%. Alle anderen Szenarien gleichen sich im
aktuellen Klima. Hingegen ergeben sich unabhéangig vom Szenario fiir das kiinftige Klima
diinnere Eisdecken und kiirzere eisbedeckte Perioden, was durch die eindimensionalen Modelle
bestatigt wurde. Im Falle der PS-Erweiterung konnte die Eisbedeckung sogar vollig ausbleiben.
Allerdings wird diese Aussage nicht von allen Modellen bestatigt. Zudem wiirde beim zwei-
dimensionalen Modell die Eisbedeckung in der Nahe der Entnahmestelle starker beeinflusst.

Die Ergebnisse unterstreichen die zentrale Bedeutung der Entnahme-/Riickgabetiefe. Fiir
bestehende Speicherseen stellt sich ausserdem die Frage, wie ein Referenzzustand zu definieren



Zusammenfassung

ist. Denn abhéngig von der Definition ergeben sich grossere oder kleinere Unterschiede, die in
weiterer Folge iiber die Kosten der Kompensationsmassnahmen entscheiden. Des Weitern heben
die Untersuchungen hervor, dass bei der Umweltvertraglichkeitspriifung von Neubauten oder

Erweiterungen von PS-Kraftwerken kiinftige Klimaszenarien zu berticksichtigen sind.

Stichworter

Modellierung von Speicherseen; Erweiterung von Pumpspeicherkraftwerken; Wasserkraft;
Seeeis; Schichtung und Stabilitit von Seen; Wettergenerator; Klimaszenarien; CE-QUAL-W2;
GLM; Simstrat; MyLake;
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Chapter 1  Introduction

Greenhouse gas emissions increased from 2000 to 2010 more rapidly than in the previous three
decades (IPCC 2014). The most effective mitigation measure is to implement more renewable
energy (IPCC 2014). Decreasing costs, increasing performance and incentives for investments in
renewable energy technologies entailed a globally increasing share of the newly added electricity
generating capacity. In 2016, renewables accounted for ~62% of the net addition to the global
power generating capacity (REN21 2017). This increase was mainly due to a growing proportion
of wind, hydro and solar power generation.

One of the drawbacks of electricity production with renewable technologies, such as wind and
solar, is their intermittency, which can be overcome by electric storage capacity. Still today, the
most widely used electrical energy storage is provided through pumped-storage (PS)
hydropower plants, which accounted for ~95% by the end of 2016 (REN21 2017). These PS
hydropower plants typically connect two or more water bodies, and are operated in the two
modes of generating and pumping. During times of overproduction or low price levels,
electricity can be used to pump water from the lower to the upper water body, thus, increasing
the potential energy. During times of high electricity demand, water can be released from the

upper water body to generate electricity.

However, PS operations are known to affect the upper and the lower water bodies, which are
related to this type of electricity generation and storage. Due to expensive investments, PS
hydropower plants are also intended to be operated for many decades within which dimate
change could further modify the connected water bodies. Yet, the coupled effects due to PS
operation and climate change have not been studied. Moreover, the modifications of ice cover
due to PS operation have up to now not been quantified. To address these remaining questions
in this thesis, numerical models will be utilised in combination with local climate projections.
Therefore, the current state of knowledge is briefly reviewed in the following with respect to (i)
PS effects, (ii) climate change effects, (iii) the development of local climate projections, as well as

(iv) lake and ice modelling.

15



Introduction

1.1  Pumped-storage effects

PS operations modify physical and geochemical (abiotic) as well as ecological (biotic)
properties of the connected water bodies. Abiotic effects include changes of water temperature,
stratification, water level fluctuations (WLF), sediment resuspension, oxygen and nutrient
cyding as well as inorganic suspended solids (ISS) concentrations, which further affect light
penetration (Bonalumi et al. 2011). The creation of strong currents, especially close to turbine
outlets, may induce changes in lake-internal circulation patterns (Anderson 2006). WLF might,
moreover, change the conditions of sediment pore water (Wildman et al. 2010). Modified water
temperature and mixing patterns as well as WLF can also affect the formation, stability and
break-up of ice cover (Liu and Wu 1999; Solvang et al. 2012).

Biotic PS impacts are less studied but supposed to include effects on organisms and on
interactions between species (Helland et al. 2011; Stanford and Hauer 1992) through modifying
the food web, habitat area, population dynamics and nutrient levels. A direct impact of
intensified WLF is the stranding of juvenile fish in littoral zones during dewatering (Bell et al.
2008). WLF, moreover, can cause freezing, desiccation and direct physical stress in the littoral
zone, affecting abundance and diversity of littoral sessile macrophytes and benthic algae.
Changes in ISS concentration can also affect primary production, and indirectly dissolved
oxygen (DO) (Hirsch et al. 2017). PS impacts on ice cover can affect ecology as well, e.g., by
impacting light availability (Laybourn-Parry et al. 2012). Finally, organisms from reservoirs
connected by PS operations can get entrained (e.g.,, Hauck and Edson 1976; Potter et al. 1982;
Anderson 2010). This also enables alien species to spread from a downstream to an upstream
reservoir (Harby et al. 2013).

The assessment of PS effects can be based on (i) in-situ observations before and after PS
commissioning or (ii) modeling studies. An example for the in-situ approach was performed at
Lake Oconee. There, the water column was completely mixed in summer since PS operation,
whereas beforehand temperature differences between epi- and hypolimnion had ranged
between 5 and 13 °C (Potter et al. 1982). At Twin Lakes, in-situ observations indicated reduced
residence time, cooling of both water bodies and weakened stratification due to PS operation
(USBR 1993).

In recent years, some model assessments of PS effects have been published. Yet, most of them
focused on impacts on temperature and stratification. Exemplarily, Bonalumi et al. (2012), who
investigated a PS operation between Lago Bianco and Lago di Poschiavo, found that both water
bodies would mostly be warmed. They could, moreover, show that a large fraction of the
warming of Lago di Poschiavo would occur due to frictional warming of the PS flows. In
addition, they projected significantly reduced ice-covered periods at Lago Bianco, which was
only qualitatively described due to lack of observational data. Furthermore, Ramos-Fuertes et al.
(2018) showed that projections of PS operation for a Spanish reservoir would result in a
homogenisation and heating at intermediate depths of the water column, and the advancement
of mixing by ~1 month. Moreover, Bermudez et al. (2017) found that PS impact depends on

16



Introduction

reservoir geometry, as their temperature projections showed stronger effects for the narrower
lower reservoir. Aside from these strong effects, another model assessment for Lake Elsinore
projected only minor overall impacts on timing and strength of summer stratification (Anderson

2010). However, these projections showed a seasonal variation with a pronounced effect in May.

Local effects, i.e., close to the PS intake/outlet, have also been studied. For example, Miiller et al.
(2016) investigated whether the turbulence induced by PS cycles could hinder particles from
settling. They found that while generating could affect the flow field to a distance of up to 150 m,
pumping mode only influenced it in the vicinity of the PS intake/outlet. Furthermore, they stated
that, dependent on the discharge and on the lake’s topography, the PS generating flow could
introduce large eddy flow fields in the lower reservoir of their studied PS hydropower plant.
Therefore, they recommended the application of PS cycles to avoid settling of turbidity currents
and consequently the filling up of reservoirs.

In addition to the modification of temperature other water quality parameters, such as ISS, DO,
and nutrient concentrations, are affected by PS operations. These changes result from two
different mechanisms: (i) the exchange of water masses, and (ii) indirect effects due to altered
mixing and stratification dynamics. If the water quality of two water bodies is significantly
different, the exchange of water between them could potentially change their water quality
(Bonalumi et al. 2012). The importance of this effect scales with the ratio of the exchanged water
masses and the volumes of the basins.

Moreover, the intrusion depth of PS flows is of high ecological relevance: if a nutrient-laden PS
flow intrudes close to the surface, primary production is fuelled, whereas if it intrudes below the
euphotic zone, nutrients are not directly available for primary production (Bermudez et al. 2017;
Bonalumi et al. 2012). Furthermore, a direct effect of the PS intake/outlet locations has been
shown: the lower they were located the higher the PS impacts became (Bonalumi et al. 2012),
which is also supported by the findings for two connected drinking water reservoirs in South
Korea (Park et al. 2017).

Although the reported effects on temperature and water quality are diverse and site specific, a
life cycle assessment of PS hydropower plants indicated overall lower impacts in all considered
categories when compared to battery storage (Immendoerfer et al. 2017), highlighting their
relevance for the implementation of new renewable electricity.

17
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1.2 Climate change effects

Within the long periods for which concessions of PS hydropower plants are granted,
significant climate change must be expected. The additional effects due to climate change might
amplify or weaken those of PS operations, but these relationships have so far not been studied.
Thus, the following section provides an excerpt of available literature on observed and projected
climate change effects. This section is, however, not encompassing all effects that could arise
from climate change, as these can vary among different sites. Yet, the most important

modifications are summarized in this section.

For a wide variety of lakes around the globe, climate change has been shown to result in (i) a
warming of lake surface water temperatures (O'Reilly et al. 2015; Woolway et al. 2017), (ii) an
increased overall water temperature of some tenths of a degree per decade (Kraemer et al. 2015;
Persson et al. 2005), and (iii) a pronounced warming of the epilimnion compared to smaller
temperature changes in the hypolimnion (Butcher et al. 2015; Kraemer et al. 2015; Livingstone
2003). The latter can be explained by increased resistance to vertical mixing, although the overall
thermal input would rise due to climate change (Butcher et al. 2015). Hypolimnetic temperatures
are shaped by the complex interaction between heat exchange and stratification, and more
distinctly by thermocline depth and water clarity (Butcher et al. 2015).

The reported warming of water temperature was in good agreement with observations of surface
air temperatures. Schmid et al. (2014) showed, e.g., that surface equilibrium temperatures are
expected to increase by 70 to 85% of the air temperature increase, if all other meteorological
forcing remained constant. For specific lakes, changes in other meteorological variables can have
an impact as well. For example, at Lakes Constance (Fink et al. 2014) and Zurich (Schmid and
Koster 2016), an excess warming was observed, most of which could be attributed to enhanced

solar radiation.

Observations, additionally, revealed that some changes occurred rapidly (e.g., Woolway et al.
2017). In the late 1980s a rapid change of air temperature resulted in a corresponding increase of
lake surface water temperature. The causes are discussed in literature: some studies traced it
back to the alteration of atmospheric circulation patterns (e.g., North et al. 2013), and others
claimed that it resulted from a random coincidence of several forcing factors acting on
temperature in the same direction (e.g., Reid et al. 2016).

Some studies also claimed that the projected changes were regionally coherent (Woolway et al.
2017), while others suggested that lake characteristics, such as morphometry and local
geographic settings, could possibly mediate climate change effects (O'Reilly et al. 2015). Further
reasons for differential warming include the alteration of lake internal processes, such as the
timing of lake stratification, and changes of other components of the meteorological forcing
(Schmid and Koster 2016; Woolway et al. 2017).

Another aspect that has been observed aside from temperature changes is the increasing strength
and duration of summer stratification (Butcher et al. 2015; Dokulil et al. 2010; Ficker et al. 2017).

18
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Stratification itself is shaped by external drivers (i.e. heat exchange and wind) as well as lake
characteristics (i.e. morphometry and light penetration). Mixing regimes could also be altered
due to long-term climate change (Ficker et al. 2017).

The changes of summer stratification dynamics further resulted in reduced hypolimnetic DO
content due to increasing resistance to mixing (Ficker et al. 2017; Xia et al. 2014). This has even
led to increasing frequency of hypoxia and anoxia (Ficker et al. 2017; North et al. 2014). The
decreasing DO concentrations, furthermore, ensue nutrient release from sediments and affect the
lake productivity (Delpla et al. 2009).

Moreover, climate change implies ecological changes. Among others, the modification of
summer stratification dynamics can lead to (i) alterations of food-webs, (ii) changing habitat
quality and availability, and (iii) differences of species abundance (Ficke et al. 2007; Riihland et
al. 2015). Regarding fish, physiological functions, such as thermal tolerance, growth, metabolism,
food consumption and reproductive success, could be affected (Ficke et al. 2007; Jeppesen et al.
2012). In addition, prolonged summer stratification, receding water levels and less frequent
overturns might favour the development of particular primary producers (Ficke et al. 2007).
Climate change has also been shown to (i) favour the development of harmful cyanobacterial
blooms (Huisman et al. 2018), and (ii) advance spring phytoplankton bloom (Schlabing et al.
2014).

For the winter period, climate change has resulted in (i) shortened inverse stratification, (ii)
reduced ice-covered period, and (iii) dedlining ice thicknesses (Benson et al. 2012; Leppéranta
2014; Magee et al. 2016). Due to decreasing ice thicknesses the buoyancy of the ice cover would
be reduced. This could, in turn, result in more frequent white ice formation that could partly
counteract the decrease of black ice thicknesses (Lepparanta 2014). Moreover, thinner ice could
lead to increased frequency of ice breakage due to wind loads and could consequently increase
the probability of open water conditions.

The physical changes in winter also led to changes of biogeochemical and ecological aspects. Due
to the increased probability of open water conditions more aeration can take place (Butcher et al.
2015), thus, resulting in reduced nutrient release from sediments. For some fish species, changes
in winter phenology might result in earlier breeding and thus, an increasing body size due to the
earlier ice-off (Hovel et al. 2016; Shuter et al. 2012). With the dedining ice-covered season under-
ice algal blooms might occur more rarely (Moore et al. 2009).

Climate can also affect catchment related processes, like (i) the frequency and intensity of
extreme events (e.g. heavy rainfall, intensification of evapotranspiration, alterations of glacial
melting, variation of snow cover) and (ii) the modification of biogeochemical processes (Dokulil
2014). In particular, climate change could lead to increasing phosphorus and ISS release from the
watershed during extreme precipitation events as well as nitrogen losses due to enhanced
denitrification (Me et al. 2018; Mooij et al. 2005). As climate change alters inflow temperatures,
the intrusion dynamics could be affected as well (Fink et al. 2016; Rdman Vinna et al. 2018).
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1.3 Development of local climate projections

The assessment of local climate change effects on lakes and reservoirs requires
considering processes at smaller scales than those of general circulation models. The available
downscaling methods are divided into two groups: dynamical approaches and statistical
methods. The first approach applies the output from general circulation models as boundary
conditions for producing outputs of higher resolution (Fowler et al. 2007), which allows, for
instance, regional climate features like orographic precipitation and extreme climate events.

Statistical downscaling, on the other hand, summarizes statistical techniques to transfer global
changes to smaller scales. These methods can also be utilized to downscale regional projections
to local scales (Keller et al. 2017). For Switzerland, climate projections are available for the
network of MeteoSwiss stations as well as separated for three distinct regions: north-eastern,
north-western and southern Switzerland (CH2011 2011). These climate projections were already
applied for assessing the impacts on aspects concerning cryosphere, hydrology, biodiversity,
forests, agriculture, energy and health (CH2014 2014).

The projections, given in CH2011 (2011), are based on the delta-change technique, which
modifies local weather observations by the application of an additive or a multiplicative term.
This adaption term is taken from the output of climate models (Keller et al. 2017). Keller et al.
(2017) describe the disadvantages of the delta-change method. These include the limitation to the
record length of observations as well as incapability of changing variability, extremes and
temporal structure. To overcome the latter issue one could use a weather generator, which
allows creating an ensemble of realizations of climate.

Many weather generators have been developed in recent years. Some examples that have been
tested for Switzerland are given in Keller et al. (2015) and Peleg et al. (2017). While Keller et al.
(2015) highlights the general difficulty to represent extreme events with a weather generator,
Peleg et al. (2017) were able to reasonably well reproduce these extremes. Another weather
generator, called VG, was developed for assessing climate effects on lakes (Schlabing et al. 2014),
and is based on a single vector-autoregressive process. In combination with a one-dimensional
hydrodynamic model, VG was able to reproduce current climate effects for Lake Constance. Due
to the successful application at Lake Constance, VG was used for producing synthetic time series
of current and future climate. Annual time series of projected air temperature changes for 2085,
north-eastern Switzerland, and the A2 emission scenario from CH2011 (2011) were utilised to
drive VG.
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1.4  Lake and ice modelling

To assess effects on lake or reservoir temperature, a variety of hydrodynamic models
are available. Most of these models include the computation of ice thicknesses, and some of them
can be coupled to water quality models of different complexity. This section gives a brief
overview of available models and their previous utilization for impact assessments.

In general, the applicable hydrodynamic descriptions range from box models to three-
dimensional, more physically based representations. Box models may be used in the context of
paleo-climatic simulations. There it is crucial to correctly compute the thermal inertia of inland
water bodies, and to reduce computation time due to the consideration of typically long time
series (Stepanenko et al. 2013). One-dimensional models can be considered sufficient for many
limnological studies, where detailed information on the temperature profile becomes necessary.
The advantage of three-dimensional hydrodynamic models is that they can resolve spatial
dynamics. Menshutkin et al. (2013) highlights the necessity of three-dimensional models,
particularly, for large lakes, where phenomena like baroclinic Kelvin and Poincare wave
formation need to be considered. However, three-dimensional models require more computation
time and spatially resolved data for calibration.

Exemplarily, a thorough comparison of eight hydrodynamic models was presented by
Stepanenko et al. (2013). They compared a box and a two-layer model (FLake) to six one-
dimensional vertical models (Hostetler, CLM4-LISSS, MINLAKE96, LAKE, Simstrat and
LAKEoneD). The focus of their study was to determine the relevant processes necessary for
coupling lake models to general circulation models or numerical weather predictions, where

lakes could introduce feedbacks on local climate and meteorology.

As of today, many hydrodynamic models independent of their complexity were equipped
already with ice models to allow for a year round simulation of mid-latitude lakes. For example,
Oveisy et al. (2012) introduced an ice model to the three-dimensional Estuary and Lake
Computer Model (ELCOM), which showed reasonable agreement with observations. Also de
Goede et al. (2014) implemented an ice model to Delft3D, considering thermodynamic aspects
and the motion of the ice sheet. Just recently, Simstrat was equipped with a lake ice model based
on the description of Saloranta and Andersen (2007). Most of the implemented ice models follow
the mathematical concepts described in Maykut and Untersteiner (1969)!, Semptner (1976),
Saloranta and Andersen (2007)? and Rogers et al. (1995)°. A general and comprehensive overview
of lake ice modelling is given in Leppéaranta (2014).

In some publications, these combined hydrodynamic and ice models were used to assess climate
change effects. For example, the comparative study by Yao et al. (2014) showed effects of future
climate conditions not only on lake temperature, but also on ice cover for the period 2010-2100.
For this purpose, they compared the results of four models: Hostetler, Minlake, Simple Ice Model

! Implemented in CE-QUAL-W2
2 Simstrat and MyLake
3 ELCOM and GLM
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and General Lake Model (GLM). Additionally, MyLake was applied for assessing climate change
impacts. Exemplarily, Gebre et al. (2014a) projected significant changes for the thermal structure
of lakes, which would further result in decreasing ice duration and thickness towards the end of

the 21¢t century in the Nordic-Baltic region.

Many hydrodynamic models were also coupled with water quality models for the evaluation of
different management strategies. Menshutkin et al. (2014) and Mooij et al. (2010) reviewed
examples of these coupled models. One of the mentioned models, the dynamic reservoir
simulation model (DYRESM) was coupled with the computational aquatic ecosystem dynamics
model (CAEDYM). As an example, DYRESM-CAEDYM was applied by Trolle et al. (2008), who
analysed several management scenarios to meet the requirements of the European Water
Framework Directive. Mooij et al. (2010) highlighted that CAEDYM was, hitherto, mainly used
for assessing nutrient cycling, effects of increased nutrient loading on algal blooms and changes
to phytoplankton succession, as well as for identifying conditions that favour cyanobacteria.

A directly coupled laterally-averaged hydrodynamic and water quality model (CE-QUAL-W2),
was, exemplarily, used for the computation of nutrient and sediment dynamics of reservoirs
(Mooij et al. 2010). Additionally, the environmental fluid dynamics code (EFDC), was coupled to
water quality models, such as the water quality simulation program for eutrophication
(WASP/EUTROS5). This coupled model was, for example, successfully tested by Zou et al. (2006).
GLM in combination with the Aquatic Ecodynamics model (AED2) was also applied for the
assessment of temperature and DO dynamics. Exemplarily, Weber et al. (2017) optimised the
operation of selective withdrawal at the Grosse Dhuenn drinking water reservoir.

As mentioned in Section 1.1, the assessment of PS effects through modelling focused up to now
on the assessment of lake temperature and stratification. Most of the used models were based on
two- (Bonalumi et al. 2012; Ramos-Fuertes et al. 2018) or three-dimensional hydrodynamic
models (Anderson 2010; Bermudez et al. 2017).
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1.5  Study site

The two water bodies investigated in the present study, Upper Lake Zurich and Sihlsee
(Figure 1.1), are already today connected by a hydropower plant with a small PS capacity. In the
process of the concession renewal, which is expected for 2019, the Swiss Federal Railways (SBB
AG) as the owner of the power plant investigated different options for increased PS between the
two lakes. The funding of this thesis, granted by SBB AG, therefore, gives the opportunity to
focus on scientifically interesting challenges and how these can be tackled.

The upper water body, Sihlsee (47.1225°N, 8.7856°E) is the reservoir with the largest surface area
in Switzerland. It is a dimictic reservoir, with an ice cover in winter. The maximum ice thickness
typically reaches ~0.20 m. Sihlsee has a surface area of 11.30 km? and a maximum volume of
96.1x10° m®. At maximum water level, it has a length of 8.5km, a width of 25km, and a
maximum depth of 23 m, with an average depth of 9 m (Basler & Hofmann AG 2014). Its

operating level varies between 889.34 and 876.84 m a.s.1. The retention time scale is ~135 days.

The tributaries of Sihlsee are Minster (40%), Sihl (21%), Grossbach (7%), Eubach (6%) and some
smaller creeks (26%). The values in brackets indicate the areal contribution of each catchment to
the whole watershed area of ~156.5 km?. The long-term monthly mean discharge of Minster,
which is the main tributary, ranges from 1.22 to 5.32 m s! for the period 1981-2000. The intake of
the PS hydropower plant at Sihlsee is located at an elevation of ~870 m a.s.l. This intake is also

used as outlet in case of pumping,.

Before this study, there has been no monitoring of temperature or water quality parameters in
Sihlsee, and only few publications concerning this artificial lake had been published. For
instance, sediment core analyses (Ammann 1987) showed that most of the deposited material in
Sihlsee is delivered by the River Minster. A more recent study investigated greenhouse gas
emissions (COz, CHs and N20) from the lake (Diem et al. 2012).

The lower basin of the PS scheme, Upper Lake Zurich (47.2117°N, 8.8675°E), is a natural lake. It
can be characterised as monomictic. It has a surface area of 20.25 km? and a maximum volume of
470x106 m®. It is 10.5 km long, 2.5 km wide and 48 m deep, with an average depth of 23 m (Amt
fiir Umwelt Kanton St. Gallen 2018). The lake surface is at an altitude of ~406 m a.s.l. and has an
average retention time of ~70 days. The lake level is controlled at the outflow in Zurich and

therefore relatively stable.

The tributaries of Upper Lake Zurich are Linthkanal, induding the discharge from Walensee and
the Linthebene (83%), Jona (5%), Wagitaler Aa (5%) as well as minor inflows from the
surrounding area of the Upper Lake Zurich (7%). Again, the values in brackets indicate the
contribution to the entire watershed of ~1564km?. The monthly averaged discharge of
Linthkanal measured at the outflow of Walensee ranges from 16.3 to 86.8 m?s? (values were
estimated for February and July 2014, respectively). At Upper Lake Zurich, the elevation of the

PS outlet, which is also used as intake, is at ~403 m a.s.l.
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Upper Lake Zurich is monitored due to its relevance for Lower Lake Zurich, which is used as
drinking water source for roughly one million people (Gammeter and Forster 2002; Schildknecht
et al. 2013). Another important feature of Upper Lake Zurich is the conservation area, called
“Batzimatt”’, which is habitat for three species of macrophytes, Ceratophyllum demersum,
Poamogeton pusillus and Ranunculus circinatus. All of them are on the IUCN red list of endangered
species (AQUAPLUS 2013).
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Figure 1.1 (A) Plan view and (B) cross section of Etzelwerk (Source: SBB AG (2006), Das Etzelwerk, Faltblatt.).
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1.6 Approach and outline

Although the PS effects on temperature and stratification have been assessed in several
publications (Anderson 2010; Bonalumi et al. 2012; Ramos-Fuertes et al. 2018), the impact on
water quality and lake ice has not been quantified. Additionally, when PS operations are
extended the definition of a reference state for the environmental impact assessment is not
clearly defined. Moreover, Bonalumi et al. (2012) could show pronounced PS effects for the
warm years of their studied period, suggesting that the effects of PS operation could be
enhanced due to climate change. Yet, the assessment of the combined effects has also not been
studied. Furthermore, the question of the reliability of a model itself remains. Thus, the main

research questions of this dissertation can be summarized as follows:

e How will temperature, water quality and ice cover be affected by PS operation?

e How do temperature, DO and nutrient projections of two differently defined reference
scenarios compare to the current PS operation?

o Are the effects of PS operation aggravated or weakened by climate change?

e Should the development of PS operations consider the additional effect of climate
change?

e  How reliable are the projections, particularly, those for the ice-covered period?

The first and the second research question are addressed in Chapter 2, by setting up and
calibrating a laterally-averaged two-dimensional hydrodynamic and water quality model to
assess the effects of two PS and two reference scenarios. Chapter 3 provides supplementary
information to Chapter 2. In Chapter 4, the calibrated two-dimensional model is utilized to run
simulations for VG-generated 10x15-year-long synthetic time series of future and current climate.
This will allow answering research questions three and four. The supplementary material of
Chapter 4 is given in Chapter 5. To solve the last research question, two additional one-
dimensional models, accounting for deep-water withdrawal and ice formation, are set up and
calibrated in Chapter 6. Chapter 7 contains the supplementary information of Chapter 6. In
Chapter 8, the main findings of this dissertation are presented along with aspects that would be

interesting to investigate in the future.
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Chapter 2
Effects of lake-reservoir pumped-storage

operations on temperature and water quality*

2.1 Overview

As has been highlighted in Chapter 1, PS hydropower plants are expected to make an
important contribution to energy storage in the next decades with growing market shares of
“new renewable” electricity. Yet, PS operations have been shown to affect the water quality of
the connected water bodies through the water exchange between them and through the deep-
water withdrawal from the upper water body. Thus, this chapter focuses on the assessment of
the importance of these two processes in the context of recommissioning a PS hydropower plant.
To this end, different scenarios were simulated with a modified version of the numerical, two-
dimensional hydrodynamic and water quality model CE-QUAL-W2. The comparison of present
and extended PS operations showed significant impacts of the water exchange between the two
water bodies on the seasonal dynamics of temperatures, stratification, nutrients, and ice cover,
espedially in the smaller upper reservoir. Yet, the comparison of the present PS scenario and the
reference scenario with deep-water withdrawal resulted in only minor effect of the water
exchange. On the other side, the comparison with the near-natural reference revealed that deep-
water withdrawal strongly decreases the strength of summer stratification in the upper reservoir,
further shortening its duration by ~1.5 months, consequently improving oxygen availability, and
reducing the accumulation of nutrients in the hypolimnion. These findings highlight the
importance of assessing the effects of different options for water withdrawal depths in the design
of PS hydropower plants, as well as the relevance of defining a reference state when a PS facility

is to be recommissioned.

4 This chapter is based on the scientific article “Effects of lake-reservoir pumped-storage operations on temperature and water
quality” by U. G. Kobler, A. Wiiest and M. Schmid published in Sustainability. The fieldwork, simulations and the analysis
presented hereafter are original and were performed by the author of the thesis.
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2.2 Introduction

The share of “new renewables”, such as photovoltaic and wind power plants, to the
electricity production is increasing globally as a consequence of political decisions to reduce
greenhouse gas emissions (Barbour et al. 2016; EU Commission 2011). At the end of 2016,
2017 GW of renewable power capacity were installed globally (REN21 2017), with parts of
~300 GW and ~490 GW from photovoltaic and wind power, respectively. The integration of these
“new renewables” to the electrical grid is challenging due to their intermittency (Evans et al.
2012) and entails network load stability problems resulting from decentralized production
(Ibrahim et al. 2008). Electricity storage addresses a large part of these timing and stability issues.

Even today, the most efficient technologies for storing electric energy are still pumped-storage
(PS) hydropower plants, which also provide ancillary services such as voltage support and
various forms of reserve capacity to fine-tune the matching of supply and demand and to ensure
reliability (REN21 2017). Worldwide, >300 PS hydropower plants were installed with a total
capacity of ~150 GW by the end of 2016, and plans existed for another 40 GW by 2020 (REN21
2017), with overall energy efficiencies reaching up to 87% and an individual size of up to
3000 MW (Rehman et al. 2015). Thus, within the last few years, PS operations regained attention,
and overviews of proposed PS hydropower plants have been presented in various studies
(Barbour et al. 2016; Deane et al. 2010).

However, PS operations modify physical and geochemical (abiotic) as well as ecological (biotic)
properties of the connected water bodies. Abiotic effects include changes of water temperature,
stratification, water level fluctuations, sediment resuspension, oxygen and nutrient cycling in the
water column as well as modifications of inorganic suspended sediment, which accordingly alter
light penetration (Bonalumi et al. 2011). Additionally, lake-internal circulation patterns
(Anderson 2006) as well as ice cover (Liu and Wu 1999; Solvang et al. 2012) may be affected.

Biotic PS impacts are, in general, less studied but can include effects such as stranding of juvenile
fish in littoral zones during dewatering (Bell et al. 2008), entrainment of organisms (Hauck and
Edson 1976), and spreading of alien species from downstream to upstream (Harby et al. 2013).

Assessing PS impacts for different scenarios is typically undertaken by the application of
numerical models. Models of different complexity have previously been applied for studying
impacts of reservoir management on water quality. These range from one-dimensional models
such as GLM-AED (Weber et al. 2017), DYRESM-CAEDYM (Romero et al. 2004) or MyLake
(Gebre et al. 2014b), to three-dimensional models such as the Environmental Fluid Dynamics
Code (Anderson 2010), Delft3D (Bermudez et al. 2017) or ELCOM-CAEDYM (Romero et al. 2004;
van der Linden et al. 2015). Models of lower complexity have the advantage of shorter
computation times, allowing for large numbers of simulations, e.g., for the purpose of parameter
estimation or scenario simulations, but may not be able to adequately reproduce the effects of
local inflows on basin-scale dynamics and water quality, especially for large local discharges as
they are typically introduced by PS operations. Three-dimensional models can resolve these
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spatial dynamics, but their computational demand, especially when coupled to water quality
models, still precludes their application to long-term studies and for purposes where a large
number of simulations is required. Furthermore, spatially resolved observational data are often

not available to calibrate the three-dimensional processes.

For our case, the simulation of a coupled lake-reservoir system over a time scale of 15 years and
with a potential future application to climate change scenarios, the two-dimensional, laterally
averaged hydrodynamic and water quality model CE-QUAL-W?2 is a good compromise between
spatial resolution and computational demand. It has previously been applied to numerous case
studies for reservoir management (Kuo et al. 2006; Liu et al. 2009), among which also another
case study of a lake and a reservoir coupled by PS (Bonalumi et al. 2012).

When planning a new or extending an existing PS scheme, environmental effects need to be
projected and minimized during the planning phase (Harby et al. 2013; Hirsch et al. 2017). For
this purpose, a reference state needs to be defined. This could be the natural state without a
reservoir. However, in the case of existing reservoirs, which are often used for multiple
purposes, such as for flood protection and recreation (Harby et al. 2013), reservoir removal could
have relevant ecological and socio-economic effects, and might therefore not be a realistic option
(Bellmore et al. 2017). Hence, other artificial reference states can be considered to analyse the

impacts of PS extension or for recommissioning present PS operation.

This study aimed to assess the impacts on temperature, stratification as well as water quality in a
natural lake and a reservoir connected by a PS hydropower plant. We analysed: (a) its extension;
and (b) two reference scenarios without PS operation. Both reference scenarios keep the dam, but
they differ in withdrawal depth of the outflow which, either remains at the current depth of the
residual flow outlet in the hypolimnion or is moved up to the surface. The first reference scenario
allowed to individually assess the impacts of water exchange due to PS, while the second
corresponded to a “quasi-natural” behaviour of the reservoir. We hypothesized that the impacts
of PS operations are partially caused by the exchange of water between the two water bodies,
and partially by the depth of water removal from the upper reservoir. To disentangle these
effects, the scenarios were simulated using the 2D-model CE-QUAL-W2 and compared to the
present PS operation.
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Figure 2.1 Overview of study site: Etzelwerk with its two connected water bodies Sihlsee (upper reservoir; 8.5 km long and
2.5 km wide) and Upper Lake Zurich (lower lake; 10.5 km long and 2.5 km wide). Meteorological stations refer to: EIN:
Einsiedeln; WAE: Wadenswil; SCM: Schmerikon (all MeteoSwiss); and SCS: Segelclub Sihlsee. The MeteoSwiss station at
Zurich Fluntern (SMA) is outside the graph (coordinates: 8.56573°E, 47.37789°N). Observation sites correspond with the
deepest points of model segments 38 (SEG38) and 90 (SEG90), for which model results were generated.

2.3  Study site

Etzelwerk, a PS hydropower plant located in Switzerland, was chosen as the study site.
It was built in the 1930s and is operated between Sihlsee and Upper Lake Zurich (Figure 2.1). Its
current concession runs out at the end of 2022. For its renewal, several options for extending the
PS operation have been considered: 525 (265) MW, 250 (80) MW and 150 (60) MW for the
generating (pumping) mode. Additionally, a reference state was defined as a base for the
required mitigation measures.
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Sihlsee is the artificial upper reservoir of the Etzelwerk PS hydropower plant (Figure 2.1). At
maximum water level, it is 23 m deep, has a surface area of 11.3 km? and a volume of 96.1x10¢ m3.
The water level varies by 12.5 m between 889.34 and 876.84 m a.s.l., thus the storage capacity is
~89.4x10° m®. The catchment area is 156.5 km? with the major tributaries Minster (40% of
catchment), Sihl (21%), Grossbach (7%) and Eubach (6%). The grid location of inflows, outflows
and PS flows is depicted in Figure 3.1. The current hydraulic residence time is ~135 days. Since
no previous observations were available, temperature, oxygen and nutrient concentrations were
monitored in Sihlsee during 2014-2016 as a base for model calibration. The observations were
made at SEG38 and are summarized in Section 3.3.

Upper Lake Zurich is the lower lake of this PS hydropower plant and is of natural origin
(Figure 2.1). Its surface elevation varies by ~1.0 m between 405.5 and 406.5 m a.s.l. At highest
water level, it has a maximum depth of 48 m, a surface area of 20.25 km? and a volume of
470x10° m3. The catchment area (1564 km?) is about one order of magnitude larger than that of
Sihlsee. The main tributaries contributing to this catchment are Linth (83%, including the
discharge from Walensee and Linthebene), Jona (5%) and Wagitaler Aa (5%). The average water
residence time is ~70 days. Additional information on bathymetry and model forcing can be
found in Section 3.2, and an overview of the physical and chemical properties of Upper Lake
Zurich (monitored by a routine program at SEG90) is given Section 3.3.

Epilimnion temperatures at both lakes are rather similar. Hypolimnion temperatures at Sihlsee
can reach up to <17 °C in summer, whereas those at Upper Lake Zurich remain below 6 °C.
During the stagnation phase, suboxic or anoxic conditions develop in the hypolimnia of both
lakes. Mean annual nitrate concentrations differ significantly between Sihlsee (~230 ug N L)
and Upper Lake Zurich (~660 pg NL™1), respectively, while mean total phosphorus
concentrations are similar in both water bodies, even though higher peak concentrations are
reached in Sihlsee after flood events.

The average annual water balances (calculated for the period 1997-2015) of both water basins are
given in Table 2.1. The extended PS operation would increase the water exchange between the
two water bodies from 214 to 778x10°m®s for the PS generating flow and from 26 to
590x10° m® s for the PS pumping flow (Table 2.1). The seasonality of the artificial PS flows is
shown in Figure 3.2. For both reference scenarios, no PS flows were considered. The hydraulic
residence time of Sihlsee is, therefore, increased to ~150 days in both reference scenarios and

reduced to ~40 days in the extended PS scenario.
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Table 2.1 Annual water balance of the two water bodies of Etzelwerk. Sum of all inflows, outflows and artificial flows for
present and extended PS operation as well as for the two reference scenarios NoPS and QNat (details given in Section 2.4.2). A
correction term was required to close the water balance for Sihlsee, described in Section 3.2.

Sihlsee Upper Lake Zurich
Present Extended Reference Present Extended Reference
) PS Scenarios PS PS Scenarios
[106 m3 year]

Sum of inflows 235 235 235 2410 2410 2410
Sum of outflows -32 -32 -220 -2598 -2598 -2410
Correction term -15 -15 -15 0 0 0
PS generating flow -214 -778 0 214 778 0
PS pumping flow 26 590 0 -26 -590 0

2.4 Materials and methods

241 Model description

The simulations were run with the model CE-QUAL-W2, version 3.71 (Cole and Wells
2013), developed in a cooperation of the US Corps of Engineers and the Portland State
University. It is a two-dimensional laterally averaged hydrodynamic and water quality model.
The two water bodies are directly connected in the model, i.e., the volumes of head race tunnel
and penstock are neglected. In effect, this volume needs to be flushed at every PS flow inversion
before water is effectively transferred between the two water bodies. For the present PS, this
accounts for ~5% and ~13% of the generating and pumping flows, respectively. Thus, the volume
exchanged between the two water bodies is slightly overestimated. Frictional losses were
considered, with an assumption of 90% and 80% efficiency level for generating and pumping,
respectively. The effect of this frictional warming was, however, minor.

The model forcing includes meteorological, hydrological and water quality forcing as well as
bathymetrical data. A detailed description including initial conditions is given in Section 3.2. All
simulations were run for the period 1997-2012, whereas years 2013-2015 and 1997-2015 were
used for calibration of Sihlsee and Upper Lake Zurich, respectively. The first year of each period
was considered as spin-up phase, and not included in the results. The results shown for Sihlsee
were generated at model segment 38 (SEG38), and those for Upper Lake Zurich at model
segment 90 (SEG90) (Figure 2.1). These segments correspond to the observation locations at the
two water bodies. A detailed description of the PS scenarios follows in Section 2.4.2.

The model considered an hourly time step and the model variables comprise: water temperature,
dissolved oxygen, inorganic suspended solids, phosphate, ammonium, sum of nitrate and nitrite,
dissolved and particulate organic matter (labile and refractory), algae (two groups) and

zooplankton.
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The model was calibrated against observations through a manual trial and error calibration.
Parameter values were either set according to recommendations from literature or tuned to
match observations (details in Section 3.3). The identified parameter set, the comparison between
observed and simulated profiles and time series as well as the computed mean absolute error
(MAE) and mean error (ME) of temperature, dissolved oxygen, total phosphorus and the sum of
nitrate and nitrite are given in Section 3.3.

The root mean square errors (RMSEs) for the entire calibration period for the overall water
column, the epilimnion and the hypolimnion are shown in Table 2.2. The RMSE of temperature
is <1 °C for both water bodies, which is comparable to the range of ~0.7-2.1 °C achieved in a
recent multi-lake comparative analyses using the 1D-model GLM (Bruce et al. 2018). The MAEs
(Table 3.3) for the entire water column of 0.71 °C for Sihlsee and 0.65 °C for Upper Lake Zurich
are within the range of ~0.3-0.9 °C that resulted from 70 previous applications of CE-QUAL-W2
(Cole and Wells 2013). RMSEs for dissolved oxygen are comparable to the value of 1.05 mg L in
a recent study on reducing thermal pollution downstream with the additional objective to avoid
hypoxia (Weber et al. 2017), and again within the range typically achieved with CE-QUAL-W2
for similar applications (Cole and Wells 2013; Deliman and Gerald 2002). The same is true for
nutrient concentrations, where, for example, Deliman and Gerald (2002) showed RMSEs of
570 uyg N L7 for the sum of nitrate and nitrite and 40 pg PL™ for total phosphorus; and
Smith et al. (2014) presented RMSEs in the hypolimnion of <100 ug N L for the sum of nitrate
and nitrite and <16 ug PL™ for total phosphorus as well as RMSEs in the epilimnion of
<40 ug N L and <7 pug P L for the sum of nitrate and nitrite and total phosphorus, respectively.
RMSEs of the sum of nitrate and nitrite presented in two further studies, which both focussed on
projecting the response to nutrient reduction scenarios, were ~100 ug N L for both epi- and
hypolimnion (Liu et al. 2009) and <590 ug N L (Kuo et al. 2006) for the entire water column.

Table 2.2 Root mean square error (RMSE) of temperature, dissolved oxygen, the sum of nitrate and nitrite as well as total
phosphorus computed for the entire water column, the epilimnion and the hypolimnion of Sihlsee and Upper Lake Zurich.

Sihlsee Upper Lake Zurich
2014-2015 1998-2015
Entire Entire
Variable Unit Water  Epilimnion! Hypolimnion2  Water  Epilimnion! Hypolimnion 3
Column Column

Temperature [°C] 0.94 093 0.94 0.93 0.78 0.98
Dissol

issolved [mg L] 115 107 1.38 1.26 0.99 116
oxygen
Sum nitrate

-1

and nitrite [ug N L] 76 69 89 114 142 114
T

otal [ug PLT] 445 274 6.51 413 390 3.96
phosphorus

1Uppermost 5 m of the water column. 2 Lowermost 5 m of the water column. 3 All depths >20 m.
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2.4.2  Pumped-storage scenarios

Here, we present the results of simulations corresponding to present PS operations, the

largest PS extension scenario and two reference scenarios considering no PS flows.

The present PS scenario represents the current state, where water is withdrawn from the
hypolimnion of Sihlsee for both generating electricity (~135 MW installed capacity) and the
residual flow to River Sihl. Water from Upper Lake Zurich is pumped up to Sihlsee (~65 MW
installed capacity) and discharged to its hypolimnion. At Upper Lake Zurich, intake and outlet
of the PS hydropower plant are placed within the epilimnion.

The extended PS is operated with installed capacities of 525 MW and 265 MW for generating and
pumping, respectively. The basic hourly dataset for this scenario was provided by the Swiss
Federal Railways and considered monthly-averaged net inflows to Sihlsee. It was adapted to
account for hourly instead of monthly mean natural inflows, to allow assessing the influence of
floods and low flows (details are given in Section 3.4).

For the first reference scenario (NoPS) water is withdrawn from the hypolimnion through the
present outlet of River Sihl’s residual flow. The discharge of River Sihl downstream the dam is
based on a regime analysis of observed outflows, before the dam was built (LIMNEX AG, 2016,
personal communication), representing a near-natural effluent for River Sihl downstream of the
dam.

For the second reference scenario (QNat), the discharge to River Sihl is similar to that of NoPS,
but released from the epilimnion, where water is discharged over a weir (crest at 8874 ma.s.l,
Figure 3.1). This outflow corresponds to the “theoretical” natural state of the lake, if the dam

were of natural origin.

The current PS generating flow approximately equals the sum of inflows for Sihlsee, but
contributes <10% to the total inflows of Upper Lake Zurich (Table 2.1). The pumping flow
accounts for ~10% of the natural inflows at Sihlsee and for ~1% at Upper Lake Zurich.
Consequently, the impacts of the PS operations are much more important for Sihlsee, and we
focus the discussion of the results on this reservoir. Results for Upper Lake Zurich are presented
in Section 3.4.
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243 Aggregation of results

From the simulated temperatures and concentrations of dissolved oxygen and
nutrients, we calculated means, minima and maxima of all years included in the studied period
(1998-2012) for each day of the year. The simulations were aggregated separately for the
epilimnion (represented by the uppermost 5m of the water column) and the hypolimnion
(represented by the lowermost 5 m of the water column). The differences between scenarios were
calculated at every depth and then aggregated for either the epi- or the hypolimnion. The

aggregation included the computation of mean and standard deviation for each season.

The durations of summer and inverse winter stratification were defined as the longest
uninterrupted periods with temperature differences >0.2 °C and <-0.2 °C between the upper- and
the lowermost layer. Schmidt stability was calculated according to Idso (1973) for each day and
its mean value was calculated for each month. Ice-on was defined as the first day in winter,

when ice thickness at SEG38 was >0 m, and ice-off as the first day in spring without ice at SEG38.

2.5 Results

Figure 2.2 depicts the mean and extrema for temperature, dissolved oxygen and
nutrients for all considered PS scenarios, and Figure 2.3 shows a boxplot of their seasonal
differences between either one of the two reference scenarios QNat and NoPS or the extended PS
scenario and the present PS scenario. In both figures, the results are presented separately for the
epi- and the hypolimnion.

In summer and autumn (May-December), epilimnion temperatures of Sihlsee are ~1.6 °C lower
in the reference scenario QNat compared to all other scenarios. Hypolimnion temperatures for
QNat are reduced by up to 10-11 °C in late August compared to the other scenarios. These large
temperature differences result from hypolimnetic water withdrawal, which draws the
thermocline and warmer epilimnion water downwards. This highlights the strong effect of deep-
water withdrawal on the temperature regime of Sihlsee. In contrast, the hypolimnion
temperature differences between the extended and the present PS operation generally range
within ~3 °C, and those between the present PS operation and NoPS are <1 °C for most of the
summer. In both cases, the hypolimnion of Sihlsee is warmed during summer due to pumping of
epilimnion water from Upper Lake Zurich.

In winter and spring (December-May), epilimnetic temperatures are similar for all scenarios
except for the extended PS scenario, where they increase by ~1.6 °C. These differences are shaped
by enhanced PS pumping flow during winter and result also in a significantly shortened ice-
covered period (Figure2.4 A) along with start and end dates of summer and inverse
stratification, for the extended PS scenario. These further results in a decreasing ice thickness
from ~30-34 cm to ~23 cm for the extended PS scenario (Figure 2.4 C). Inverse stratification is
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also shortened by ~50 days (later start and earlier end) due to the pumping of comparably warm
water from Upper Lake Zurich.

The deep-water withdrawal of present PS, extended PS and NoPS reference scenarios affects
stratification (Figure 2.4 A) and water column stability (Figure2.4 B) accordingly. Summer
stratification is prolonged for QNat by ~40-50 days since water temperatures are much cooler for
this scenario in autumn and more time is needed to cool the water column sufficiently to initiate
mixing. For extended PS, summer stratification is prolonged by ~10-15 days, caused by earlier
stratification start due to earlier ice-off (Figure 2.4 A).

Schmidt stability is for most months smallest in the extended PS scenario (Figure 2.4 B). Thus,
enhanced PS pumping flow generally decreases water column stability. In the simulations this
leads occasionally (three times in 12 years) to temperature differences <0.5 °C between the upper-
and lowermost layer, and, thus, strong wind events can initiate almost complete mixing of the
water column in summer. This does not occur in the near-natural reference scenario QNat. The
other three scenarios show major differences from August to October, where Schmidt stability is
decreased by factors of up to ~3.3 compared to the reference scenario QNat.

Dissolved oxygen concentrations in the epilimnion are mainly driven by equilibration with the
atmosphere and primary production and do not differ much between the scenarios, only the
shorter ice-covered period slightly raises concentrations in spring for the extended PS scenario.
Conversely, large differences arise in the hypolimnion, where the prolonged stratification in the
reference scenarios QNat increases the time available for oxygen depletion due to the
decomposition of organic matter. This leads to maximum differences of ~8 mg L™ in late October
when hypolimnetic oxygen concentrations reach their minimum in QNat, but are already
partially replenished by seasonal mixing in the other scenarios. In addition, PS introduces
oxygen-rich water from the epilimnion of Upper Lake Zurich to the hypolimnion of Sihlsee,
counteracting oxygen depletion during both summer stratification and inverse winter
stratification, which is particularly the case for the extended PS scenario (Figure 2.3). Following
the Swiss Water Protection Ordinance (GSchV 1998), dissolved oxygen concentrations in lakes
should always exceed a threshold of 4 mg L. In the near-natural reference scenario QNat,
simulated concentrations fall below this threshold every year, on average during ~90 days. This
value is reduced to ~33 days (in 14 out of 15years) for the reference NoPS, and ~22 days
(11 years) for the present PS scenario. For the extended PS scenario, hypolimnetic dissolved
oxygen concentrations below 4 mg L were simulated only in one year for an uninterrupted
period of ~3 days, which is still less than for the other scenarios in that specific year.

Nutrient concentrations are also affected by both the exchange of water in the PS scenarios and
the changes in stratification due to the withdrawal depth. The sum of nitrate and nitrite
concentrations is increased by a factor of ~1.2—4 in the extended PS scenario, as the prevailing
concentrations are higher by factor of ~3 in Upper Lake Zurich compared to Sihlsee. Similarly,
phosphate concentrations increase during winter (November—April) by ~2-6 ugP L. For
present PS, these effects are much smaller, as the PS pumping flow is only 5% of that in the
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extended PS. The prolonged stratification in the reference scenario QNat allows more time for
the accumulation of nutrients in the hypolimnion from mineralization at the sediment surface.
Until late October, nutrient concentrations are increased by up to ~80 ug N L= and ~7 ug P L for
the sum of nitrate and nitrite and phosphate, respectively, compared to the present PS scenario.
Seasonal mixing propagates the effects on nutrient concentrations from the hypo- to the
epilimnion. Thus, concentrations are raised in the reference scenario QNat from April to
December by up to 2.3 ug P L' and 21 ug N L for phosphate and the sum of nitrate and nitrite,
respectively.

2.6 Discussion

At Sihlsee, extended PS operation is projected to result, compared to the present PS, in:
(a) an increase of hypolimnion temperature by ~2 °C during summer due to pumping surface
water from Upper Lake Zurich; (b) warming of surface water by ~1.6 °C during winter and
spring mostly due to enhanced mixing; (c) later development of inverse stratification by
~1.5 month; (d) an earlier overturn in spring by ~2 weeks; (e) earlier ice-off by ~1 month and
~30% thinner ice; (f) increased dissolved oxygen concentrations in the hypolimnion; and (g)
increased nutrient concentrations originating from higher concentrations in the lower lake. The
sum of nitrate and nitrite concentrations in winter and spring are decreasing at Upper Lake
Zurich for the same reasons as they increase in Sihlsee. However, effects on Upper Lake Zurich
are much less pronounced due to its larger volume and higher natural discharges. Local effects
of PS operation in the vicinity of the intake/outlet of the PS hydropower plant are expected to be
higher, but their analysis would require 3D simulations in the near field (Miiller et al. 2016).

Besides these effects of PS operations, the simulations highlighted the importance of the
withdrawal depth in Sihlsee. If located in the hypolimnion (reference scenario NoPS), the
differences to the present PS scenario are minor. Conversely, large effects result if the outlet is
placed within the epilimnion (reference scenario QNat) with: (a) hypolimnion temperatures
decreasing to commonly observed values of natural lakes in that region; (b) a consequent
reduction of epilimnion temperature; (c) delayed summer stratification by ~1.5 months; (d)
therefore, reduced dissolved oxygen concentrations; (e) increased phosphate concentrations; and

(f) higher sum of nitrate and nitrite concentrations due to delayed seasonal mixing.

These findings can be put into the context of previous modelling studies on pumped-storage
hydropower facilities. Additional information about the systems investigated in these studies is
given in Section 3.5.
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Figure 2.2 Mean (lines with markers) and range of minima and maxima (shaded areas) of simulated temperatures (°C) and
concentrations of dissolved oxygen (mg L), phosphate (ug P L) and the sum of nitrate and nitrite (ug N L) for the two
reference scenarios QNat (red) and NoPS (olive-green), the present (turquoise) and the extended PS (violet) scenarios in the
epilimnion (uppermost 5 m of the water column) and the hypolimnion (lowermost 5 m of the water column) of Sihlsee.
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Bonalumi et al. (2012) showed that both water bodies connected by a PS scheme would mostly be
warmed. In autumn, 50% of this warming in the upper hypolimnion of the lower lake would be
due to frictional warming of the PS flows. This effect is not as relevant for the case of Sihlsee and
Upper Lake Zurich due to the much smaller head. In Lake Oconee, the water column was
completely mixed in summer after the introduction of PS operation, whereas before temperature
differences between epi- and hypolimnion had ranged between 5 and 13 °C (Potter et al. 1982).
This is comparable to the strong reduction of Schmidt stability in Sihlsee in the extended PS
scenario, but the extent of PS operations is insufficient to completely homogenize it. At Twin
Lakes, the PS operation reduced the residence time from 314 to 176 days, resulted in cooling of
both basins of Twin Lakes, and weakened stratification (USBR 1993). Anderson (2010) concluded
that the timing of stratification at Lake Elsinore would not be affected by PS, although
stratification, expressed as the temperature difference between surface and bottom waters,
would be weakened by 1.2 °C in late May. Our findings confirm that summer stratification can
be weakened by PS operation. Our results also suggest, in contrast to Anderson (2010) and
Bermudez et al. (2017), that the timing of stratification can be affected by PS, particularly that of
inverse stratification. Regarding the PS impact on temperature, our results indicate a warming of
the hypolimnion, which is contrary to the findings of USBR (1993), but similar to those of
Bonalumi et al. (2012) and Potter et al. (1982).

Overall, the results of our study showed that the effects of the water exchange due to PS
operations, even for extended PS, are small compared to those caused by deep-water
withdrawal. Similarly, for the drinking water reservoir Grosse Dhuenn (Weber et al. 2017),
selective withdrawal was shown to move the thermocline upwards, increase differences between
water temperature of the epi- and hypolimnion, and thus strengthen thermal stratification, when
being compared to bottom water withdrawal. These observations highlight the importance of
withdrawal depth as a crucial parameter in the design of PS hydropower plants for reducing
ecological impacts. However, water temperature and stratification are not the only parameters to
be considered for optimizing withdrawal depth, e.g., concentrations of glacial particles might
necessitate an intake/outlet placement in the hypolimnion (Bonalumi et al. 2012).

In the simulations of Bonalumi et al. (2012), PS operations were projected to significantly reduce
ice cover duration. However, due to a lack of observational data for calibrating the model, this
effect could not be reliably quantified. With a modified parameterization of CE-QUAL-W2, we
were able to reliably reproduce ice cover duration (Figure 3.6). With this model, we could show
that extended PS would strongly reduce ice thickness and ice-cover duration in Sihlsee.

Water quality parameters, such as dissolved oxygen, and nutrient concentrations, are affected by
PS operations through two different mechanisms: exchange of water masses, and indirect effects
due to changes in mixing and stratification. The importance of the first mechanism scales with
the ratio of the exchanged water masses and the volumes of the basins as shown for example for
the sum of nitrate and nitrite in Sihlsee above. Similarly, Bonalumi et al. (2012) found inorganic
suspended solid concentrations to decrease in the upper reservoir and to increase in the lower
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lake. At Twin Lakes, inorganic suspended solid concentrations decreased by 40 mg L™ when PS
operations were introduced, which was also linked to dilution (USBR 1993).

Changes in thermal stratification affect water quality in various ways. At Sihlsee, the bottom
water withdrawal leads to weaker stratification, and reduces its duration by >1 month. This
further affects hypolimnetic dissolved oxygen concentrations: due to less time being available to
reduce dissolved oxygen to low levels, more dissolved oxygen being resupplied by mixing
through the weaker thermocline, and additional supply of dissolved oxygen as river inflows
plunge more easily through a weaker density gradient. Consequently, dissolved oxygen
concentrations fall below the legal target of 4 mg L™ in a much smaller volume and during a
shorter period. This is in line with the findings of Weber et al. (2017) and Anderson et al. (2014)
that the hypolimnion of a reservoir is more oxygenated when water is withdrawn at the bottom.
Likewise, at Twin Lakes, the PS operation seems to have resulted in slight aeration of the
hypolimnion, which was considered beneficial, as it increased habitat volume of fish (USBR
1993).

According to Anderson et al. (2014), phosphorus concentrations decrease when water is
withdrawn from the hypolimnion. This is in accordance with our findings, as we found
additional accumulation in autumn induced by intensified stratification for the reference
scenario QNat. Nevertheless, PS impacts on nutrient concentrations are site-specific.

Our projections for effects of PS and deep-water withdrawal on temperature and stratification
are robust, since they are large compared to the uncertainty of the model, and supported by an
extensive data set of temperature for model calibration. The required correction of the water
balance and the lack of information to divide the outflow into surface outflow and deep-water
withdrawal, in the case of flood events, might somewhat affect mixing patterns for these flood
events, but should not change the overall picture. The projected effects on water quality include
a higher uncertainty, which is due to limited availability of hydrological and water quality
forcing of inflows. Nevertheless, the projected changes in water quality yield a coherent picture

of the effects of water exchange and those due to changes in thermal stratification.

When recommissioning a PS hydropower plant, a reference state needs to be defined for the
environmental impact assessment. For natural lakes, this is the scenario which does not incdude
any artificial PS flows. However, for reservoirs such as Sihlsee, this scenario is mostly a matter of
definition: it might be described as the natural state without a lake, where the original river
stretch needs to be analysed; it might also be an artificial state, with the reservoir remaining due
to its multiple other purposes, but PS operations being removed. The simulated effects for the
reference scenarios NoPS and QNat highlight that the estimated environmental impacts can
depend heavily on the choice of the reference scenario. Thus, we see a need for guidelines to
define such reference scenarios in the context of assessing environmental impacts of increased

development or the extension of PS hydropower plants.
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2.7 Conclusions

Previous studies have shown, by both pre- and post-operational observations and
modelling, that PS operations can have significant impacts on temperature and thermal
stratification in the connected water bodies. With the present study, we aimed at extending this
assessment to indicators of water quality (oxygen and nutrient concentrations) as well as the
duration and extent of ice cover. For this purpose, we projected the effects of a PS extension
scenario for the case of Etzelwerk, using a directly coupled hydrodynamic and water quality
model for the two connected water bodies. The results showed that PS extension would increase
water temperatures in the hypolimnion of the upper reservoir by ~2 °C in summer. The model
also projected a significant reduction of the duration and thickness of ice cover due to the PS
operations. Additionally, the increased PS pumping flow would raise the nutrient concentrations
in the upper reservoir and increase dissolved oxygen availability in its hypolimnion. These
effects of PS operation on lake water quality are not easily transferable to other systems, as they
depend on the natural, site-specific water quality. In tendency, however, PS supports a decrease
of the strength and duration of stratification with correlated effects on dissolved oxygen and

nutrients.

Furthermore, we aimed at disentangling the effects of PS operation and deep-water withdrawal,
which has up to now not been quantified in the context of PS operations. This was achieved by
analysing two reference scenarios: (i) a scenario without hydropower but with deep-water
withdrawal from the upper reservoir; and (ii) a “quasi-natural” scenario with surface outflow.
The scenario without hydropower showed comparably minor differences to the present PS
operation. Conversely, the “quasi-natural” scenario highlighted a large effect of the withdrawal
depth on the upper reservoir. Compared to the present state, the surface outflow decreased
hypolimnetic water temperature by up to ~10 °C, and, accordingly, intensified stratification, and
reduced dissolved oxygen concentrations. Thus, we can claim that at Etzelwerk the impacts of
water withdrawal in the hypolimnion are more crucial than those of PS operations, especially for
the present, but also for the extended PS operation. This also underlines the importance of the
location of the PS intake/outlet. Consequently, withdrawal depth in the reference state defines
relevant implications for the estimated environmental impacts of a PS scheme. For management
purposes, it is, therefore, important to have clear guidelines for defining a reference state as a
base scenario for assessing the environmental impacts of increased development or extension of
PS hydropower plants. We, thus, recommend for future projects to separately analyse effects due
to withdrawal depth and those due to PS operation. Although the effects on the natural lake
were small in the present study, these need to be cautiously investigated at any other site.
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Chapter 3

Supplementary information to Chapter 25

3.1 Overview

This chapter provides supplementary information to Chapter 2. In particular, the model
forcing, the available observations and the projections for Upper Lake Zurich, the lower lake of
the studied system are described. Regarding the model forcing, Section 3.2 gives (a) details of the
bathymetrical information, (b) information about the meteorological stations used to generate
hourly time series for both Sihlsee and Upper Lake Zurich, (c) additional information on the
hydrological forcing and water quality forcing. For the available observations a literature review
is provided for Upper Lake Zurich, and for Sihlsee, the observations performed by Eawag from
April 2014 to December 2016 are described. The latter comprise observations of temperature,
inorganic suspended solids, dissolved oxygen, chlorophyll-a, nitrate, nitrite and total
phosphorus. Due to both Upper Lake Zurich’'s larger volume and its larger share of natural
inflows the PS effects on temperature and water quality do not exceed the interannual variability
of these characteristics. Lastly, this chapter also provides an overview of the specifications of
other PS operations, which have been studied in literature and are cited in Chapter 2.

5 This chapter is based on the supplementary information to “Effects of lake-reservoir pumped-storage operations on
temperature and water quality” by U. G. Kobler, A. Wiiest and M. Schmid published in Sustainability. The fieldwork,
simulations and the analysis presented hereafter are original and were performed by the author of the thesis.
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3.2 Model forcing and initial conditions

3.21 Bathymetry

The bathymetry is based on Lidar measurements (terra Vermessungen, October 2014,
personal communication) for Sihlsee and on GIS-data of the Federal Institute of Topography
(swisstopo Art. 30 GeolV: 5704 000 000 / DHM25@2003) for Upper Lake Zurich.

Both water basins are divided into 200 m wide segments along the main axis and 0.5 m thick
layers (depth). This results in 43 (58) segments and 47 (93) layers for Sihlsee (Upper Lake Zurich).
The numbers of segments and layers include at each margin a segment or layer filled with zeros.
An overview of the model grid with the positions of all in-, out- and artificial flows is given in
Figure 3.1.

The Sihlsee inflows are located in segments 2 (Minster and Sihl), 10 (Eubach) and 22 (Grossbach),
each entering the lake within the top 4 layers. At Upper Lake Zurich the inflows are located in
segments 4 (Linth), 37 (Wégitaler Aa) and 38 (Jona). While River Linth is distributed into layers
2-28, the other inflows enter between layers 2-14. The outflow to Lower Lake Zurich is located at
segment 58 and implemented as a weir.

(a) Minster & Sihl  |Grossbach |SEG38
measurement location

» Alternative residual

11— flow Sihl

21—

3= , <»|ntake/Outlet PS

44— 8¢ »Residual flow Sihl
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Figure 3.1 Overview of model grid: Sihlsee (a) and Upper Lake Zurich (b) including the positions of all inflows (blue), outflows
(green) and artificial flows (red). The grid labels indicate segment numbers on the horizontal and layer numbers on the vertical
axis. The segments with available observations (SEG38 and SEG90) are shaded in violet.
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The PS intake and outlet of present and extended PS at Sihlsee is located at segment 42 and
stretches from layer 33 to 43 that at Upper Lake Zurich is positioned at segment 49 and extends
between layers 2 to 12.

The residual flow to River Sihl from Sihlsee is indicated in green in Figure 3.1. The regular outlet
is located at segment 42 between layers 38 to 43, where water is withdrawn for the present PS,
the extended PS scenario and the reference scenario NoPS. For the reference scenario QNat the
outlet of the residual flow is moved to the surface (weir crest at 887.4 m a.s.l.).

3.22  Meteorological forcing

For calculating heat exchange at the water surface and mixing processes, the standard
version of CE-QUAL-W2 requires the input of air temperature, dew point, wind speed and
direction as well as cloudiness and solar radiation. Incoming long-wave radiation is then
calculated internally. We replaced this procedure with an external calculation of long-wave
radiation and modified the code to read in these values instead of cloudiness, which is then no
longer required. Long-wave radiation was calculated according to recommendations given by
Flerchinger et al. (2009). Incoming clear-sky long-wave radiation was calculated using the
method of Dilley and O’Brien (1998). The cloud correction by Unsworth and Monteith (1975),
and the elevation correction by Deacon (1970) were applied. The albedo of long-wave radiation
was kept constant at 0.97.

Table 3.1 Overview of meteorological information used. Shown are the temporal resolution (h: hourly, d: daily), the time range
which was used to generate the meteorological forcing and the order of stations of MeteoSwiss, which were used to fill data
gaps: (1) Zurich Fluntern, (2) Wadenswil, (3) Schmerikon and (4) Einsiedeln.

‘:ﬁ;;r Variable l::lz(t)il:rlx Time period Station Institution ttef:fent
Air temperature h 01.01.1997-31.12.2015 Wadenswil MeteoSwiss 1)
Dew point h 01.01.1997-31.12.2015 Wadenswil MeteoSwiss 1)
"L‘ﬁr Wind velocity h 01.01.1997-31.12.2015  Schmerikon  MeteoSwiss @), (1)
Zurich Wind direction h 01.01.1997-31.12.2015 Schmerikon MeteoSwiss (2), (1)
Cloudiness d 01.01.1997-31.12.2015 Wadenswil MeteoSwiss 1)
Solar radiation h 01.01.1997-31.12.2015 Wadenswil MeteoSwiss (1)
. h 01.01.1997-31.01.2007 Einsiedeln MeteoSwiss 2), (1)
Air temperature I -
h 01.02.2007-31.12.2015 Einsiedeln Segelclub Sihlsee 4), 2), (1)
Dew point h 01.01.1997-31.01.2007  Einsiedeln MeteoSwiss ), (1)
h 01.02.2007-31.12.2015  Einsiedeln Segelclub Sihlsee @), ), (1)
Wind velocity h 01.01.1997-31.01.2007 Wadenswil MeteoSwiss (1)
. h 01.02.2007-31.12.2015 Einsiedeln Segelclub Sihlsee 4), (2), (1)
Shisee A directi h 01.01.1997-31.01.2007  Wadenswil  MeteoSwiss @), (1)
Wind direction h 01.02.2007-31.12.2015  Einsiedeln  Segelclub Sihlsee @, (2) Q)
. d 01.01.1997-29.04.2012 Einsiedeln MeteoSwiss 1)
Cloudiness . . .
d 30.04.2012-31.12.2015 Wadenswil MeteoSwiss (1)
Solar radiation h 01.01.1997-07.03.2012 Wadenswil MeteoSwiss 1)
h 08.03.2012-31.12.2015  Einsiedeln MeteoSwiss (), (1)
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The meteorological forcing for Sihlsee was mostly based on observations of MeteoSwiss at
Einsiedeln and Segelclub Sihlsee (Figure 2.1, Table 3.1). Monitoring of solar radiation and wind
speed at an hourly time step at Einsiedeln started only in 2007. For previous years data from the
MeteoSwiss station Wadenswil were used. In 2012 the measurement of cloudiness at Einsiedeln
was discontinued. Afterwards data were taken from the MeteoSwiss station Zurich Fluntern.

For Upper Lake Zurich, observations of the MeteoSwiss station Wadenswil were used for air
temperature, dew point, cloudiness and solar radiation. Wind velocity and direction were taken
from the MeteoSwiss station Schmerikon (Figure 2.1, Table 3.1). Gaps were filled with data from
the dlosest station (Wadenswil, followed by Zurich Fluntern).

3.2.3 Hydrological forcing
For Sihlsee, the discharges of the rivers Minster, Eubach and Grossbach are monitored

by the Federal Office for the Environment (FOEN). As inflows of River Sihl and the remaining
catchment area were not available, these were estimated by scaling the inflow of Minster
proportional to their catchment area. The outflows to River Sihl for present and extended PS are
based on simulations of the Swiss Federal Institute for Forest, Snow and Landscape Research
(Zappa et al. 2015). These simulations give the total flow in River Sihl downstream of the dam,
composed of the sum of discharges through the regular outlet and those of floods over the
spillway. Since all water is withdrawn from the bottom outlet in the model, the simulated flow

patterns during flood events may be different to those actually occurring in the reservoir.

PS generating flow PS pumping flow Residual flow Sihl

[m3 S—1] [m3 S—1] [m3 S—1]

01 Jan -
01 Apr A
01 Jul
01 Oct 1
01 Jan
01 Jan A
01 Apr 1
01 Jul 1§
01 Oct 1
01 Jan
01 Jan
01 Apr A
01 Jul
01 Oct 1
01 Jan 4

Scenario — Reference QNat —=— Reference NoPS ‘—*—‘Present PS —+ Extended PS

Figure 3.2 PS generating and PS pumping flow as well as residual flow to river Sihl (m?s') for the reference scenario QNat and
NoPS, the present PS and the extended PS scenario. Shown are means (lines with markers) and range of minima and maxima
(shaded areas) of simulated years 1998-2012.
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The outflow of the two reference scenarios (QNat and NoPS) is based on a modelling study of
LIMNEX AG (personal communication). In case of QNat the outflow is implemented using a
weir (Figure 3.1, upper edge at 884.7 m a.s.l., 5 m wide, weir discharge coefficient 0.7) which
directly allows the computation of the discharge following the formula of Poleni (Bollrich 2007).
For NoPS, the discharge computed with CE-QUAL-W?2 for QNat was used, but withdrawn from
the hypolimnion instead of being discharged over a weir (Figure 3.1). Figure 3.2 depicts the PS
flows as well as the residual flow to river Sihl for the reference scenarios QNat and NoPS, the
present PS and the extended PS scenarios.

To account for measurement errors as well as missing inflows, groundwater exchange,
evaporation and precipitation at Sihlsee we estimated a correction term to achieve agreement
with observed water levels. Simulated and observed water levels were converted to the
corresponding volume for each day, and their difference was averaged for each month. The
monthly missing volume was then implemented as a distributed tributary, which could also
have negative values.

Of the inflows to Upper Lake Zurich, only the discharge of River Linth at Weesen is routinely
monitored by FOEN. As no additional information was available, this discharge was used to
scale the other inflows by the corresponding ratio of catchment area. The outflow to Lower Lake
Zurich was implemented through a weir (upper edge at 405.5ma.sl., 200 m wide, weir
discharge coefficient 0.5).

Both scenario-independent and scenario-dependent hydrological forcing of Sihlsee and Upper
Lake Zurich are given in Table 2.1. While no PS flows are withdrawn in case of the reference
scenarios (NoPS and QNat), extended PS increases PS generating and PS pumping flows by
factors of ~4 and ~22, respectively (Figure 3.2). Based on the hydrological forcing the average
water residence time in Sihlsee can be estimated to 150 days for the reference scenarios, 135 days
for present PS and 40 days for extended PS.

The basic dataset of hourly exchange flows for the extended PS scenario was provided by the
Swiss Federal Railways and considered monthly-averaged net inflows to Sihlsee. It needed
adaptation to allow assessing the influence of floods and low flows. Thus, the PS flows of the
extended PS scenario were adapted based on the formulation of an hourly water balance, with
hourly natural in- and outflows, where the resulting water level is limited by minimum and
maximum operational water levels as well as temporal restrictions for the minimal water level

from June to October.

49



Supplementary information to Chapter 2

3.24 Inflow water quality forcing

FOEN provides water temperature observations at Rivers Alp and Linth for the
considered simulation period (Figure 2.1). The River Alp was chosen to be representative for all
inflows of Sihlsee and the River Linth for those of Upper Lake Zurich. Inflow temperatures for
Sihlsee range from ~1 °C in winter to ~18 °C in summer. River Linth is the outflow of Walensee

and thus significantly warmer in winter with average temperatures ~6 °C.

Inorganic suspended solid concentrations of the inflows of Sihlsee were estimated based on
Keller and Weibel (1991). They derived an empirical relationship between stream flow in mm per
week and suspended solid concentrations in mg L for two sub-catchments of River Alp. Out of
the two, Erlenbach (referred to as 10 in their publication) was chosen as it corresponds better to
the catchment of Sihlsee. Thus, the regression listed on page 57 of their publication was used to
estimate inorganic suspended solid concentrations for all inflows of Sihlsee. Inorganic
suspended solid concentrations of the inflows of Upper Lake Zurich were estimated as follows:
for Linth, Peters-Kiimmerly (1973) determined a direct relationship between discharge and the
load of suspended solids. The estimated regression follows Equation 3.1.

¢ =115-Q°%

Equation 3.1 Regression equation of discharge and suspended solids

with ¢ in mg L1 and Q in m®s?. Additional information for the other inflows to Upper Lake
Zurich was missing, thus inorganic suspended solid concentrations were estimated with the
same procedure as for Sihlsee. When calibrating the model, inorganic suspended solid
concentrations were scaled for both water bodies with the parameter fiss.

Dissolved oxygen concentrations were estimated according to Haynes (2014), assuming
equilibrium with the atmosphere, using the water temperature of the inflows. Nutrient
concentrations of the sum of nitrate and nitrite, ammonium and phosphate were considered as
forcing for all the inflows. For Sihlsee, these were approximated with observations at Erlenbach,
a sub-catchment of River Alp (Figure 2.1). There nitrate, total nitrogen and phosphate have been
observed weekly as part of a national monitoring program (NADUF) since 2003. Ammonium,
not directly observed, was approximated by the difference of total nitrogen and nitrate. Weekly
averages of all years between 2003 and 2015 were used to generate a mean annual forcing, which
was assigned to the nutrient forcing for all simulated years. During model calibration these time
series were scaled with the parameters fros, fno and frs (Section 3.3). For Upper Lake Zurich, the
mean annual nutrient concentrations were calculated based on monthly observations in River
Linth (1997-2014). As the observations of the other inflows to Upper Lake Zurich are not as
comprehensive, these average annual nutrient concentrations were also assigned to the nutrient
forcing of the other inflows. The parameters fros, fno and fams (Section 3.3) were adjusted during
model calibration to scale the water quality time series for Linth and the other two inflows
separately, as the concentrations differ substantially according to Gammeter and Forster (2002).
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3.2.5 Initial conditions

The initial conditions for both water bodies are given in Table 3.2. The model was
initialized on 01 January. At this time, Upper Lake Zurich is usually homogenized, while Sihlsee
is inversely stratified. For Upper Lake Zurich, constant values corresponding to average
observed winter conditions or to default values of CE-QUAL-W2 were set as initial conditions.
For Sihlsee, an inversely stratified temperature profile was assumed, whereas water quality
parameters were set to constant values. The first year of the simulations was excluded from the
analysis, and due to the relatively short residence times, the initial conditions have only a minor
impact on the simulation results in the subsequent years.

Table 3.2 Initial conditions of temperature, ice thickness and concentrations of inorganic suspended solids, phosphate,
ammonium, sum of nitrate and nitrite, labile dissolved organic matter (LDOM), refractory dissolved organic matter (RDOM),
labile particulate organic matter (LPOM), refractory particulate organic matter (RPOM), algal groups 1 and 2, dissolved oxygen
and zooplankton. Temperature at Sihlsee was input as profile.

Sihlsee Upper
Lake
Zurich
Variable Layer 2-46 2 3 4 5 6 7 8 9 1046 292
Unit

Temperature [°C] - 08 09 1 15 2 25 3 35 4 6
Ice thickness [m] 0.1 - - - - - - - - - 0
Inorganic suspended solids ~ [mg L] 2 - - - - - == - 2
Phosphate [ug P L] 5 - - - - - == - 5
Ammonium [ug N L] 2 - - - - - - - - - 2
Sum of - - - - - - - - -
nitrate and nitrite (ngNL] 300 700
LDOM [mg L] 01 - - - - - - - - 0.1
RDOM [mg L] 0.1 - - - - - - - - 0.1
LPOM [mg L] 0.1 - - - - - - - - 0.1
RPOM [mg L] 01 - - - - - - - - 0.1
Algae group 1 [mg L] 005 - L R R S - 0.05
Algae group 2 [mg L] 005 - - - - - == - 0.05
Dissolved oxygen [mg L1] 10 - - - - - - - 11
Zooplankton [mg L] 001 - - - - == - - 0.01
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Figure 3.3 Observed water temperature in Sihlsee for 2014-2016 at three depths: 1 m below surface (red),
6 m below surface (green), 0.5 m above sediment (blue); measurements were performed at SEG38 (Figure 3.1).

3.3  Available observations at Sihlsee and Upper Lake Zurich and

model calibration

3.3.1 Available observations

The observations at Sihlsee were conducted by Eawag solely for the purpose of this
study from April 2014 to December 2016. Temperatures, observed quasi-continuously
(Figure 3.3), show that seasonal convective mixing occurred latest in mid-October, and inverse
stratification started to evolve at end-December, facilitating ice growth dependent on
meteorological conditions. In winter 2014/15 the lake was ice covered, but not in winter 2015/16.
Summer stratification arose between beginning and mid-April with maximum temperatures
between 20 and 25°C and 15 to 17 °C in the epi- and hypolimnion, respectively. Summer
hypolimnion temperatures are high compared to most stratified Swiss lakes, where they
generally remain below 10 °C throughout the year. As shown in the present study, these high
hypolimnion temperatures are caused by deep-water withdrawal in the lake.

Vertical profiles of additional physical and chemical parameters were measured on a monthly
basis from April 2014 to December 2016 (26 profiles for inorganic suspended solids and nitrate,
25 for dissolved oxygen, 16 for Chlorophyll-a, 24 for total phosphorus). Observed inorganic
suspended solid concentrations were homogeneously distributed at ~5 mg L in April and from
October to December. During summer stratification inorganic suspended solid concentrations
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were ~5 and <30 mg L?! in the epi- and the hypolimnion, respectively. One flood event on
22 July 2014 caused ISS concentration peaks in the thermocline. In August and September,
dissolved oxygen concentrations in the hypolimnion fell below 4 mg L, the legal requirement in
Switzerland (GSchV 1998). Chlorophyll-a concentrations did not exceed 3.5 pg L1, with highest
values for June, August and September. Observed nitrate concentrations varied between 100 and
350 ug N L1, with decreased concentrations in the epilimnion due to algal uptake from June to
September. Nitrite concentrations were <10 ug NL? for the 2 observations made. Total
phosphorus was <35 pug P L1, with enriched concentrations in the hypolimnion for July and
September and epilimnion concentrations <10 pg P L throughout the year. Thus, Sihlsee can be
considered oligotrophic.

The observations at Upper Lake Zurich are part of a monitoring program by the cantonal
agencies (Gammeter and Forster 2002; Schildknecht et al. 2013). The observed temperature (1994~
2005) during summer stratification was 5-6 °C and 20-25 °C for the hypo- and the epilimnion,
respectively (Gammeter and Forster 2002). From December to April, the lake was mixed and in
some winters inversely stratified with a minimum surface temperature of ~2 °C. Wind protected
bays can freeze over during very cold winters (Gammeter and Forster 2002). No observations are
available for inorganic suspended solid concentrations. The hypolimnetic dissolved oxygen
concentrations at SEG90 (Figure 2.1) for 1994-2005 fell below 4 mg L every year during the
stagnation period. Chlorophyll-a concentrations did not exceed 6 pg L* for 2006-2010. The mean
annual concentrations (1996-2010) of nitrate, nitrite and ammonium were 700, 5 and 10 ug N L
and those of orthophosphate were ~10 ug P L'. The annual mean of the total phosphorus
concentrations did not exceed 12 ug P L. Thus, Upper Lake Zurich can be classified as
mesotrophic.

3.32  Model calibration

The model was calibrated manually with a manual trial and error approach, with the
aim of minimizing root mean square errors (RMSE), mean absolute errors (MAE) and mean
errors (ME) between simulated and observed quantities. Additionally, the differences between
observed profile and time series data and simulations were visually inspected. Several model
parameters of CE-QUAL-W2 and factors for adjusting the water quality forcing (Section 3.2) of
both water bodies were calibrated, while the majority of the other parameters was either set to
the default value or determined based on literature values (Bonalumi et al. 2012; Mieleitner and
Reichert 2006; Mieleitner and Reichert 2008).

RMSEs are given in Table 2.2 of the main manuscript, MAEs and MEs in Table 3.3. Moreover,
temperature profiles at Sihlsee and Upper Lake Zurich show a good agreement for the
calibration period (2014-2015) (Figure 3.4, Figure 3.5). Similar to the RMSEs (Table 2.2) MAEs and
MEs shows that dissolved oxygen and nutrient concentrations are better predicted in the epi-
than in the hypolimnion.

The comparison of simulated and observed ice-thickness is show in Figure 3.6, where
observations were provided by the Swiss Federal Railways, and volumetrically averaged time
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series of observed and simulated variables for epi- and hypolimnion are shown in Figure 3.7 and
Figure 3.8 for Sihlsee and Upper Lake Zurich, respectively. While in the epilimnion
concentrations are either overestimated (sum of nitrate and nitrite) or underestimated (total
phosphorus), the average in the hypolimnion is reproduced satisfactorily. The model is,
however, not capable of reproduction peak concentrations, which typically occur during floods.
A list of model parameters with a description, and their corresponding default and calibrated
values are given in Table 3.4.

Table 3.3 Mean absolute error (MAE) and mean error (ME) of temperature, dissolved oxygen, the sum of nitrate and nitrite as
well as total phosphorus computed for the entire water column, the epilimnion and the hypolimnion of Sihlsee or Upper Lake
Zurich (na: not available).

Sihlsee Upper Lake Zurich
2014-2015 1998-2015
Variable Unit Entire Epi- Hypo- Entire Epi- Hypo-
water limnion!  limnion 2 water limnion ! limnion 3
column column
Mean absolute error (MAE)

Temperature [°C] 0.71 0.69 0.75 0.63 0.54 0.65
Dissolved oxygen [mg L] 0.90 0.82 1.05 0.98 0.83 0.93
Inorg. suspended [mg L] 278 113 434 na na na
solids

i‘l‘tfl‘t:f nitrateand N LY 61 58 69 91 114 91
Total phosphorus [ug P L] 2.86 203 414 295 2.96 288

Mean error (ME)

Temperature [°C] 041 0.58 0.28 -0.11 0.02 -0.23
Dissolved oxygen [mg L] 0.36 -0.10 094 049 0.00 0.35
Inorg. suspended oy ) 155 0.56 1.90 na na na
solids

Sumofnitrateand 1o Ny 21 14 18 16 70 26
nitrite

Total phosphorus [ug P L] -1.20 -0.76 2.64 -1.75 2.03 -1.76

1 Uppermost 5 m of the water column. 2 Lowermost 5 m of the water column. 3 All depths >20 m.

54



Supplementary information to Chapter 2

Table 3.4 Model parameters deviating from the default values of CE-QUAL-W2. Given are the values for both water bodies
and the default value of CE-QUAL-W2. The column on the right indicates whether the parameters where selected from
literature (in capital letters) or computed by calibration (cal). The capital letters stand for: A: Bonalumi et al. (2012),

B: Mieleitner and Reichert (2006), C: Mieleitner and Reichert (2008).

Sihlsee Upper Default  Based

Lake on
Zurich

Inorganic suspended solids
SSS Settling velocity [m d-'] 0.2 0.2 1
SEDRC Sediment resuspension ON ON OFF A
TAUCR Critical shear stress for sediment resuspension 0.001 0.001 1
Gas exchange
EQN# Equation used to calculate gas exchange 5 5 6 A
Parameters nitrification and denitrification
NH4T1 Lower temperature for ammonia decay [°C] 0 0 5 cal
NO3T1 Lower temperature for nitrate decay [°C] 0 0 5 cal
ORGP [O]rganic matter stoichiometric coefficient for phosphorus 0.0087 0.0087 0.005 B
ORGN Organic matter stoichiometric coefficient for nitrogen [-] 0.08 0.08 0.08 cal
Parameters organic matter
OMT1 Lower temperature for organic matter decay [°C] 0 0 4
OMT2 Upper temperature for organic matter decay [°C] 30 30 25 cal
Parameters sediment
NH4R Sediment release rate of ammonium, fraction of SOD-rate 0.02 0.02 0.001
SEDC Detailed sediment- diagenesis-model ON ON OFF
SEDCI Initial sediment concentration [g m2] 0.01 0.01 0
SOD Anaerobic sediment release rate [g m2 d-] 0.4 1 cal
DYNSEDK  Dynamic computation first-order-model ON ON OFF
SODT1 Lower temperature for sediment decay [°C] 0 0 4
Mixing parameters
FRIC Chézy friction coefficient [m®5 s1] 70 70
AX Longitudinal Eddy-Viscosity [m? s7] 0.1 0.1 1
DX Longitudinal Eddy-Diffusivity [m2s-1] 0.1 0.1 1 A
AZMAX Maximum vertical Eddy-Viscosity [m2s-1] 0.1 0.1 1
FI Internal friction [-] 0.01 0.01 0.015
Scaling of meteorological forcing
SHD Shading coefficient [-] 0.85 0.90 aal
WSC Wind sheltering coefficient [-] 1.35 1.25 1
Scaling of water quality forcing of inflows
fiss Multiplier inorganic suspended solids [-] 0.25 1.00 1 0.251
fros Multiplier phosphate [-] 4.58 1.00 | 3251
fNH4 Multiplier ammonium [-] 0.172 0.65 | 0.721 cal
fno Multiplier nitrate + nitrite [-] 1.42 1.10 | 4.86!
Heat exchange at air water interface
AFW Coefficient wind function [W m mm Hg1] 5.87 5.87 9.2
BFW Coefficient wind function [W m2 mm Hg! (m s-1)CFW] 242 2.42 0.46 A
CFW Coefficient wind function 1 1 2
Heat exchange at sediment water interface
TSED Temperature sediment [°C] 5 7 10 cal
CBHE Coefficient heat exchange [W m2 °C-1] 1.0x10-6 1.0x10% 0.3 A
Light attenuation water column
EXH20 Attenuation pure water [m] 0.2 0.2 0.25 cal
BETA Fraction incident solar radiation absorbed at water surface 035 035 045

[l
1 The two multipliers for inflow water quality at Upper Lake Zurich were used for River Linth and the other two inflows (Jona
and Wagitaler Aa), respectively.

2 As ammonium was not observed, the difference of total nitrogen and nitrate and nitrite was taken as proxy and adapted with
the given factor.
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Continuation Table 3.4.
Sihlsee /
Upper Lake Zurich
Group 1 Group 2 Default Be:)sned
Parameters phytoplankton
AG Max. growth rate phytoplankton [d] 1.9 14 2 cal/C
AR Max. respiration rate phytoplankton [d] 0.05 0.05 0.04 B
AE Max. excretion rate phytoplankton [d] 0.015 0.015 0.04 cal
AM Max. mortality rate phytoplankton [d-] 0.015 0.015 0.1 cal
AS Algal settling rate [m d] 0.08 0.01 0.1 C
ALGP Algal stoichiometric coefficient for phosphorus [-] 0.0087 0.0087 0.005 B
ALGN Algal stoichiometric coefficient for nitrogen [-] 0.08 0.08 0.08 cal
ALPOM Fraction of algal biomass converted to POM when dying 09 0.9 08 B
AHSP Algal half-saturation for phosphor [g m~] 0.0007 0.0013 0.003 C
AT1 Lower temperature for algal growth [°C] 0 0 5
AT2 Lower temperature for max. algal growth [°C] 1 11 25
AT3 Upper temperature for max. algal growth [°C] 15 15 35 cal
AT4 Upper temperature for algal growth [°C] 30 30 40
ACHLA Ratio algal biomass to chlorophyll a 01 01 0.05
[mg Algae (ug Chl a)]
Parameters zooplankton
zG Max. growth rate zooplankton [d] 0.7 15 cal
7p Zooplankton stoichiometric coefficient for 0.0087 0.005 B
phosphorus [-]
ZN Zooplankton stoichiometric coefficient for nitrogen [-] 0.08 0.08 cal
PREFA1 Relative preference factor of zooplankton for algae 1 [-] 1 0.5
PREFA2 Relative preference factor of zooplankton for algae 2 [-] 1 0.5
771 Lower temperature for zooplankton growth [°C] 0 5 cal
z12 Lower temperature for max. zooplankton growth [°C] 20 25
ZT3 Upper temperature for max. zooplankton growth [°C] 30 35
ZT4 Upper temperature for zooplankton growth [°C] 35 40
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Figure 3.4 Simulated (red) and observed (grey) temperatures (°C) at Sihlsee.
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Figure 3.5. Simulated (red) and observed (grey) temperatures (°C) at Upper Lake Zurich.
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Figure 3.6. Simulated (red) and observed (black) ice thickness (m) at Sihlsee from 2001-2014.
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Figure 3.7 Time series of simulated (lines) and observed (grey points) variables at Sihlsee; depicted are temperature (T) in °C,
dissolved oxygen (DO) in mg L1, sum of nitrate and nitrite (NO3+NOz) in ug N L and total phosphorus (TP) in pug P L all
aggregated volumetrically for either epi- (uppermost 5 m of the water column) or hypolimnion (lowermost 5 m of the water
column).
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Figure 3.8 Time series of simulated (lines) and observed (grey points) variables at Upper Lake Zurich; depicted are temperature
(T) in °C, dissolved oxygen (DO) in mg L1, sum of nitrate and nitrite (NO3+tNO2) in ug N L-! and total phosphorus (TP) in
ug P L all aggregated volumetrically for either epi- (uppermost 5 m of the water column) or hypolimnion (all depths >20 m).
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3.4  Results at Upper Lake Zurich

Figure 3.9 shows the mean and extrema of all considered PS scenarios for Upper Lake
Zurich, and Figure 3.10 shows a boxplot of seasonal differences between either the reference
scenario or the extended PS scenario and the present PS scenario. Both figures are separated for
epi- and hypolimnion and individually show results for temperature, dissolved oxygen and
nutrients.

Effects on temperature in Upper Lake Zurich are minor, with largest deviations in winter
(December-February) due to warmer hypolimnetic water from Sihlsee being released at the
surface of Upper Lake Zurich. However, the warming of the entire water column in winter
remains at <0.2°C and <0.5°C for present PS and extended PS, respectively (Figure 3.9,

Figure 3.10), since the PS generating flow only accounts to ~10% and of natural inflows.

Schmidt stability, which is shown in Figure3.11 B, is hardly affected due to different PS
operations, while the duration of summer stratification lasts ~1 week longer without PS
operation, (information is taken from Figure 3.11 A, which shows boxplots of start and end of
summer stratification). As a consequence, the dissolved oxygen concentrations in autumn are
reduced and the nutrient concentrations are increased without PS operation (Figure 3.9,
Figure 3.10). The periods with dissolved oxygen concentrations <4 mg L-! span on average ~101,
~100 and ~95 days, for the reference, present PS and extended PS scenarios, respectively.
Additionally, the nutrient concentrations of the scenarios with PS are modified by the input of
water with different concentrations from the hypolimnion of Sihlsee. Thus, phosphate
concentrations are reduced by ~1 and ~2 ug P L from November to February for present and
extended PS, respectively. The sum of nitrate and nitrite concentrations decrease during the
entire year by ~15-50 ug N L1 for both present and extended PS compared to the reference
scenario. Between the present and the extended PS scenario the differences remain <15 ug N L.

In summary, however, all projected impacts on temperature, stratification, oxygen and nutrient
concentrations in Upper Lake Zurich for both the present and the extended PS scenarios do not
exceed the interannual variation of these parameters that occur due to variations in meteorology
and streamflow. Yet, in the vicinity of the intake/outlet of the PS hydropower plant we cannot
exclude the possibility of more relevant effects due to PS operation (Miiller et al. 2016).
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Figure 3.9 Mean (lines with markers) and range of minima and maxima (shaded areas) of simulated temperature (°C) and
concentrations of dissolved oxygen (mg L-!), phosphate (ug P L") and the sum of nitrate and nitrite (ug N L) for the reference
(red), the present PS (green) and the extended PS (blue) scenario at Upper Lake Zurich.
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Figure 3.10 Boxplots of differences in either the reference scenarios or the extended PS scenario to the present PS scenario of
temperature (°C) and concentrations of dissolved oxygen (mg L), phosphate (ug P L) and the sum of nitrate and nitrite
(ug N L) at Upper Lake Zurich. Points show outliers; values were aggregated seasonally for each year before plotting
(winter: December-February, spring: March-May, summer: June-August, autumn: September-November).
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Figure 3.11 Boxplots for the reference scenario, the present PS and the extended PS scenario at Upper Lake Zurich: (A) Start
and end of summer stratification; (B) Schmidt stability (] m?2), aggregated to monthly mean for each year before plotting. Points
show outliers of start (circles) and end (squares) of summer stratification.
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Chapter 4
Combined  effects of pumped-storage
operation and climate change on thermal

structure and water quality®

4.1 Overview

In Chapter 2, PS operations were shown to cause relevant ecological effects on the
connected water bodies when considering present climatic conditions. Additionally, significant
modifications must be expected due to climate change as has been highlighted in Chapter 1.
Consequently PS operations, which are characterised by their long concession periods, need to
be analysed in combination with projected climate change. Up to now, this combination was not
studied. Therefore, this chapter investigates these combined effects on water temperature and
quality, as well as extent and duration of stratification and ice cover, using a site in Switzerland.
For this purpose, a coupled two-dimensional hydrodynamic and water quality model for the two
connected water bodies is run with 10x15-years long synthetic stochastic meteorological forcing
for both current and future climate conditions under two PS and two reference scenarios. The
synthetic time series are generated with the weather generator VG, and future conditions are
based on the A2 emission scenario’ for north-eastern Switzerland towards the end of the
21st century. The results show relevant synergistic and antagonistic effects of PS operations and
climate change. For example, hypolimnion temperatures in September are projected to increase
by <0.6 °C in a near-natural reference scenario and by ~2.5 °C in an extended PS scenario. Ice
cover, which occurs every year under near-natural conditions in the current climate, would
almost completely vanish with extended PS operation in the future climate. Conversely, the
expected negative impacts of climate change on hypolimnetic dissolved oxygen concentrations
are partially counteracted by extended PS operations. Therefore, the consideration of future
climate conditions for the environmental impact assessment in the planning of new or the

recommissioning of existing PS hydropower plants must be recommended.

¢ This chapter is based on the scientific article “Combined effects of pumped-storage operation and climate change on thermal
structure and water quality” by U. G. Kobler, A. Wiiest and M. Schmid accepted for publication in Climatic Change. The
fieldwork, simulations and the analysis presented hereafter are original and were performed by the author of the thesis.

7 The A2 emission scenario considers that no mitigation measures are taken into account.
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4.2 Introduction

Expansion of new renewable electricity sources is an important cornerstone of
strategies to mitigate anthropogenic climate change (e.g., EU 2009; Ibrahim et al. 2011). However,
their intermittent nature calls for additional electricity storage, which is, still today, most
efficiently realized by pumped-storage (PS) hydropower plants. Yet, these PS operations affect
abiotic and biotic characteristics of the two connected water bodies (Bonalumi et al. 2011). For
example, for the case of Sihlsee, PS operations have been shown to increase hypolimnetic
temperature and dissolved oxygen (DO) concentrations mostly due to pumping surface water
from the lower lake to the hypolimnion of the upper reservoir, and the weakened reservoir
stratification (Kobler et al. 2018). Moreover, Kobler et al. (2018) estimated that ice thickness
would decrease due to extended PS operation.

Climate change also alters water bodies, e.g., by raising water temperature (O'Reilly et al. 2015),
prolonging summer stratification (Dokulil et al. 2010; Livingstone 2003), which further results in
increased oxygen depletion and, therefore, in increased mineralization and nutrient release from
sediments (Delpla et al. 2009; Xia et al. 2014). Increased temperature and prolonged summer
stratification further result in shortened ice cover duration (Benson et al. 2012; Magee et al. 2016)
and inverse stratification, which refers to periods with cooler water (0 to ~4 °C) in the epilimnion
on top of warmer hypolimnetic water (~4 °C). Shorter inverse stratification in turn leads to
increased DO concentrations in winter and less accumulation of nutrients released from
sediments in the hypolimnion. These abiotic impacts further affect lake ecology, e.g., through
decreasing habitats for fish with low temperature preferences, such as trout (North et al. 2014).

Bonalumi et al. (2012) showed that PS effects on lake temperature are more pronounced in
warmer years, as PS operation increased the efficiency of heat exchange with the atmosphere,
further suggesting that climate change would likely aggravate PS impacts. Yet, the link between
climate change and PS operation has so far not been quantified. Thus, with the present study we
aim at investigating whether climate change will amplify or reduce the different impacts of PS
operations on the thermal structure, ice cover and water quality of the two connected water
bodies. As a study site we use Etzelwerk, where the impacts of different PS scenarios for the
current climate have already been investigated in a previous study (Kobler et al. 2018). Here, we
link the model applied in this previous study with climate scenarios generated with a vector-
autoregressive weather generator to assess the combined effect of climate change and PS
operations. The weather generator had been successfully tested at Lake Constance, where the
synthetic meteorological forcing reproduced statistical dependencies of measured meteorological
data, and was used to drive a lake model which could successfully emulate observed thermal
and water quality dynamics (Schlabing et al. 2014).

We analyse (a) two different climate scenarios representing current and future conditions in
combination with (b) four different management options. The latter include two different levels
of PS operations, the present and an extended PS, and two reference cases, the quasi-natural case

with surface outflow and a case with deep-water withdrawal. These PS and reference scenarios
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depict a typical set considered in the environmental impact assessment for the recommissioning
of a PS hydropower plant. Based on the simulation results, we discuss the relevance of including
expected climate change effects in environmental impact assessments when planning or
recommissioning PS hydropower plants. Concessions are usually issued for many decades
within which significant climate change must be expected. These results could, therefore, further
reveal ecologically relevant synergistic and antagonistic effects of climate change and PS

operations.

8.75°E
'UJ/ -
—Upper Lake
47 .25°N /FJ\? ZuriCh 47.25°N
C SCM

Pumping

8.75°E

012 3 4 5km Depth [m] 0 23 48

Figure 4.1 Overview of study site with meteorological observations taken from stations indicated in red: SCS meteorological
stations Segelclub Sihlsee, all others are stations operated by MeteoSwiss: EIN (Einsiedeln), SCM (Schmerikon), and WAE
(Wadenswil). The MeteoSwiss station SMA (Zurich Fluntern) is located outside the map at 8.56573°E, 47.37789°N.
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4.3  Study sites

The considered PS hydropower plant is Etzelwerk (Figure 4.1), which is located in
Switzerland. It connects Sihlsee, the upper artificial reservoir, with Upper Lake Zurich, the lower
natural lake. Sihlsee is a dimictic reservoir, which is regularly inversely stratified and ice-covered
in winter, whereas Upper Lake Zurich is mostly monomictic. In summer epilimnion
temperatures at Sihlsee reach maxima of ~25 °C, those of the hypolimnion remain <17 °C. At
Upper Lake Zurich maximum epilimnion temperatures are similar to those observed at Sihlsee,
whereas hypolimnion temperatures stay <6 °C (Kobler et al. 2018). In both lakes DO depletion
throughout the stratified summer period, causes hypolimnetic DO to drop to <4 mg L-1. Total
phosphorus concentrations remain <35 ug P L at Sihlsee, and the annual mean at Upper Lake
Zurich does not exceed 12 ug P L. Currently water is withdrawn from Sihlsee’s hypolimnion by
PS generation and discharged to the epilimnion of Upper Lake Zurich. For PS pumping water
from the epilimnion of Upper Lake Zurich is brought to the hypolimnion of Sihlsee. Both basins
are described in more detail in Kobler et al. (2018), and their characteristics are summarized in
Table 4.1.

Table 4.1 Characteristics of Sihlsee (upper reservoir) and Upper Lake Zurich (lower lake) including their mean annual water
balance (1997-2015) for the considered PS scenarios: “quasi-natural” reference (QNat), reference without PS (NoPS), present PS
and extended PS scenarios.

Sihlsee Upper Lake Zurich

Max. depth [m] 23 48
Max. surface area [km?] 113 20.25
Max. volume [106 m?] 96.1 470
Storage capacity [106 m?] 89.4 -
Catchment area [km?2] 156.5 1,564
Mixing category [l dimictic monomictic

Reference Present Extended Reference Present Extended

scenarios PS PS scenarios PS PS
PS generating power [MW] 0 ~135 ~525 0 ~135 ~525
PS pumping power MW] 0 ~65 ~265 0 ~65 ~265
Residence time [days] ~150 ~135 ~40 ~70 ~70 ~70
Sum of inflows [106 m3 yr-1] 235 235 235 2410 2410 2410
Sum of outflows [106 m3 yr-1] -220 -32 -32 -2410 -2598 -2598
Correction term [106 m3 yr-1] -15 -15 -15 0 0 0
PS generating flow [106 m3 yr-1] 0 -214 -778 0 214 778
PS pumping flow [106 m3 yr-1] 0 26 590 0 -26 -590
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4.4 Materials and methods

441 Hydrodynamic and water quality model

We applied a modified version of the two-dimensional laterally-averaged
hydrodynamic and water quality model CE-QUAL-W2 which was developed by the Portland
State University in cooperation with the US Corps of Engineers (Cole and Wells 2013). The
model was already applied to the study site for simulating the effects of different management
scenarios under current climatic conditions in a previous study (Kobler et al., 2018), which
includes a detailed description of the model, the calibration procedure, and the data sources for
the bathymetric, meteorological, hydrological and water quality forcing needed to drive the
model. The model grid and a conceptual diagram of the main processes considered are available
in Section 5.2.

In short, the model is composed of a hydrodynamic module where temperature, stratification
and mixing processes are calculated using a k-epsilon model, and a water quality module that
includes the inputs, outputs and transformations of inorganic suspended solids, dissolved
oxygen, organic matter, nitrogen and phosphorus. In the present version, the water quality
model includes two algae and one zooplankton group as well as a sediment compartment. The
code of the publicly available version 3.71 of CE-QUAL-W2 was modified to enable direct input
of incoming long-wave radiation with the meteorological forcing file, and to improve the
performance of the ice module to reproduce observed ice cover thickness and duration
(Kobler et al. 2018).

The meteorological and the hydrological forcing were obtained from several monitoring stations
close to the study site (Kobler et al. 2018). The numerical grids of both water bodies were divided
into segments of 200 m width (longitudinal direction) and layers of 0.5 m height (vertical
direction). The model had been calibrated manually based on long-term monitoring data from
Upper Lake Zurich and two years of observational data from Sihlsee collected for this purpose.
The corresponding root-mean-square-errors (RMSE) for the entire water column of Sihlsee
reached values of 0.94 °C, 1.2 mg L and 4.5 pg P L for temperature, DO and total phosphorus,
respectively. At Upper Lake Zurich the RMSE amounted to 0.93 °C, 1.3 mg L' and 4.1 ug P L.
These values are well within the range typically achieved with CE-QUAL-W2 for similar
applications (Kobler et al. 2018).

442 Climate scenarios

Ten synthetic time series of 15 years duration for the periods 1998-2012 (current
climate) and 2078-2092 (future climate) were calculated with the weather generator VG
(Schlabing et al. 2014). Generated time series of future climate were not directly compared to the
results from Kobler et al. (2018) to avoid systematic errors and to allow for the computation of
statistics that are based on a similar sized “population”. Air temperature was increased
compared to present day conditions according to regional projections of the Swiss Climate
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Change Scenarios CH2011 (2011) for the IPCC A2 scenario in 2085 for north-eastern Switzerland.
The projected air temperature increases vary seasonally (for each day of the year) in the range of
3°C (April) to 4.5 °C (August). All other meteorological forcing variables and inflow water
temperatures were computed by VG, maintaining the dependencies of observed values during
the period 1997-2015. A detailed comparison of VG-generated and observed variables is given in
Section 5.3.

443 Pumped-storage scenarios

Four different management scenarios were used in the simulations that had been
previously developed to simulate the impacts of PS operations (Kobler et al. 2018). The water
balance of all scenarios is shown in Table 4.1, and additional information on the position of all in-
and outflows is given in Section 5.2.

The present PS scenario describes the current state, where water is withdrawn from the
hypolimnion of Sihlsee for both, generating electricity and the residual flow to River Sihl, with
installed capacities of ~135 MW for generating and ~65 MW for pumping. Pumping brings water
from Upper Lake Zurich to the hypolimnion of Sihlsee. At Upper Lake Zurich, PS intake and
outlet are situated in the epilimnion. The seasonal variation of PS operation is minor, with mean
monthly flows ranging from 6.1 to 7.8 m*®s? for generating and from 0.7 to 1.1 m®s?! for
pumping, respectively.

The extended PS scenario corresponds to an extension with installed capacities for generating
and pumping increased to ~525 MW and ~265 MW, respectively Compared to the present PS
scenario, both PS flows are increased by factors of up to ~4 to 5 (generating) and of ~20 to 40
(pumping) from November to March and by factors of ~1 to 3 (generating) and ~9 to 23
(pumping) during the rest of the year.

The “quasi-natural” reference scenario (QNat) corresponds to the “natural lake state” of the
reservoir, if the dam were of natural origin. The discharge to River Sihl is calculated based on a
regime analysis of discharges observed before dam construction (LIMNEX AG 2016, personal
communication). It is implemented with a discharge over a weir. Thus, water is withdrawn from
the epilimnion in contrast to the other scenarios where all water is withdrawn from the
hypolimnion. No artificial PS flows are considered for this reference scenario.

When comparing QNat and present as well as extended PS projections, it is difficult to clearly
assign the observed effects to either the PS flows or to water withdrawal from the hypolimnion.
To disentangle these two processes, a second reference scenario (NoPS) was designed, where
water is withdrawn from the hypolimnion through the present residual flow outlet, but no PS
operation takes place. The downstream discharge of River Sihl is equal to that in the reference
scenario QNat. NoPS is also a possible future management option in case hydropower
operations were to be discontinued.
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444  Aggregation of results

The climate ensemble consisting of ten simulations with a total of 150 simulated years
included in each studied period (1998-2012 for current climatic conditions, and 2078-2092 for
future climatic conditions) were combined to the aggregated results as presented below. Means,
minima and maxima of the simulated temperatures and concentrations of DO and phosphate
were calculated for each day of the year, separately for the epilimnion (uppermost 5 m of the
water column) and the hypolimnion (lowermost 5 m). The differences between the current and

the future climate were calculated at each depth for each climate scenario.

The durations of summer and inverse stratification were defined similar to Kobler et al. (2018) as
the longest uninterrupted periods with temperature differences >0.2 °C and <-0.2 °C between the
upper- and the lowermost layer. Schmidt stability was computed according to Idso (1973). Ice-
on, ice-off, duration of ice-cover and its maximum thickness were estimated for the longest

uninterrupted ice-covered periods for all winters.

For the boxplots, values were aggregated to the mean of each day of the year for both the
epilimnion and the hypolimnion, and for each combination of PS and climate scenarios. The
results presented hereafter focus on Sihlsee, the upper reservoir of the PS plant. The results for
Upper Lake Zurich, the lower lake, are summarized in Section 5.5.

4.5 Results

In the following the impacts of current and future climate conditions are discussed on
the basis of projected time series (i) of water quality in the epilimnion (Figure4.2) and
hypolimnion (Figure 4.3) as well as (ii) of differences between current and future climate
(Figure 4.4).

Climate change increases the water temperature at Sihlsee throughout the water column for all
PS scenarios. Yet, projected temperature changes (AT) vary among the different PS scenarios.
The earlier onset of summer stratification results in maximum AT in the epilimnion in April of
~2.5°C, ~3.0 °C and ~2.9 °C for both reference scenarios QNat and NoPS and the present PS
scenario, respectively. The smallest AT of ~1.0°C (reference scenarios QNat) and ~1.3 °C
(reference scenario NoPS and present PS scenario) occur in February. The seasonal minima in
winter can be explained by the fact that water temperature cannot fall below 0 °C. The seasonal
minimum is less pronounced in the extended PS scenario, where the ice-covered period with
surface temperatures of 0 °C is already significantly shortened for the present climate. For the
extended PS scenario the projected AT range between ~1.4 (January) and ~2.6 °C (August).

In the hypolimnion, AT is small in the reference scenario QNat compared to all other scenarios.
For QNat, AT remains <0.6 °C except for November and December when it reaches a maximum

of~1.0 °C, resulting from prolonged stratification. The reference scenario NoPS as well as the
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present and the extended PS scenarios show similar behavior with a minimum hypolimnetic AT
of <0.4 °C in January and a maximum of ~2.4 to 2.5 °C in September. Summer stratification is
prolonged due to climate change (Figure 4.5). Its duration increases by ~33, ~27, ~26 and ~26 days
for the reference scenarios QNat and NoPS and for the present and the extended PS scenarios,
respectively. This is primarily due to an earlier onset of stratification in spring. The end of
summer stratification is delayed by ~12 days from mid to end of November for QNat, and by less
than one week for all other scenarios. The summer stratification is also intensified: Schmidt
stability increases during the stratified period by ~22%, ~12%, ~12% and ~11% for the reference
scenarios QNat and NoPS and the present and extended PS scenarios, respectively (Table 4.2 and
Section 5.4).

Conversely, the duration and intensity of inverse stratification are reduced (Figure 4.5). For the
two reference scenarios QNat and NoPS as well as the present PS scenario it is shortened by
~2.1 months and for the extended PS scenario by ~1.3 months to a remaining duration of a few
days. This shortening is caused by a delayed onset and an earlier end of the inverse stratification.

With few exceptions, Sihlsee develops an ice cover with a thickness >5 cm in all 150 simulated
winters under present climate conditions for the present PS and both reference scenarios. The
frequency of ice coverage exceeding 5 cm thickness is reduced to ~83% (124 of 150 years) for the
extended PS scenario (Table 4.2). Climate change is projected to reduce the frequency of an ice
cover thicker than 5 cm even to values between ~57% and ~60% for the present PS and the
reference scenarios, respectively, and to ~13% (19 of 150 years) for the extended PS. The average
duration of the ice-covered period is reduced by ~81% for the extended PS scenario and by ~71%
for all other scenarios. In winters with ice cover, the ice thickness is projected to decrease by
~54% for both reference scenarios as well as the present PS scenario, and by ~64% for the
extended PS scenario (Section 5.4). In Figure 4.5, for the extended PS scenario the ice-covered
period is depicted as lasting longer than the inverse stratification, which can be explained by the

definition of the latter since we only considered the longest uninterrupted period of each winter.

The prolongation of summer stratification also causes changes of DO concentrations (Figure 4.5).
In the current climate, DO concentrations fall below the 4 mg L threshold in almost every
simulated summer period of both reference scenarios. PS operations supply oxygen-rich water
from Upper Lake Zurich to the hypolimnion of Sihlsee, and therefore, the occurrence of
DO <4 mg L is reduced to ~92% of the years (138 of 150) for the present PS scenario and to ~31%
(47 of 150) for the extended PS scenario (Table4.2). These frequencies increase to ~99%
(149 of 150) and ~69% (103 of 150) for the future climate scenarios due to prolonged stratification.
Also, the average duration of the period with DO concentrations <4 mg L is prolonged by
~1 month for QNat, ~2 to 3 weeks for NoPS and present PS, and ~3 days for the extended PS.

Shortened inverse stratification and ice-covered period result in an increase of both epi- and
hypolimnetic DO concentrations for the reference scenarios QNat and NoPS and the present PS
scenario, whereas for the extended PS scenario, this effect is minor, as inverse stratification is
already strongly reduced for current climate conditions. Throughout the rest of the year
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hypolimnetic DO concentrations are reduced by up to 3.3, 1.0, 1.0 and 0.7 mg L for QNat and
NoPS, the present and the extended PS scenario, respectively. Additionally, warmer temperature
in summer causes reduced solubility and, therefore, epilimnetic DO concentrations decrease by

up to 0.6 mg L for all PS scenarios.

Table 4.2 Aggregated differences between current (CC) and future climate conditions (FC) calculated from all 150 years for

Sihlsee.
Scenario Current Future A=FC-CC A/CC [%]
climate climate
(CC) (EC)

Years with hypolimnetic DO concentrations <4 mg L [-]

Reference QNat 150 150 0 0

Reference NoPS 147 150 3 2

Present PS 138 149 11 8

Extended PS 47 103 56 119
Years with ice cover [-]

Reference QNat 149 112 -37 -25

Reference NoPS 150 106 -44 -29

Present PS 150 118 -32 -21

Extended PS 130 39 -91 -70
Years with ice thickness >5 cm [-]

Reference QNat 148 87 -61 -41

Reference NoPS 149 86 -63 -42

Present PS 150 91 -59 -39

Extended PS 124 19 -105 -85
Mean duration ice-covered period [days]

Reference QNat 84 24 -60 -71

Reference NoPS 87 25 -62 -71

Present PS 89 25 -64 -71

Extended PS 47 9 -38 -81
Mean ice thickness during ice-covered period [cm]

Reference QNat 19 9 -10 -53

Reference NoPS 20 9 -11 -55

Present PS 20 9 -11 -54

Extended PS 12 4 -8 -64
Mean Schmidt stability during periods of inverse stratification [J m?]

Reference QNat 14 8 -6 -44

Reference NoPS 17 9 -8 -47

Present PS 14 8 -6 -43

Extended PS 4 2 -2 -45
Mean Schmidt stability during periods of summer stratification [J m?]

Reference QNat 308 375 67 22

Reference NoPS 195 218 23 12

Present PS 185 208 23 12

Extended PS 93 104 11 11
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Figure 4.2 Absolute values of temperatures (°C), DO (mg L) and phosphate (ug P L) in the epilimnion (from surface to 5 m
depth) of Sihlsee for future (red) and current climate scenario (blue). Shown are means (lines and markers) as well as minima
and maxima (shaded areas) for each day of the year for each PS scenario.
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Figure 4.3 Absolute values of temperatures (°C), DO (mg L) and phosphate (ug P L-!) in the hypolimnion (lowest 5 m of the
water column) of Sihlsee for future (red) and current climate scenario (blue). Shown are means (lines and markers) as well as
minima and maxima (shaded areas) for each day of the year for each PS scenario.
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Figure 4.5 Comparison for all four PS scenarios of current (upper half) and future (lower half) probability (%) for each day of
the year that the lake is ice-covered (dark blue), inversely stratified (light blue), stratified (red) or that hypolimnion DO
concentrations are <4 mg L' (orange) at Sihlsee. For the extended PS scenario, the ice-covered period ends after the inverse
stratification, which results from the fact that only the longest uninterrupted period of inverse stratification was considered.

The effects of changing stratification on hypolimnetic phosphate concentrations are
approximately inverse to those on DO concentrations, as phosphate is released from the
sediments and accumulates in the hypolimnion during stratified periods in summer. The shorter
inverse stratification and the corresponding higher probability of open water conditions for
future climate lead to increased DO concentrations and, thus, to reduced hypolimnetic
phosphate concentrations in winter by up to ~3.6, ~2.5, ~1.9 and ~4.5 ug P L for QNat, NoPS, the
present and extended PS scenario, respectively. For the extended PS scenario, these
concentrations are additionally decreasing in the hypolimnion of Sihlsee due to an earlier onset
of primary production in Upper Lake Zurich. The decline of hypolimnetic phosphate
concentrations can be propagated to the epilimnion where concentrations decrease by up to
3.0 ug P L'. While for QNat changing mixing dynamics can increase hypolimnetic phosphate
concentrations by up to ~2.6 ug P L, concentrations remain unaffected for all other PS scenarios.
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4.6 Discussion

For both Upper Lake Zurich and Sihlsee, the simulated climate change effects for the
reference scenario QNat are in line with effects that have previously been observed or projected
for dimictic or monomictic lakes (Ficker et al. 2017; North et al. 2014): (a) an increase in
epilimnetic temperature, (b) a comparably small increase in hypolimnetic temperature as
stratification decouples the hypolimnion from the atmosphere, (c) prolonged summer
stratification, which further results in (d) reduced hypolimnetic DO and (e) increased
hypolimnetic phosphate concentrations. For Sihlsee, climate change is projected to (f) shorten the
ice-covered period, (g) reduce ice thickness, (h) shorten the duration of inverse stratification in
winter, and consequently, (i) increase hypolimnetic DO and (j) decrease hypolimnetic phosphate
concentrations. Again, these findings agree with observations and projections for other ice-
covered lakes (Benson et al. 2012; Prowse et al. 2011).

In addition to these established effects, our simulations show relevant interactions between the
effects of PS operations and those of dimate change. In the PS scenarios, the projected warming
rate in the hypolimnion of Sihlsee is almost as large as that in the epilimnion. This is due to deep-
water withdrawal and the corresponding drawdown of surface water, as well as the transfer of
epilimnetic water from Upper Lake Zurich. Hypolimnetic temperature in Sihlsee is already now
increased by 5 to 10 °C throughout summer due to PS operations (Kobler et al. 2018), and our
simulations show that this effect is further exacerbated by climate change. This is relevant as
increasing hypolimnetic temperatures cause intensified mineralization of organic matter
(Gudasz et al. 2010) and may promote anoxic conditions in the surface sediments (Jensen and
Andersen 1992).

The further warming of the hypolimnion results in weaker and shorter summer stratification.
Altogether, the combined effects of climate change, prolonging stratification, and of PS
operations, shortening it, almost compensate each other. Thus, the average duration with
extended PS under future climate is similar to that of QNat under current climate. But the
properties of the stratification would be very different, as it is projected to (i) start and end
earlier by ~1 month, and to (ii) be significantly less stable due to the much smaller temperature
difference between the epi- and the hypolimnion. Such seasonal shifts affect the timing of
various processes in an ecosystem differently and thus modify interactions between them. For
example, earlier warming in spring has been shown to disrupt trophic linkages between phyto-
and zooplankton (Winder and Schindler 2004), especially if warming is seasonally
heterogeneous (Straile et al. 2015).

The shorter duration of stratification and the input of epilimnion water from Upper Lake Zurich
increase DO availability and reduce phosphate concentrations in the hypolimnion of Sihlsee
(Kobler et al. 2018). These effects are partially offset by climate change, which extends the
average duration of DO concentrations <4 mg L1 by ~2 weeks for the present PS and by <1 week
for the extended PS scenario. However, this effect, caused by climate change, is even stronger for
the reference scenario QNat, where the duration of DO <4 mg L is extended by ~1 month.
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Ice-cover is already affected by PS pumping: particularly, for the extended PS scenario increased
epilimnion temperatures were projected to decrease ice thickness and shorten the ice-covered
period (Kobler et al. 2018). Climate change further reduces Sihlsee’s ice cover by two processes:
the direct impact of warmer epilimnion and air temperatures, which shortens the ice-covered
period by ~71% (Table 4.2). Combined with the increased temperature of the PS pumping flow,
the ice-covered period is even shortened by 82% for extended PS. The number of winters
exceeding an ice thickness of 5 cm is reduced by ~17% due to extended PS and by ~40% due to
climate change, but by ~85% if both effects are combined (Table 4.2). Since both PS and climate
change lead to shorter inverse stratification and reduced ice cover, it is important for the
ecosystem to consider their combined effects. These may include reduced likelihood of winter
anoxia, but also modified survival rates of different species, leading to altered community
composition (Adrian et al. 2006; Riihland et al. 2015). Additionally, changes in winter phenology
could result in alterations of fish growth and reproduction (Shuter et al. 2012).

Combined effects of deep-water withdrawal and climate change were also found by Prats et al.
(2018) who analysed different management scenarios for a Mediterranean drinking water
reservoir. They concluded that reservoirs should be more sensitive to meteorological forcing
than natural lakes as the deep-water withdrawal transports climate-induced excess heat to lower
layers. For their current management scenario with deep-water withdrawal both epi- and
hypolimnion temperatures would increase, while the seasonal dynamics of thermocline depth
and stratification would hardly be affected (Prats et al. 2018). For a scenario with surface water
withdrawal, they projected longer and more stable summer stratification as well as less warming
of epi- and hypolimnion. They showed that surface water withdrawal and dam heightening
combined with long-term climate change would lead to similar mean hypolimnion temperatures
as with deep-water withdrawal under the present climate, which is not the case for Sihlsee.

The projected increases in epilimnion temperature in Sihlsee are ~50% of those in air
temperature. According to physical principles, if only air temperature is modified and all other
forcing remains equal, epilimnion temperatures in equilibrium with the atmospheric forcing
should increase by ~70 to 90% of increases in air temperature (Schmid et al. 2014). An additional
simulation without any inflows resulted in higher epilimnetic warming of ~60 to 70% of those of
air temperature. Moreover, the weather generator projects a reduction of relative humidity,
which explains the remaining difference of ~10% to the expected warming. Climate models often
project a decrease of relative humidity over land (Byrne and O'Gorman 2016), which is mostly
projected to occur in summer (CH2018 2018). However, the projected reduction in relative
humidity by the weather generator is based on correlations between current air temperature and
humidity for the present climate, and it remains uncertain whether these are also valid for future
climate®. Similar arguments apply for the projected inflow temperatures.

8 Compared to the CH2018 projections those of VG (Figure 5.6 and Figure 5.7) seem to overestimate the reduction of relative
humidity particularly for autumn, winter and spring, where CH2018 projects hardly any changes for the RPC8.5 scenario
towards the end of the 21+ century.
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Besides air temperature, climate change is also likely to modify precipitation and discharge
patterns. For central and north-eastern Switzerland, most regional climate models agree that
precipitation will decrease during summer months, whereas the direction of changes during the
rest of the year remains uncertain (Fischer et al. 2015). Significant changes in precipitation would
also modify river discharge, external nutrient loading (Dokulil et al. 2010) and would require
modifications of the PS operations. Furthermore, in the catchment of Sihlsee, the duration of
snow cover would be reduced, leading to a change of the seasonal discharge pattern.
Fenocchi et al. (2017) analysed that riverine inflows can play a crucial role for hypolimnetic
temperatures for the example of Lake Maggiore. Significant changes in discharge could also have
an impact on lake-internal processes and stratification in Sihlsee, especially for the reference
scenario QNat. However, these effects will likely be much smaller than the differences between
the “quasi—natural” scenario and the scenarios with deep-water withdrawal.

The water flows of the extended PS scenarios were derived based on the traditional operation
strategies for a PS hydropower plant, which will likely change in future. Pérez-Diaz et al. (2015)
summarize future trends of the operation of PS hydropower plants, and highlight the
importance of providing power regulation reserves by means of variable speed design of pump-
turbines or hydraulic short-circuiting. Nevertheless, as the studied PS hydropower plant is
operated by the Swiss Federal Railways (SBB AG) and mainly supplies power to trains, one
could argue that the future operation might not differ a lot from present conditions.

A possible option to reduce the PS effect for the hypolimnion is to shift the PS intake/outlet to the
epilimnion. Bonalumi et al. (2012) showed that for a deeper inlet/outlet, a larger volume is
significantly affected, as mostly the volume between the intake/outlet and the thermocline is
warming. As a consequence of the large water level fluctuations, shifting the PS intake/outlet to
the epilimnion, which would be favourable with respect to temperature changes, would require
the construction of a multi-level offtake structure and the implementation of an adaptive
withdrawal strategy as analysed by Weber et al. (2017). Including such a selective withdrawal

was, however, beyond the focus of this study.

In summary, our simulations show ecologically relevant synergistic and antagonistic effects of
climate change and PS operations within the typical time scale for which concessions of
hydropower plants are usually issued. Without consideration of climate change scenarios, an
environmental assessment for a hydropower plant, therefore, can only incompletely assess the
expected impacts on ecological processes in the affected water bodies during its lifetime. We thus
recommend including projections for future climate effects in environmental impact
assessments. Furthermore, our results show that estimated impacts of both PS and climate
change may differ for different reference scenarios, highlighting the importance to have clear
guidelines for defining the reference.
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4.7 Conclusions

Coupled effects of PS operations and climate change have not been studied, to our
knowledge, up to now. Thus, we generated meteorological and inflow water temperature forcing
using a vector-autoregressive weather generator for current and future conditions. With this
forcing, we drove a two-dimensional hydrodynamic and water quality model for two different
PS and two reference scenarios. This allowed us to quantify the impact of both climate change
and PS operation on temperature, DO and phosphate concentrations. Our results showed a
synergistic effect of PS operation and climate change on hypolimnion temperatures, whereas

epilimnion temperature increased similarly in all PS scenarios.

The increased surface water temperatures were projected to cause increased water column
stability, prolonged summer stratification, and subsequently lower DO concentrations. An
antagonistic effect resulted for the duration of summer stratification, which is prolonged by
climate change and shortened by PS operation. However, the combination of climate change and
the extended PS scenario advanced summer stratification by almost one month. In winter, DO
concentrations increased due to diminished ice cover and weakened inverse stratification. The
projected changes further imply changes for lake ecology. The reduced phosphate availability
after the ice-covered period would likely affect spring algal growth. The increased overall
temperature, especially in case of climate change acting along with the extended PS operation, in
combination with decreasing DO concentrations, reduces the available habitat for temperature-
sensitive fish species.

For a comprehensive environmental impact assessment of PS hydropower plants, we
recommend to quantify not only the changes involved due to the PS operation itself, but also
those due to climate change as well as their interactions. This is especially important when the
intake/outlet of the PS hydropower plant is located in the hypolimnion, as warming rates were
shown to be increased by the combination of deep-water withdrawal and climate change.
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Chapter 5

Supplementary information to Chapter 4°

5.1 Overview

This chapter provides supplementary information to Chapter 4. In Section5.2
additional information on CE-QUAL-W2 is given by conceptual diagrams describing the
hydrodynamic and the water quality features of this model. This is followed by a section
describing the calibration and the validation of the weather generator VG, which shows good
agreement between the projections with observed meteorological conditions and those generated
with VG. Moreover, additional results are depicted for Sihlsee, and the projections for Upper
Lake Zurich are summarized. The projections for Upper Lake Zurich of combined PS operation
and climate change effects are comparable to those presented in literature for solely climate
change with (a) a pronounced temperature increase in the epilimnion, (b) only slight changes in
the hypolimnion, (c) decreasing dissolved oxygen and increasing phosphate concentrations in
the hypolimnion due to prolonged summer stratification.

9 This chapter is based on the supplementary information to “Combined effects of pumped-storage operation and climate
change on thermal structure and water quality” by U. G. Kobler, A. Wiiest and M. Schmid accepted for publication in Climatic
Change. The fieldwork, simulations and the analysis presented hereafter are original and were performed by the author of the
thesis.
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5.2
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Figure 5.1 Lateral cross-section with inflow (blue), outflow (green), alternative outflow (orange), and PS generating and
pumping (red) location within the model grid for (A) Sihlsee (section from south (S) to north (N); showing the distance from
the southern shore in km) and (B) Upper Lake Zurich (section from east (E) to west (W); showing the distance from the eastern

shore in km); vertical axis refers to the water level elevation (WLE).
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521 Major equations

The major set of laterally averaged equations of CE-QUAL-W?2 are described in Cole
and Wells (2013), they also discuss how these equations are solved numerically.

522  Conceptual diagrams

Figure 5.2 shows the dependencies of water temperature and ice cover on
meteorological, hydrological and water quality forcing. Figure 5.3 depicts the conceptual
dependencies of the constituents that can be described by CE-QUAL-W?2. The information was
gathered from Cole and Wells (2013).
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Figure 5.2 Conceptual diagram of CE-QUL-W?2's interdependencies of water temperature (Tw) and ice cover (ICE) on
meteorological (turquoise; wind speed and direction (WIND), air temperature (T ar), long-wave radiation (Qrw), cloudiness
(Cloud) and short-wave radiation (Qsw)) and hydrological (green) forcing as well as on other compartments of the model (part
of the water quality compartment (light blue) with organic (OSS), inorganic suspended solids (ISS), algae and zooplankton as
well as sediment heat release (red), density stratification (pink)); considered processes are depicted in gray. Shading in this
study is taken into account with a fixed value according to Kobler et al. (2018); however, CE-QUAL-W2 would also allow to
shading the surrounding landscape and vegetation.
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Figure 5.3 Conceptual diagram with processes (lines) and constituents (boxes) of the water quality compartment of
CE-QUAL-W2; with abbreviations referring to dissolved oxygen (DO), dissolved organic matter (DOM), particulate organic

matter (POM), inorganic carbon (Inorg C), carbonaceous biochemical oxygen demand (CBOD), dissolved silica (Diss. silica),
particulate biogenic silica (Part. biogen. silica), and inorganic suspended solids (ISS). The constituents shown in grey were not

used in the present study.
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5.3  Calibration and validation of the weather generator VG

Schlabing et al. (2014) developed a weather generator VG based on a single vector-
autoregressive process, with the vector as such being composed of simulated meteorological
variables at one time step. VG applies a variable transformation to allow the implementation of
meteorological variables with other than normal marginal distributions. Once the observations
are transformed, a vector-autoregressive process can be fitted to then allow for the generation of
time series. These can either emulate the observed variables or generate future conditions by
changing mean and or variability. Lastly, the simulations need to be back-transformed to the
measurement domain and e.g. short-wave radiation needs to be disaggregated to allow for a
typical daily cycle.

The weather generator is expected to transfer the observed correlations between the different
meteorological variables. This has been previously tested for Lake Constance (Schlabing et al.
2014) and is also generally the case in the present study (Figure 5.4). The prediction of inflow
water temperature with VG might be too simplified, which could explain the slightly different
correlations of observations and simulations with air temperature and dew point. This can also
be observed when looking at the QQ-plots (Figure 5.5). VG underestimates the occurrence of
high inflow water temperatures, especially at Sihlsee. However, natural inflow only accounts for
~10% of the total water balance, and sensitivity analysis has shown that the simulated lake
properties are not sensitive to inflow water temperature at Sihlsee.

The QQ-plots also indicate that VG underestimates the occurrence of dry cold conditions (very
low dew points) and overestimates the frequency of extreme values (both low and high) of long-
wave radiation. The observed distributions of short-wave radiation and air temperature are
reliably reproduced by VG.

Wind, one of the most sensitive forcing variables, is only weakly correlated to all other
meteorological variables. Thus, there might be errors involved in predicting future wind fields
with VG. We decided to transform the u- (positive eastward) and v- (positive northward) wind
components to a coordinate system aligned with the main axis of each lake, as these typically
align with the major wind direction. For forcing CE-QUAL-W?2 these wind components needed
to be back-transformed to wind speed and direction.

We validated VG by comparing the mean and range of lake model projections for simulations
driven with the available meteorological observations and those driven with the output of VG
(Figure 5.8 and Figure 5.9). These comparisons show that the statistical properties of simulated
water temperature and quality are well reproduced if VG-generated forcing is used to drive the
model.
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Figure 5.4 Pearson correlation between all variables (Oair: air temperature, Odew: dew point, Own: inflow water temperature, LW:
long-wave radiation, SW: short-wave radiation, ¥: wind component normal to the main lake orientation, {i: wind component
along the main lake orientation) of observations (OBS) or simulations (SIM) (set of all 10 realizations) for (A) Sihlsee and (B)
Upper Lake Zurich.
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Figure 5.5 QQ-plot comparing ranked simulations (SIM) and observations (OBS) in blue for all ten realizations at (A) Sihlsee
and (B) Upper Lake Zurich for each considered variable (0air: air temperature, Odew: dew point, Owin: inflow water temperature,

LW: long-wave radiation, SW: short-wave radiation, #: wind component normal to the main lake orientation, fi: wind
component along the main lake orientation).
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Figure 5.6 VG-generated meteorological forcing of Sihlsee; shown are aggregated mean (line) and the range of minimum and
maximum (shaded area) for each day of the year and for current (blue) and future (red) climate. Panels further separate the
different meteorological variables: air temperature Oair (° C), dew point Odew (° C), inflow water temperature Ow,nfiow (° C),
relative humidity RH (%), long-wave radiation Quw (W m2), short-wave radiation Qsw (W m2), wind speed U (m s), wind
direction ¢ (rad).
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Figure 5.7 VG-generated meteorological forcing of Upper Lake Zurich; shown are aggregated mean (line) and the range of
minimum and maximum (shaded area) for each day of the year and for current (blue) and future (red) climate. Panels further
separate the different meteorological variables: air temperature air (° C), dew point Odew (° C), inflow water temperature
Owntlow (° C), relative humidity RH (%), long-wave radiation Quw (W m2), short-wave radiation Qsw (W m2), wind speed U
(m s1), wind direction ¢ (rad).
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Figure 5.8 Temperature (°C) and concentrations of DO (mg L) and phosphate (ug P L) computed with meteorological
observations (black) and ensemble of VG simulations (red) at Sihlsee. Lines depict the mean and the shaded area gives minima
and maxima of the corresponding day of the year separated for epi- and hypolimnion.
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Figure 5.9 Temperature (°C) and concentrations of DO (mg L) and phosphate (ug P L) computed with meteorological
observations (black) and ensemble of VG simulations (red) at Upper Lake Zurich. Lines depict the mean and the shaded area
gives minima and maxima of the corresponding day of the year separated for epi- and hypolimnion.
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5.4 Additional results Sihlsee
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Figure 5.11 Boxplot of ice thickness (m) for the current and future climate scenario separated by month and PS scenarios.
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5.5  Results Upper Lake Zurich

In general, the projected impacts of climate change on Upper Lake Zurich differ only
slightly for the different PS scenarios. This has two main reasons: the PS flows are a much
smaller fraction of the total inflows of Upper Lake Zurich, and the inflows are discharged to the
epilimnion, where their effects on temperature can be faster equilibrated with the atmosphere.

The projected warming of epilimnion temperatures at Upper Lake Zurich due to climate change
is very similar for all three PS scenarios (Figure 5.12, Figure 5.14). It reaches values from ~1.3 °C
(May) to ~2.1 °C (September). Hypolimnion temperature increases by <0.6 °C from June to
December, and the water temperature differences between current and future scenario reach a
maximum of ~1.6 °C, ~1.5 °C and ~1.4 °C in January for the reference scenario QNat, the present
PS and the extended PS scenario, respectively (Figure5.13, Figure5.14). The increased
differences of hypolimnion temperature in winter can be explained by climate change delaying
the mixing at Upper Lake Zurich.

The summer stratification is significantly prolonged (by ~13, ~21 and ~28 days) with earlier onset
and delayed end of stratification (Figure 5.15). The summer stratification is also intensified with
Schmidt stability increasing by ~17 to ~18% (Figure 5.16, Table 5.1). As a consequence of
prolonged stratification dissolved oxygen (DO) concentrations in autumn are deteriorating. All
years of each climate ensemble show DO concentrations <4 mg L-1.The duration of the period
with DO concentrations <4 mg L-! increases by ~33, ~30 and ~26 days for the reference scenario
QNat and the present and extended PS scenario due to future climate conditions. Additionally,
in winter no inverse stratification would occur for future climate conditions independent of the
PS scenario (Figure 5.15).

DO concentrations in the epilimnion dedine by <0.6 mg L independent of the PS scenario
(Figure 5.12, Figure 5.14), which can be explained by lower DO solubility at higher water
temperature. Hypolimnetic DO concentrations decrease most in December (by ~3.1, ~2.8 and
~2.2mg L1 for the reference scenario QNat, the present PS and the extended PS scenario,
respectively) when mixing is already initiated in the current climate but stratification still
persists in the future dimate. Throughout the rest of the year the reduction of hypolimnetic DO

concentrations remains at ~0.7-1.5 mg L1

In the epilimnion, an earlier onset of primary production causes earlier phosphate reduction for
the future climate scenario (Figure 5.12, Figure 5.14). This results in a decrease of up to ~3.4, ~3.6
and ~3.9 ug P L for the reference scenario QNat, the present PS and the extended PS scenario
from January to March. Between April and December the differences are <1.0 ug P L for all PS
scenarios. Differences in November and December are slightly higher than for the rest of the
period, which originates from prolonged stratification, thus, causing higher phosphate
concentrations in the hypolimnion before the onset of mixing. In the hypolimnion prolonged and
intensified summer stratification causes increased phosphate concentrations throughout the
stratified period (Figure 5.13, Figure 5.14). This adds a maximum of ~2.8, ~2.8 and ~2.4 ug P L' to
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current phosphate concentrations for the reference scenario QNat, the present PS and the
extended PS scenario, respectively. Due to earlier primary production along with phosphate
being consumed in the epilimnion, and earlier mixing in spring, the hypolimnetic phosphate
concentrations decrease by a maximum of ~2.8, ~3.0 and ~3.6 ug P L-! (February) for the reference
scenario QNat, the present PS and the extended PS scenario, respectively.

Table 5.1 Aggregated differences between current (CC) and future climate conditions (FC) calculated from all 150 years for

Upper Lake Zurich.
Scenario Current Future A=FC-CC AICC [%]
climate climate
(CQO) (EC)
Years with hypolimnetic DO concentrations <4 mg L1 [-]
Reference 150 150 0 0
Present PS 150 150 0 0
Extended PS 150 150 0 0
Mean Schmidt stability during periods of summer stratification [J m-?]
Reference 850 986 136 16
Present PS 851 983 132 16
Extended PS 819 940 121 15
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Figure 5.12 Absolute values of temperatures (°C), DO (mg L-!) and phosphate (ug P L) in the epilimnion (from surface to 5 m
depth) of Upper Lake Zurich for future (red) and current climate scenario (blue). Shown are means (lines and markers) as well
as minima and maxima (shaded areas) for each day of the year for each PS scenario.
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Figure 5.13 Absolute values of temperatures (°C), DO (mg L) and phosphate (ug P L) in the hypolimnion (lowest 5 m of
water column) of Upper Lake Zurich for future (red) and current climate scenario (blue). Shown are means (lines and markers)
as well as minima and maxima (shaded areas) for each day of the year for each PS scenario.
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Chapter 6
Ensemble modelling of ice cover for a
reservoir affected by pumped-storage

operation and climate change?®

6.1 Overview

Due to the utilisation of a modified description of the ice module of the two-
dimensional laterally averaged hydrodynamic model (CE-QUAL-W?2), which was not tested
aside from Chapters 2 and 4, the robustness of the ice thickness projections of PS operation and
climate change needed to be ensured. Therefore, this chapter investigated ensemble modelling
for the assessment of PS and climate change effects on the ice cover of Sihlsee. To this end, three
one-dimensional models (GLM, Simstrat and MyLake) were set up in addition to CE-QUAL-W?2.
For the latter, the strength of the impacts with increasing distance from the dam was also
investigated. Climate change effects were simulated by forcing the models with 10x15 years of
synthetic meteorological time series created with a weather generator based on the available air
temperature scenarios A2 for north-eastern Switzerland. Future climate by the end of the
21t century was projected to shorten the ice-covered period by ~2 months and decrease ice
thicknesses by ~13 cm. Extended PS operation would already affect the ice cover under current
climate conditions. For example, the average probability of ice coverage on a specific day was
projected to decrease by ~13% for current climate, and could further be reduced from ~45% to
~10% for future climate. Overall, the results of all models were consistent. Although the number
of winters without ice cover was projected to increase for all one-dimensional models, studying
individual segments of the two-dimensional model showed that the impact was pronounced for
segments close to the PS intake/outlet. In summary, the reservoir’s ice cover is expected to
partially vanish with higher probability of open water conditions closer to the PS intake/outlet.

10 This chapter is based on the scientific article “Ensemble modelling of ice cover for a reservoir affected by pumped-storage
operation and climate change” by U. G. Kobler and M. Schmid, which is under review for publication in Hydrological Processes
at the moment of writing this thesis. The fieldwork, simulations and the analysis presented hereafter are original and were
performed by the author of the thesis.
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6.2 Introduction

Due to the increasing share of new renewable electricity production, additional storage
capacity is needed, which explains the renewed interest in pumped-storage (PS) hydropower
plants. As of 2017, PS operations provided 95% of the electricity storage (REN21 2017). However,
they are also known to affect abiotic and biotic components of the connected water bodies
(Bonalumi et al. 2011). The duration and thickness of ice covers are important drivers for lake
ecology (Powers and Hampton 2016; Salonen et al. 2009), yet, they have been shown to be
modified by PS operation (Bonalumi et al. 2012; Kobler et al. 2018).

Climate change is another important driver affecting lake ice cover. Benson et al. (2012) analysed
long-term ice phenology data of 75 lakes where ice-on was delayed by 0.3 to 1.6 days per decade
and ice-off was advanced by 0.5 to 1.9 days per decade. Magee et al. (2016) showed similar
trends of delayed ice-on by ~0.9 days per decade and earlier ice-off by ~1.2 days per decade.

Besides observations, also modelling approaches were used to project the effect of climate
change on lake ice. Dibike et al. (2011) analysed climate change effects over a range of latitudes
(40-75°N) and a period of 80 years by modifying the atmospheric forcing according to SRES A2
emission scenarios with an air temperature increase of ~2 to 8 °C and a precipitation increase
~10% to 50% in winter. They used the one-dimensional lake model MyLake and projected
delayed ice-on by 5 to 20 days, advanced ice-off by ~10 to 30 days, and reduced ice thickness by
10 to 50 cm. Moreover, they indicated that the snow cover on top of the lake ice would change
from -15 to +5 cm, further affecting the white ice formation by -20 to +10 cm. Magee et al. (2016)
also set up a one-dimensional hydrodynamic lake and ice model, DYRESM-WQ-I, to project the
effect of a changing climate on lake ice thickness. They projected a decrease of thickness by
~1.3 cm per decade for a long-term simulation of the period 1911-2014 at Lake Mendota
(Wisconsin, USA).

Changes in ice cover further affect ecological and socio-economic aspects. For example, diatom
composition is influenced by changes of the length of the ice-covered period (Riithland et al.
2015). Moreover, Shuter et al. (2012) summarize important implications of the under-ice lake
environment: low light intensity and water temperature in combination with depleted oxygen
levels, little primary production, reduced metabolism, and impediment of visual feeders from
finding sparsely available prey. Therefore, changes in ice phenology could result in alterations of
fish growth and reproduction (Shuter et al. 2012).

The socio-economic aspects involve recreational activities (Leppdranta 2014), and changes in ice
regimes may cause potentially hazardous conditions for the seasonal use of lake ice cover for
transportation (Prowse et al. 2011).

Here, we investigate the combined effects of PS operations and climate change on ice cover in
Sihlsee, the upper reservoir of a PS scheme in Switzerland. These effects were previously
assessed using the laterally averaged two-dimensional model CE-QUAL-W2 both for different
PS scenarios (Kobler et al. 2018) and interactions with projected future climate (Kobler et al.
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2019). As the modifications of the ice-module of CE-QUAL-W2 by Kobler et al. (2018) were not
tested comprehensively so far, the robustness of the projected effects on ice cover needs
evaluation. For this purpose, we applied two additional one-dimensional vertical models (GLM
and Simstrat). This allows addressing the following research questions: (i) how reliable are the
projected impact of PS operation and climate change on lake ice, and (ii) do the effects on lake ice
vary in the longitudinal direction of the water body?

0 2 4 6 8 km

Figure 6.1 Overview of the artificial upper reservoir Sihlsee, with all major natural in- and outflows as well as the location of PS
intake/outlet and of ice observations.
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6.3  Study site

Sihlsee is the upper artificial reservoir of Etzelwerk, which is already today operated as
a PS hydropower plant (Figure 6.1). This reservoir, which was inundated in the 1930s, is on
average 9 m deep, has a surface area and a volume of ~11.3 km? and 96.1x10° m?, respectively. Its
water level varies between 889.34 and 876.84 m a.s.l., thus, the storage capacity amounts to
89.4x10° m® (Kobler et al. 2018). It is dimictic, with temperatures up to 25 and 15 °C in the epi-
and the hypolimnion during summer stratification, and it is ice-covered in winter. Detailed
information on the thermal structure and the water quality of this reservoir are given in
Kobler et al. (2018). Ice cover has been observed weekly by the Swiss Federal Railways since 2001
in the northern part of the reservoir, closely located to the dam (Figure 6.1). Maximum ice
thickness did not exceed 0.5 m. Its mean thickness during ice-covered periods ranged between
6.4 cm (2006/07) and 29 cm (2005/06). These point observations suggest that all winters in the
period 2001 to 2015 were ice-covered with mostly one freeze-thaw cycle, except in winter
2006/07, when two freeze-thaw-cycles were observed. In some winters (2011/12 and 2014/15) the
major freeze-thaw cyde was preceded by another short ice cover in early winter, which lasted for
~2 weeks. Additional information on the meteorological conditions from November to April of
each winter season can be found in Section 7.3.

6.4  Methodology

6.41  Model description

Three hydrodynamic models were set up to compare their capability of projecting the
effects of PS operation and climate change on lake ice cover. A conceptual diagram of the ice

modules of all four models is depicted in Figure 6.2.

The first model is CE-QUAL-W2, version 3.71. It is a two-dimensional laterally averaged
hydrodynamic and water quality model, which was set up for this study site by Kobler et al.
(2018), and allows for the direct coupling of the two water bodies connected by PS operation.
This model was developed at Portland State University in cooperation with the US Corps of
Engineers (Cole and Wells 2013), and requires bathymetric, meteorological, hydrological and
water quality forcing, which has been described in detail by Kobler et al. (2018). The model is
able to project stratification, dissolved oxygen and nutrient dynamics; however, the focus of this
study lies on lake ice formation and decay.
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Figure 6.2 Conceptual diagrams of the ice models of (A) GLM, (B) MyLake, (C) Simstrat and (D) CE-QUAL-W?2. The
abbreviations refer to short-wave radiation (Qsw), long-wave radiation (Qrw), back (long-wave) radiation (Qs), conductive heat
flux (Qc), latent heat flux (Qe), net long-wave radiation (Qrw,net), surface albedo of snow or ice (ax), surface temperature (To), air

temperature (Tar), incoming short-wave radiation entering the snow/ice layer (lo), heat flux reaching water column (Iw), heat

flux used for melting (Iw-lo), snow height (hs), height of white ice (hwr), height of black ice (hsr), ice height (hi), attenuation
coefficient of the visual spectrum for snow, white ice and black ice (Asi, Awn, Asn), attenuation coefficient of the infrared

spectrum for snow, white ice and black ice (As2, Awr, Asr2), attenuation coefficient of snow and ice (As, Ar), conductive heat flux
between snow (ice) cover and the atmosphere (qo), heat flux in the ice at the ice-water interface (qs), heat flux from the water

column to the ice (qw), heat flux due to white ice formation (Qwi), heat flux through ice (qr), temperature in the snow layer (Ts),
temperature in the white ice layer (Twr), temperature in the black ice layer (Tsi), temperature at the ice-snow-interface (Tic),

water temperature of the first layer underneath the ice cover (Tw,1), freezing temperature (T¥), conductivity snow (is),

conductivity white ice (kwr), conductivity black ice (ksi), conductivity ice (1), density snow (gs), fraction of incoming short-

wave radiation absorbed in the uppermost water layer ((3sw), fraction of incoming short-wave radiation absorbed by snow and

ice (Bs1), fraction of incoming short-wave radiation absorbed in the ice sheet (), ice extinction coefficient (yr).
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For this purpose, we use a modified version of CE-QUAL-W2, which uses externally computed
long-wave radiation forcing instead of calculating it from air temperature, vapour pressure and
cloudiness. In addition some modifications were made regarding the penetration of short-wave
radiation through the ice cover (Kobler et al. 2018). Within this study, we extend the work of
Kobler et al. (2018, 2019), who analysed the effects of PS operation and climate change for one
model segment in the deeper part of the reservoir, to the investigation of five segments with
different distance from the dam, where PS flows are withdrawn and released. This allows
assessing how the effects of PS operation spread throughout the reservoir.

Moreover, we set up two one-dimensional vertical hydrodynamic models. These two models
were chosen based on their ability to define multiple in- and outflows, which could be specified
either at a particular depth or relative to the water surface. The first of those two is the General
Lake Model (GLM), version 2.4.1, which was developed at the University of Western Australia
(Hipsey et al. 2018). Its lake ice module is based on the model described by Rogers et al. (1995).
Comparing the publication by Rogers et al. (1995) to the source code of GLM revealed some
bugs, which we corrected before model runs (Section 7.4). To be able to use a hydrological
forcing as similar as possible to that prepared by Kobler et al. (2018), we also introduced the
option to switch off the effect of evaporation and precipitation. Moreover, we introduced a
scaling factor for the snowfall forcing, as first simulations revealed that using the entire snowfall
would result in an overestimation of total ice thickness.

The second one-dimensional model is Simstrat, version 2.0, which is a modified version of the
model originally published by Goudsmit et al. (2002). This model was developed at Eawag for
the simulation of stratification and mixing dynamics in lakes, and its turbulence formulation is
based on a k-e-model. In version 2.0 of Simstrat a new lake ice module was implemented, which
is based on the equations for lake ice formation and decay as used in the model MyLake
(Saloranta and Andersen 2007). Regarding the penetration of solar radiation there are some
differences between the two models: Simstrat assumes that the absorption of solar radiation is
independent of ice and snow thickness, whereas MyLake considers a thickness-dependent
exponential approach.

Therefore, we additionally set up MyLake, which, however, does not allow specifying outflows
with a specific discharge or depth level different from the surface. Any withdrawal is computed
internally and occurs at the surface in case of an overflow. Thus, we set up MyLake without any
hydrological forcing (see also Section 6.4.4). Hourly meteorological forcing, generated with the
weather generator VG (Schlabing et al. 2014) for all four models is based on previous studies of
Kobler et al. (2018, 2019). For MyLake the meteorological forcing was adapted by averaging to
daily resolution. Dew point was converted to relative humidity for GLM and MyLake and to
water vapour pressure for Simstrat. While GLM, Simstrat and CE-QUAL-W2 use long-wave
radiation as input, MyLake calculates it from cloudiness, air temperature and relative humidity
following the approach of Dickey and Manov (1994). Thus, long-wave radiation projections of

the weather generator were converted to cloudiness using the concept presented in section 3.3 of
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Schmucki et al. (2014), and the computed long-wave radiation forcing of MyLake differs slightly
from that of the other models.

For simulations with GLM, rain and snowfall were required as additional inputs. Both were
computed from precipitation observed by MeteoSwiss at Einsiedeln. Rain was set equal to the
observed precipitation whenever air temperature was >0 °C. For snow only precipitation events
with air temperatures <0 °C were considered, and precipitation was converted from water
equivalents to snow height using a snow density of 100 kg m3. MyLake also required daily air
pressure, which is provided from observations of the Federal Office of Meteorology and
Climatology MeteoSwiss at Einsiedeln.

In GLM, sub-daily values can be used for the meteorological forcing!!, but the hydrological
forcing can only be specified with a daily resolution. The water balance correction term,
described in Kobler et al. (2018), needed to be adapted by a few percent for GLM and Simstrat
because the volume is approximated differently for the vertical layers of these two models than it
is computed based on the two-dimensional grid of CE-QUAL-W2.

The natural inflows were implemented as surface inflows. For GLM this is the standard setting
for inflows, for Simstrat the surface inflows were designed to always intrude in the top 2 meters
of the water column. To depict the PS pumping flows, GLM offers the option of submerged
inflows at a given distance from the lake bottom. In Simstrat inflows can be placed at a specific
depth level or relative to the initial water surface. It also offers the choice to distribute an inflow
over a depth range where we chose 5m (between 867.75 and 872.75m a.s.l.) to depict the
outlet/intake situation of the PS hydropower plant.

The PS generating and the residual flow of River Sihl are both withdrawn from the same depth
range as the PS pumping flow. The correction term is added to the natural inflows if it is
positive, and withdrawn from the top 2 m relative to the surface if it is negative. For GLM the
residual outflow and the PS generating flow are withdrawn by an outlet type 1, which
corresponds to an outflow from a fixed depth (870 ma.s.l). The correction term of the water
balance is treated similarly to Simstrat if positive, and withdrawn at 1 m below surface using an
outlet type 2 if negative. Salinity was assumed to be constant for both GLM and Simstrat.

While GLM and MyLake compute black ice, white ice and snow thickness, the current version of
Simstrat only calculates the overall ice and snow thickness, although it internally computes ice
growth due to freezing of slush, which is formed whenever the weight of the snow exceeds the
buoyancy of the ice. CE-QUAL-W2 solely computes the overall ice thickness without any snow

coverage.

The temperature of the PS pumping flow was taken from previous projections of the epilimnion
temperature of Upper Lake Zurich for either considering observed meteorological conditions
(Kobler et al. 2018) or time series of current and future climate conditions developed with a
weather generator (Kobler et al. 2019).

11 Hourly resolution in the present study.
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6.4.2  Sensitivity analysis

The sensitivity of ice formation to the model parameters is depicted in Section 7.5. The
purpose of this analysis was to determine the influence of the most relevant model parameters
on the snow, white ice and black ice formation. For GLM this analysis showed the necessity of
introducing a scaling factor of the snow forcing.

6.4.3 Model calibration

Due to not considering any hydrological forcing, MyLake could not be calibrated with
the temperature observations, since the observed temperature in the reservoir for the present PS
scenario is strongly modified by the hypolimnetic withdrawal (Kobler et al. 2018).

GLM and Simstrat were both calibrated using PEST (Doherty 2010) to observed water
temperatures. PEST is a model-independent parameter estimation and uncertainty analysis
software package. Through a robust variant of the Gauss-Marquardt-Levenberg method,
computation time can be reduced compared to other optimization methods, yet, the risk that the
optimization could get trapped at a local minimum prevails (Doherty and Johnston 2003).
Observed ice-thicknesses were not used for calibration.

Short-wave radiation was scaled for all four models similar to CE-QUAL-W2 with a factor of
0.85. This scaling was necessary to reproduce surface water temperature with CE-QUAL-W2. For
GLM, the considered calibration parameters include a coefficient for hypolimnetic mixing
(coef_mix_hypo), as well as factors for scaling long-wave radiation (Iw_factor) and wind speed
(wind_factor). Simstrat was calibrated using the following model parameters: a parameter,
defining how much energy is transferred from wind to seiching (a_seich), and scaling factors for
wind speed (f_wind) and long-wave radiation (p_radin). All model parameters and initial

conditions are summarised in Section 7.6.

The root-mean-square-errors (RMSE) of simulated water temperatures using GLM were 1.35,
1.10 and 1.18 °C for the entire water column, the epi- and the hypolimnion, respectively. For
Simstrat the RMSE attained values of 1.13, 0.80 and 1.31 °C. RMSE, mean absolute error (MAE)
and the mean errors (ME) are summarised in Table 7.4. Altogether, these RMSEs were slightly
higher than those achieved with CE-QUAL-W2 (~0.94, ~0.93, ~0.94 °C) by manual trial and error
calibration (Kobler et al. 2018).
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6.44  Pumped-storage scenarios

Four different PS scenarios were developed by Kobler et al. (2018), the present and an
extended PS operation scenario as well as two reference scenarios.

Under present PS operation Etzelwerk is mostly managed like a storage hydropower plant, with
mean monthly artificial flows of ~6 to 8 m® s for generating and ~1 m® s for pumping. Water is
withdrawn from the hypolimnion of Sihlsee and released to the epilimnion of Upper Lake
Zurich during the generating cycle. Additionally, a residual flow is discharged from the
hypolimnion to River Sihl (Section 7.2). The current hydraulic residence time amounts to
~135 days (Kobler et al. 2018).

For extended PS operation the artificial flows are increased differently for generating and
pumping with factors ranging between ~1 to 5 and ~9 to 40, respectively. The hydraulic residence
time of the reservoir would change to ~40 days for this scenario.

The first reference scenario QNat (“quasi-natural”) depicts the “theoretical” natural state of the
reservoir, if the dam were of natural origin. Regime analysis of the runoff of River Sihl before the
dam was built were used to generate time series for this outflow (LIMNEX AG, 2016, personal
communication), which is discharged over a weir. The residence time would increase by
~15 days compared to the present PS scenario. In contrast to the other scenarios, water
withdrawal takes place in the epilimnion.

For the second reference scenario the outlet of the residual flow is kept in the hypolimnion, yet,
the discharge rate was computed similarly to that of the reference scenario QNat. Therefore, the
residence time would be similar to that of QNat. This scenario was developed originally to
disentangle the effects of deep-water withdrawal and those of PS operation.

In this publication we introduce a modified version of the first reference scenario, referred to
QNat*, which differs from QNat by switching off all hydrological forcing. This scenario was used
exclusively for setting up MyLake.

6.4.5 Climate scenarios

Similar to Kobler et al. (2019) we generated ten synthetic time series for current (1997-
2012) and future (2077-2092) climate conditions. These time series were developed using the
weather generator VG (Schlabing et al. 2014), which allows emulating the observed variables or
generating future conditions by changing mean or variability. Similar to Kobler et al. (2019) we
increased air temperature compared to present day conditions according to regional projections
of the Swiss Climate Change Scenarios CH2011 (2011) for the IPCC A2 emission scenario in 2085
for north-eastern Switzerland and each day of the year. VG was then utilized to compute all
other meteorological forcing variables and inflow water temperatures, maintaining the
dependencies of observed values during the period 1997-2015. The air temperature increases
from CH2011 (2011) vary seasonally and range from ~3 °C (Sep) to ~4.5 °C (Aug).
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6.4.6  Aggregation of results

All four models were run for the period 1997-2012, allowing for a spin-up phase of one
year. Thus, the results presented hereafter, were generated for the time range 1998-2012. In
Section 6.5.1 the simulations based on meteorological observations for that period are described.
The projections for VG generated climate scenarios, each comprising a total of 10x15 years of
simulations, were aggregated and are presented in Section 6.5.2.

For each day of the year, the probability of the presence of ice cover was estimated as the fraction
of winters with ice on that day. Monthly means of ice thickness were calculated by averaging the
projections for each scenario over the 150 simulated years.

The comparison of projections for different segments of CE-QUAL-W2 does not show the results
for segment SEG 8 in case of the present PS scenario and those of segment SEG 8 and SEG 16 for
the extended PS scenario, as these segments could fall dry during the ice-covered season
(Section 7.2).

6.5 Results

6.5.1  Comparison of observations and simulations

Mean and maxima of observed and simulated ice thickness are given in Table 6.1. On
average simulated ice thicknesses by GLM exceed observations by ~33% for the mean of each
winter and by ~9% for the maximum. Simstrat’s mean and maximum ice thickness simulations
deviate from observations by ~9 and ~2%, those of MyLake by ~4 and ~10% and those of
CE-QUAL-W2 by ~7 and ~3%. The mean absolute error of simulated and observed ice
thicknesses remains below 8 cm for all models.

Observed and simulated ice-on and ice-off dates are summarized in Table 6.2. Since the time
resolution of the measurements is weekly, the model reproduces are also given with this
resolution. For the cases of simulated multiple freeze-thaw-cycles that do not coincide with
observations, the first date of ice-on is shown in brackets (Table 6.2). GLM generally simulates an
earlier ice-on and a delayed ice-off with average differences of ice-on and ice-off of ~1 and
~2 weeks, respectively. Multiple freeze-thaw cycles like in 2006/07 and those in early winter of
2012/13 and 2014/2015 are not captured by GLM simulations.
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Table 6.1 Mean and maximum of observed and simulated ice thicknesses (cm) for each individual winter period as well as the
mean of all winter seasons, the mean absolute error (MAE) and the mean error (ME) of simulated and observed ice thicknesses.

Winter Observed Simulated
ice thickness [cm] ice thickness [cm]
CE-QUAL-W2 MyLake GLM Simstrat
Mean Max Mean Max Mean Max Mean Max Mean Max

2000/01 14 28 12 27 16 28 19 26 12 28
2001/02 18 30 26 47 28 39 26 37 34 36
2002/03 26 42 22 39 24 37 24 39 25 39
2003/04 18 37 14 26 20 32 26 37 13 26
2004/05 22 43 29 48 22 41 30 51 22 44
2005/06 26 42 41 56 36 56 38 57 39 60
2006/07 6 18 8 25 7 17 18 24 7 20
2007/08 21 29 21 29 15 23 24 35 11 23
2008/09 25 44 24 35 22 34 28 39 30 43
2009/10 20 35 23 39 24 38 24 36 27 44
2010/11 20 29 18 27 17 23 24 33 19 26
2011/12 12 26 16 35 18 31 24 38 19 34
2012/13 15 34 15 29 20 28 23 36 15 22
2013/14 16 30 8 14 0 0 20 26 6 10
2014/15 13 25 14 25 11 18 16 23 17 27
Mean 18 33 19 33 19 30 24 36 20 32
MAE - - 4 7 5 7 6 5 5 7
ME - - 1 1 1 -3 6 3 2 -1

Table 6.2 Observed and simulated ice-on and ice-off (week number) for each individual winter and the mean of all considered
winter periods as well as the mean absolute error (MAE) and the mean error (ME) in days between simulations and
observations; values in brackets indicate the first week with ice out of several freeze-thaw-cycles in early winter.

Winter Cycle  Observations Simulations
[week number] [week number]
CE-QUAL-W2 MyLake GLM Simstrat

Ice- Ice- Ice- Ice- Ice- Ice- Ice- Ice- Ice- Ice-

on off on off on  off on  off on off
2000/01 1 2 15 3 11 53 13 52 15 (51) 10
2001/02 1 50 15 50 12 50 15 50 16 50 6
2002/03 1 49 14 (50) 14 1 17 50 17 2 13
2003/04 1 51 14 52 14 51 17 49 17 (49) 12
2004/05 1 1 14 50 14 50 15 49 17 (49) 13
2005/06 1 51 16 50 16 50 18 48 19 (48) 18
2006/07 1 50 2 52 2 51 3 51 14 51 1
2006/07 2 3 9 4 9 4 8 - - 4 7
2007/08 1 49 11 51 10 50 15 50 16 (46) 8
2008/09 1 52 15 (50) 14 52 16 50 16 49 14
2009/10 1 52 14 51 13 51 15 51 15 51 14
2010/11 1 50 13 51 12 50 13 49 14 50 14
2011/12 1 51 1 - - - - - - 49 50
2011/12 2 2 13 2 13 52 16 52 15 50 11
2012/13 1 50 2 50 52 (52) 13
2012/13 2 2 16 3 15 3 16 50 17 (49) 15
2013/14 1 49 12 50 11 - - 50 14 (48) 11
201415 1 52 2 1 ) 52 2 - - 52 )
2014/15 2 2 13 4 13 4 14 3 15 3 13
Mean 52 11 52 11 52 13 50 16 50 10
MAE [days] - - 8 6 7 8 10 12 15 12
ME [days] - - 3 % 0 7 7 15 8 11
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The current version of Simstrat suffers from the fact that the ice cover disappears rapidly as soon
as all overlying snow has melted independent of its thickness. This issue, particularly, appears in
the winter season 2001/02 (Section 7.7), where the ice melts ~8 weeks too early. Therefore, ice-off
is often simulated to occur earlier than observed with an average difference of ~1.5 weeks.
Moreover, in early winter the model produces multiple freeze-thaw-cycles (e.g., 2007/08,
2011/12), which were either not captured by the weekly observations or are a numerical artefact.
However, ice-on simulations differ only by ~1.1 weeks from observations.

The temporal dynamics of lake ice simulations with CE-QUAL-W2 show a slightly delayed ice-
on by ~0.4 weeks and an earlier ice-off by ~0.9 weeks. The occurrence of multiple freeze-thaw-
cycles matches well not only for 2006/07, but also for these episodes in early winter (2012/13 and
2015/16). Yet, the ice thickness simulations differ in some winters, which could result from the
fact that only a fixed albedo is considered in this model.

For the winter period 2006/07, the ice thickness estimate exceeds the observations by between
~6 cm and ~17 cm for all considered models, which could result from the lowest average air
temperatures of the entire studied period for that winter (Section 7.7).

6.5.2  Effects due to pumped-storage operation and climate change

Climate warming reduces the probability that the upper reservoir is ice-covered in
winter (Figure 6.3). The average probability that the lake is ice-covered on a specific day from
November to April is reduced by ~32% to ~37% for the reference scenarios QNat and QNat*
(percentages for all cases are given in Section 7.8). PS operation has an additional influence on
lake ice cover. Under future climate, all models show a slightly higher probability of ice coverage
for the present PS scenario than for the two reference scenarios. For the extended PS scenario this
probability decreases on average to ~45% considering current cdimate, and to ~10% for future
climate. The reduced probability of lake ice coverage is least pronounced for GLM and most
evident for CE-QUAL-W?2 (Figure 6.4).

Due to dimate change, the duration of ice-covered periods will be shortened on average by
~1.9 months for the present PS and the two reference scenarios. For QNat* MyLake projections
even result in a reduction of ~2.6 months. Extended PS operation also reduces the ice cover
duration by ~0.8 months (mean of all model projections, Section 7.8) already for the current
climate. This reduction is most evident for the simulations of CE-QUAL-W2. Climate change
results in another reduction by ~1.7 months (average of all model results), which is most
pronounced for GLM.

For climate change alone, the ice-on of all models is delayed by ~2.4 to ~3.6 weeks, and three
models (GLM, Simstrat and CE-QUAL-W2) project an earlier ice-off by ~3.4 to ~4 weeks. The
MyLake predictions for QNat* even indicate an advancement of ice-off by ~7.1 weeks. Both an
advanced ice-off (~1.1 weeks) and a delayed ice-on (~1.5 weeks) also result in a reduced duration
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of the ice-covered period for extended PS operation under current climate. Considering future
climate for the extended PS operation, the effects on ice-on and ice-off are even more
pronounced. Our results, furthermore, suggest that the effect on ice-off is stronger than on ice-on

for extended PS operation.

For climate change alone, the ice-on of all models is delayed by ~2.4 to ~3.6 weeks, and three
models (GLM, Simstrat and CE-QUAL-W2) project an earlier ice-off by ~3.4 to ~4 weeks. The
MyLake predictions for QNat* even indicate an advancement of ice-off by ~7.1 weeks. Both an
advanced ice-off (~1.1 weeks) and a delayed ice-on (~1.5 weeks) also result in a reduced duration
of the ice-covered period for extended PS operation under current climate. Considering future
climate for the extended PS operation, the effects on ice-on and ice-off are even more
pronounced. Our results, furthermore, suggest that the effect on ice-off is stronger than on ice-on
for extended PS operation.

Ice thickness is projected to decrease on average by ~13 cm under future climate (Figure 6.4,
Section 7.8). Extended PS alone already leads to reduced ice thickness ranging from ~3 to ~9 cm
for current climate and future climate results in an additional decrease of ~11 cm (mean of all
models).

The simulations with CE-QUAL-W?2 allow assessing the effects of the distance to the dam. In
general, the probability of occurrence of an ice cover decreases towards the dam (

Figure 6.5, Section?7.8). For any reference scenario under current climate conditions, the
probability that the reservoir is ice-covered in the period from November to April ranges
between 55 and 48% for segments SEG 8 and SEG 40, respectively (Table 7.6). Similar trends exist
for all other PS scenarios, and the additional effect of climate change is also stronger closer to the
dam. For example, the combination of future climate and extended PS operation results in
reduced probability of ice coverage in the range of ~13 to ~1%.

Ice thickness is also projected to decrease more for segments located closer to the dam
(Figure 6.6, Section 7.8). The mean reduction for future dimate conditions amounts to <12 cm for
the present PS and the two reference scenarios. For the extended PS operation ice thickness is
already reduced on average by ~4 cm (SEG 24, SEG 32) and ~9 cm (SEG 40) for current climate.
Future climate conditions would enhance this reduction by additional ~9 em (SEG 24, SEG 32)
and ~7 cm (SEG 40).
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Figure 6.3 Probability (%) of lake ice coverage for current (blue) and future (red) climate conditions for each day from mid-
November to end of April, separated by model (markers) and by PS scenario (rows). 'For MyLake only the scenario QNat* is
depicted. 2For CE-QUAL-W?2 the projections for segment SEG 40 are depicted.
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6.6 Discussion

All models project a decreasing probability of ice coverage with climate change. In the
reference scenarios and the present PS scenario, less than every second winter will see ice cover
under future climate, as estimated with CE-QUAL-W2 and Simstrat. Results from MyLake even
suggest that an ice cover would form only about every fourth winter. This difference for MyLake
might be explained by the fact that no hydrological forcing besides the natural inflows was
considered. The projected ice coverage by GLM contrasts with the other three models, with the
probability of ice cover formation remaining at ~90% or higher (Figure 6.3). This is also reflected
in different ice thickness: while for GLM ice thickness amounts to ~16 cm for both reference
scenarios and the present PS scenario under future climate, the average ice thickness remains
<10 cm for the other three models.

All models consistently project that extended PS would slightly delay ice-on and advance ice-off
already under current climate. For all models, the shift in ice-off is more pronounced than that in
ice-on, which is further enhanced by future climate. The average probability that the reservoir is
ice-covered on a specific day in winter is reduced by ~16% for Simstrat and by a range of ~5% to
~36% for CE-QUAL-W2, dependent on the distance to the PS intake/outlet, but not significantly
affected according to GLM (~7%). A reduction of the mean ice thickness by <5 cm is projected by
GLM and Simstrat as well as for the segments of CE-QUAL-W?2 located farther from the PS
intake/outlet. For segments closer to the intake, the projections show a decrease by up to ~9 cm.
Mean absolute ice thicknesses drop to ~25 cm (GLM), ~19 cm (Simstrat) and ~11 to 17 cm
(CE-QUAL-W2).

The combination of extended PS operation and future climate results for all models in a
massively reduced probability of ice coverage. For GLM the average probability of ice cover on a
specific day between November and April would be reduced to ~21%, for Simstrat even to ~3%,
and for CE-QUAL-W2 this value ranges from ~1% to ~13% with larger values for segments
located farther away from PS intake/outlet. While the projections of Simstrat and GLM suggest
that there will still be ice cover during some winters for the entire lake, those of CE-QUAL-W2
draw a spatially variable picture. Ice cover is expected to completely vanish in segments close to
the PS intake/outlet but will still occur occasionally in segments located further away.

Regarding climate change impacts on the ice cover, our findings are in line with those of
Gebre et al. (2014a). They analysed cdimate change impacts on lake ice with regionally
downscaled output of global climate models, with an air temperature increase for the 2080s
ranging between 2.2 °C and 5.7 °C, and set up MyLake for a variety of hypothetical lakes all over
Scandinavia. Their projections show a reduction of mean annual maximum ice thickness in a
range of ~3 to 59 cm, along with a delayed ice-on (5 to 26 days) and a progressing ice-off (11 to
73 days). These projections are not significantly affected by the depth of these hypothetical lakes.

Similarly, Yao et al. (2014) projected shortening of the ice-covered seasons by ~48 days and
decreases of ice thickness by 17 cm (average projections of all models) towards the end of the
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century, which corresponds to reductions of ~40% for ice cover duration and ~52 % for ice
thickness. Their climate scenarios were based on the Canadian Regional Climate Model with an
increase of the annual mean air temperature by ~6 °C but no significant changes for precipitation.
Their projections varied quite strongly between different models for both ice duration and ice
thickness.

While both Yao et al. (2014) and Gebre et al. (2014a) considered a climate change effect on
precipitation, our study did not include this forcing factor. In general the future climate impact
on precipitation suggests for north-eastern Switzerland a small increase of winter precipitation
(CH2011 2011) with an expected shift from snow to rain. The reduction of snowfall would result
in thinner snow cover on top of the ice sheet, and, therefore, less white ice could be expected.
Moreover, with less snow on top of the ice sheet the albedo would decrease, which further
enhances the dedlining trend of ice thickness for future climate conditions. The increasing

amount of liquid precipitation would also enhance the trend of a decreasing ice thickness.

Out of the four models in the study of Yao et al. (2014), GLM was least sensitive to climate
change. This is supported by our findings, where GLM predicts only a slight reduction of the
probability of ice coverage. Thus, the recommendation of Bueche et al. (2017) to apply GLM for
studying climate change effects needs to be considered with care, particularly for the winter

period.

Regarding the effects of PS operation on lake ice cover, our findings support the reduction of ice
thickness described by Kobler et al. (2018) and Bonalumi et al. (2012). However, the analysis of
additional segments adds another dimension to the conclusions given in Kobler et al. (2018,
2019). These two studies showed a decreasing trend of lake ice thickness of ~30% for a segment
located close to the PS intake/outlet considering current climate and concluded that these results
were valid for the entire reservoir. Yet, the more detailed analysis herein shows that this
reduction mainly occurs close to the PS intake/outlet. Thus, only the probability of winters with a
partial ice cover would increase and not that of completely ice-free winters. Similarly, the
projection by Kobler et al. (2018) that ice cover would completely vanish for the combination of
extended PS operation and climate change is only valid for locations close to the intake/outlet,

whereas ice cover is expected to still occur in some winters in other parts of the reservoir.

In general, the differences between modelled and observed ice-on, ice-off and ice thickness are in
the range referred to in Dibike et al. (2011), who showed mean absolute deviations of 6.2 and
5.8 days for ice-on and ice-off, respectively, and 11 cm for ice thickness. However, our results
suggest that the computed ice-on of GLM advances observations by ~2 weeks, which is contrary
to the good agreement between GLM projections and observations described by Yao et al. (2014).
Yet, they are in line with the results of Bueche et al. (2017), who applied GLM to Lake Ammersee,
which only froze over once during their studied period. Although they had only qualitative
information of the ice coverage for that specific winter, their results suggest that the projected
ice-on preceded the observations. In our study, ice-on is best predicted with MyLake, followed
by CE-QUAL-W2 and then on par by Simstrat and GLM. Ice-off is predicted best with
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CE-QUAL-W2, followed by MyLake, Simstrat and GLM, in line with the results of Yao et al.
(2014), where GLM was outperformed by two other models.

Some models were able to project the occurrence of multiple freeze-thaw-cycles. Particularly,
CE-QUAL-W2, Simstrat and MyLake, were able to capture the observed dynamics of two freeze-
thaw-cycles in 2006/07. In 2014/15 these three models reproduced the development of a freeze-
thaw-cycle prior to the development of the main ice-covered period.

Although the ice model of Simstrat is based on MyLake, there are some relevant differences.
Particularly in Simstrat, ice melts quickly once snow cover has disappeared, which is not
projected with MyLake. One possible reason is the different formulation of the absorption of
short-wave radiation in the ice cover (Section 7.7). In case of MyLake, and also for GLM and
CE-QUAL-W2, the attenuation is implemented through an exponential thickness-dependent
approach, whereas for Simstrat a constant value is assumed independent of the ice thickness and
the actual condition of the surface (ice or snow). Although MyLake does not consider different
albedos for black and white ice (Cheng et al. 2008), it would be interesting to consider this for the
further development of Simstrat. In summary, there is still potential for improving the physical
description of the lake ice cover in all models used in the present study.

6.7 Conclusions

To assess the robustness of previous projections of the impact of PS operation and
climate change on timing, duration and thickness of the ice cover on Sihlsee with the two-
dimensional model CE-QUAL-W2, we applied three one-dimensional vertical models, GLM,
Simstrat and MyLake. Two of these models (GLM and Simstrat) were calibrated with PEST and
could well reproduce observed water temperatures, particularly in the epilimnion.

Overall, these three models projected a reduction of ice thickness and the duration of the ice-
covered period due to climate change ranging from ~1.4 months for GLM to ~2.6 months for
MyLake. Mean ice thickness was projected to decline by up to ~16 cm (Simstrat). Projected
impacts of extended PS differ between the models already under current climate conditions.
While GLM only shows minor effects on both the thickness and duration of the ice cover,
Simstrat and CE-QUAL-W?2 project reductions of the ice thickness of ~5 cm and up to ~9 cm,
respectively. For the combination of extended PS operation and future climate, the divergences
between models are further amplified. For example, the longest uninterrupted ice-covered
period remains up to ~40 days longer in GLM than in Simstrat and CE-QUAL-W2. The major
differences between GLM and the other models might be explained by the fact that the overall

ice thickness seems to be overestimated by GLM.

In addition, we assessed the spatial variability of ice cover projections in different segments of
CE-QUAL-W2. Results show that the ice thickness is decreasing less for segments located farther
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from the dam. Considering, only extended PS operation the longest uninterrupted ice-covered
period would decrease by ~10, ~17 and ~60 days for segments 24, 32 and 40, respectively. Climate
change on the other hand would reduce this period by another ~38 days. Yet, the combination of
climate change and PS impacts would still result in a partial ice cover for most winters.
Additionally, we want to stress that, so far, no mechanistic ice model has been applied to PS
reservoirs. As our projections have, however, already shown an impact on the ice thickness in
late winter, it would be interesting to study how this decreasing ice thickness would further
affect ice movement induced by wind and currents.
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Chapter 7
Supplementary material to Chapter 62

7.1 Overview

This chapter provides supplementary information to Chapter 6. In the first section of
this chapter an overview of the selected segments of CE-QUAL-W2 is depicted, which also
shows, which segments are falling dry and therefore, are not presented in Chapter 6.
Additionally, this chapter presents (a) the meteorological forcing for each winter season
(referring to the period from November to April), (b) how the source code of GLM was adapted,
(c) the results of sensitivity analysis of all four models, (d) information on the calibration of GLM
and Simstrat with comparative figures of epi- and hypolimnetic temperatures, information on
the RMSE, MAE and ME, parameter values and initial conditions, (e) the simulation results for
black ice, white ice and snow using observed meteorological conditions, which are described and
discussed in Chapter 6 in detail. Moreover, tables with values for (a) the mean duration of the
longest uninterrupted ice-covered periods, (b) the average probability that the lake is ice covered
on a specific day during the winter period (November to April), and (c) the mean ice thickness
over all ice-covered periods is provided for all four models and for each combination of PS and

climate scenario.

12 This chapter is based on the supplementary information to “Ensemble modelling of ice cover for a reservoir affected by
pumped-storage operation and climate change” by U. G. Kobler and M. Schmid, which is under review for publication in
Hydrological Processes at the moment of writing this thesis. The fieldwork, simulations and the analysis presented hereafter
are original and were performed by the author of the thesis.
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7.2 Selected segments in CE-QUAL-W2
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Figure 7.1 (A) Overview bathymetry of CE-QUAL-W2, with the location of all in- and outflows: natural inflows (blue), residual
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7.3  Meteorological forcing
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Figure 7.3 Totals of each winter period (November to April) for precipitation Precip (m), which is separated for rain (black) and
snow water equivalent SWE (white) as well as the fraction of the snow-water-equivalents (SWE) of the entire precipitation.

7.4

Adaptation GLM
The original source of GLM, version 2.4.1, was adapted in the following way:

A Boolean variable was introduced which allowed to switch off the effect of
precipitation on the water balance.

The indices for computing the new surface temperature were differing from those of
equation 4 presented in Rogers et al. (1995). Thus, correction was needed for the
variables BBB, FFF, DDD, GGG and EEE of the source code (File: glm_surface.c).
Originally, evaporation from snow and white ice were computed as long as snow
height and the height of white ice were larger than zero. Yet, the computed
evaporation, given in water equivalents, could exceed the height of snow or white ice.
Thus, we changed this in the following way: evaporation from snow (white ice) is now
only computed when the snow height (height of white ice) exceeds the computed value

of evaporation.
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7.5  Sensitivity analysis

All model parameters and the considered range of variation for the sensitivity analysis
are depicted in Table 7.1. Before model calibration a sensitivity analysis on lake ice model
parameters was conducted. Therefore, the models were run with several variations of lake ice
model parameters. The corresponding figures are presented for some selected years in
Section 7.5. These results suggest that the projected ice thickness with GLM is not sensitive to the
choice of maximum and minimum density of snow. Yet, the variation of the scaling factor of the
snowfall results in ice thickness differences of up to ~25 cm (2005). Nevertheless, the variation of
the snowfall forcing is of key importance to reproducing the ice thickness. This could, if this
factor is set to 1 even lead to differences of observations and projections of ~40 cm (2005). Snow
thickness on top of the ice sheet is also not affected by any density variation, which in turn is also
valid for white ice formation. The scaling factor of snowfall forcing of 0.35 reduces white ice
thickness by ~40 cm. Cheng et al. (2008) mentioned that GLM is known to overestimate white ice
formation, which seems to be linked to the overestimated overall ice thicknesses.

Simstrat was least sensitive to the variation of the ice albedo. Variations of parameters affecting
the snow on top of the ice sheet (snow albedo, fraction of solar radiation that is absorbed at the
air-ice/snow-interface, scaling factor of precipitation) resulted in some years in a multiple instead
of a single freeze-thaw-cycle (2011). Also the variation of freezing temperature could cause this
shift of temporal ice dynamics. Projections suggest, in general, that lake ice tends to appear quite
fast, once all overlying snow has melted. Therefore, the snow thickness is sensitive to similar
parameter set than the ice thickness.

MyLake projections suggest that the model is rather robust to parameter variations, only the
variation of precipitation input and the snow (in some cases also the ice) albedo would affect ice,
white ice and snow thickness by ~5 to 10 cm, <5 cm and ~10 cm, respectively.

For CE-QUAL-W2 the variation of the ice albedo resulted in different ice thickness ranging
between ~30 to ~70 cm in 2005. The variation of all other parameters affected the thickness less,
however, for some years (2004) the ice-on was shifted. The results of the variation of three
parameters, the fraction of the incoming solar radiation absorbed at the air-ice-interface, the ice
extinction coefficient and the heat exchange coefficient at the water-ice-interface, show rather
similar behaviour. This could highlight a parameter identification problem.
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Table 7.1 Parameters and the analysed ranges for the sensitivity analysis for all models.

Model Parameter Explanation Unit Analysed
abbreviation range
Qmax,snow Maximum density snow [kg m3] 300-450
GLM Omin,snow Minimum density snow [kg m?] 50-175
fasnow Scaling factor snow albedo [ 0.50-1.20
fsnow Scaling factor snowfall [-] 0.15-1.00
Olice Ice albedo [ 0.15-0.45
Otsnow Snow albedo [-] 0.64-0.90
Simstrat Boowice Fraction o.f the incoming solar radiation absorbed at the air- [ 0.30-050
ice/snow-interface
Treeze Freezing temperature [°C] 0.00-0.20
fprecip Scaling factor precipitation [-] 0.80-1.20
Otice Ice albedo [ 0.15-0.45
Qlsnow Snow albedo [ 0.64-0.90
MyLake Aice Attenuation coefficient ice [m1] 46
Asnow Attenuation coefficient snow [m1] 12-18
fprecip Scaling factor precipitation [-] 0.80-1.20
Ctice Ice albedo [ 0.20-0.90!
CE-QUAL- B Fraction of the incoming solar radiation absorbed at the air-ice- [ 0.20-0.80
W2 interface
Yice Ice extinction coefficient [m-1] 0.01-10.0
Huaterice Heat exchange coefficient at water-ice-interface [W m2°C1] 5-500

! The range used for the ice albedo of CE-QUAL-W2 is different from the other models, as this model does not allow

discriminating between snow and ice cover.
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Figure 7.9 Sensitivity of ice thickness to parameter variation for MyLake; shown are projections with varying model parameters
(grey lines) and projections with the chosen parameter combination (red line) as well as observed ice thickness es (black
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Figure 7.10 Sensitivity of white ice thickness to parameter variation for MyLake; shown are projections with varying model
parameters (grey lines) and projections with the chosen parameter combination (orange line). Parameters were varied in a
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Figure 7.12 Sensitivity of ice thickness to parameter variation for CE-QUAL-W?2; shown are observed ice thicknesses (black
markers), projections with varying model parameters (grey lines) and projections with the chosen parameter combination (red
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7.6 Additional information model calibration
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The model parameters and initial conditions of GLM and Simstrat are shown in Table 7.2 and
Table 7.3. For the model parameters of MyLake similar values than those proposed for the test
case of Lake Vansjo were taken; initial conditions were taken similar to those presented in
Table 7.3.

Table 7.2 Model parameters for GLM and Simstrat; values estimated with PEST are highlighted in red, those chosen after a
sensitivity analysis in blue.

Parameter Description Value Method
Simstrat GLM
Kw Extinction coefficient [m] 0.708 0.708 Observed
p_radin Scaling factor long-wave radiation [-] 0.9539 - CAL
albsw Albedo open water [-] 0.090 - Default
ice_albedo Albedo ice 0.300 - Default
snow_albedo Albedo snow [-] 0.770 - Default
freez_temp Freezing temperature [° C] 0.100 - Adapted!
beta_snowice Absorption of short-wave radiation in snow and 0.400 - Default
ice []
beta_sol Absorption of short-wave radiation in first cell [-] 0.350 - Default
od Bottom friction coefficient [-] 1.50x103 - Default
f_wind Scaling factor wind speed [-] 0.3816 - CAL
p_windf Parameter for fitting wind function [-] 1.000 - Default
c10 Wind drag coefficient [-] 1.000 - Default
a_seiche Fraction of wind energy to seiche energy [-] 5.282x103 - CAL
q_nn Parameter for the distribution of seiche energy [-] 1.100 - Default
k_min Minimal value for TKE [J kg] 1.00x10° - Default
lat Latitude [°] 47.1 - Observed
p_air Air pressure [mbar] 912 - Observed
hgeo Geothermal heat flux [W m2] 0.080 - Default
coef_mix_conv Mixing efficiency convective overturn - 0.125 Default
coef_mix_stir Mixing efficiency wind stirring - 0.230 Default
coef_mix_shear Mixing efficiency unsteady turbulence effects - 0.200 Default
coef_mix_turb Mixing efficiency shear production - 0.510 Default
coef_mix_KH Mixing efficiency Kelvin-Helmholtz turbulent - 0.300 Default
billows
coef_mix_hyp Mixing efficiency - 0.4778 CAL
deep_mixing Model description deep mixing - 2
wind_factor Scaling factor wind speed - 0.9445 CAL
sw_factor Scaling factor short-wave radiation - 0.850 Kobler et al. (2018)
Iw_factor Scaling factor long-wave radiation - 0.9497 CAL
at_factor Scaling factor air temperature - 1.000 Default
rh_factor Scaling factor relative humidity B 1.000 Default
rain_factor Scaling factor rain - 1.000 Default
snow_factor Scaling factor snow - 0.350 Sensitivity analysis
ce Bulk aerodynamic coefficient for latent heat - 1.50x10%  Default Delft3D
transfer
ch Bulk aerodynamic coefficient for sensible heat - 1.50x10°  Default Delft3D
transfer
cd Bulk aerodynamic coefficient for momentum - 1.50x10%  Default Delft3D
transfer
snow_rho_min Minimum density snow [kg m=] - 100 Default
snow_rho_max Maximum density snow [kg m=] - 350 Default
snow_albedo_factor  Scaling factor snow albedo - 1.000 Default

1 As temperature is only resolved vertically by 0.5 m, the freezing temperature was adapted to avoid the occurrence of negative
water temperatures, that could occur although the temperature of the first layer beneath the ice sheet is fixed to 0 °C during
melting.
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Table 7.3 Initial conditions for all GLM and Simstrat simulations, with depth-dependent current velocities U and V (m s-1),
temperature (° C), salinity (%), turbulent kinetic energy k (J kg '), and dissipation rate of turbulent kinetic energy & (W kg1).

GLM & Simstrat GLM Simstrat
Depth [m] Temperature [°C] | Salinity [psu] : Salinity [%] Ulms1] V[ms1] k[Jkg' &[Wkg]
0.00 08 0.075 0.075 0.000 0.000 3.0x10% 5.0x10-10
1.00 1.0 0.075 0.075 0.000 0.000 3.0x10% 5.0x10-10
2.00 20 0.075 0.075 0.000 0.000 3.0x10% 5.0x10-10
3.00 3.0 0.075 0.075 0.000 0.000 3.0x10% 5.0x10-10
4.00 40 0.075 0.075 0.000 0.000 3.0x10% 5.0x10-10
Maximum depth 4.0 0.075 0.075 0.000 0.000 3.0x10% 5.0x10-10

Table 7.4 Root-mean-square error (RMSE), mean absolute error (MAE) and mean error (ME) in ° C for the entire water column,
the epilimnion (uppermost 5 m of the water column) and the hypolimnion (lowermost 5 m of the water column) of Sihlsee.

Model Entire water column  Epilimnion Hypolimnion
RMSE [° C] 1.35 1.10 1.18
GLM MAE [°C] 1.01 0.87 0.94
ME [°C] -0.01 -0.01 -0.67
RMSE [° C] 113 0.80 1.31
Simstrat MAE [° C] 0.85 0.60 1.02
ME [°C] -0.11 -0.16 -0.08
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7.7  Temporal dynamics lake ice projections
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Figure 7.14 Observed ice thickness (black markers, depicted with negative values) and GLM projections of ice (red, depicted
with negative values), white ice (orange, depicted with negative values) and snow (blue) thickness (cm).
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Figure 7.16 Observed ice thickness (black markers, depicted with negative values) and MyLake projections of ice (red, depicted
with negative values), white ice (orange, depicted with negative values) and snow (blue) thickness (cm).
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7.8  Additional information on the effects due to PS operation and
climate change

Table 7.5 Mean duration of the longest uninterrupted ice-covered periods (days) for the different models and the combination
of different climate conditions (CC: current climate, FC: future climate) and PS scenarios.

Reference QNat Reference NoPS PresentPS Extended PS

CC FC CC EC CC FC CC EC

GLM 126 82 125 81 126 84 113 47
Simstrat 75 18 74 17 76 19 53 8
MyLake 102! 231 - - - - - -
SEG 8 94 33 95 32 - - - -
SEG 16 92 30 94 31 92 31 - -

SEG 24 91 28 92 30 92 31 82 34

CE-QUAL-W2 SEG 32 89 27 91 27 91 27 74 17
SEG 40 84 22 85 24 87 26 17 9

Mean 20 28 91 29 91 29 58 20

Mean of all models 98 38 97 42 98 44 75 25

1 Without any in- and outflows

Table 7.6 Average probability (%) that the lake is ice covered on a specific day during the winter period (November to April),
for the different models and the combination of different climate conditions (CC: current climate, FC: future climate) and
PS scenarios.

Reference QNat Reference NoPS PresentPS Extended PS

cC FC CcC FC CC FC CC FC
GLM 71 41 70 44 71 46 64 21
Simstrat 49 13 48 13 51 16 35 3
MyLake 581 101 - - - - - -
SEG 8 54 19 55 19 - - - -
SEG 16 53 17 53 17 53 18 - -
SEG 24 52 16 52 16 53 17 48 13
CEQUAL-W2 SEG 32 51 14 51 14 52 14 43 6
SEG 40 48 10 48 10 49 12 13
Mean 52 15 52 15 5 15 35
Mean of all models 57 20 57 24 58 26 45 10

1 Without any in- and outflows

Table 7.7 Mean ice thickness (cm) over all ice-covered periods for the different models and the combination of different climate
conditions (CC: current climate, FC: future climate) and PS scenarios.

Reference QNat Reference NoPS PresentPS Extended PS

CcC FC CcC FC CC FC CC FC

GLM 27 16 27 16 28 17 25 13

Simstrat 25 9.3 25 9.1 24 90 19 6.3
MyLake 221 8.41 - - - - - -
SEG 8 21 95 21 926 - - - -
SEG 16 20 96 21 926 21 95 - -

SEG 24 20 9.3 20 9.4 21 94 17 8.1

CE-QUAL-W2 SEG 32 20 9.1 20 92 20 93 16 7.2

SEG 40 19 87 20 9.1 20 89 11 42

Mean 20 9.2 20 94 21 93 15 6.5

Mean of all models 24 11 24 11 24 12 20 8.6

1 Without any in- and outflows
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Chapter 8  Conclusions

8.1 Achieved results

In a first step, the effects of pumped-storage operation on temperature, ice cover and
water quality have been assessed with a laterally-averaged two-dimensional hydrodynamic and
water quality model (CE-QUAL-W2). This model was calibrated for current climatic conditions.
Afterwards four different PS scenarios were defined and analysed. In a next step, the model was
combined with synthetic weather projections for current and future climate. The latter were
developed using a weather generator, described in detail by Schlabing et al. (2012). This
combined approach allowed to assess the coupled effect of PS operation and climate change.
Lastly, to evaluate the robustness of the projections of lake ice dynamics, additional simulations
were performed with three vertical one-dimensional models (GLM, MyLake, Simstrat). The
effects on water temperature, water quality and the upper reservoir’s ice cover can be
summarized as follows:

e When extending the PS operation'3, hypolimnetic temperatures are projected to
increase by ~2 °C in summer, the ice-covered period would be shortened, ice thickness
would dedine, nutrient concentrations would be raised, and hypolimnetic dissolved
oxygen concentrations would increase in the upper reservoir.

e The aforementioned effects of extended PS operation are site-specific; yet, the results
presented in Chapter 2 suggest that PS operation supports a decrease in strength and
duration of stratification with correlated effects on dissolved oxygen and nutrients.

e To disentangle the effects of deep-water withdrawal versus those of PS operation, the
analysis of two reference scenarios allowed concluding that the differences between the
reference scenario with deep-water withdrawal and those of present PS are minor. For
the reference scenario with surface water withdrawal, the hypolimnetic water
temperatures were, on the other hand, projected to be reduced by up to ~10 °C with
further effects on stratification and dissolved oxygen.

e  Minor PS effects were projected for the downstream natural lake of the considered PS
hydropower plant, which need not be the case for any other plant.

e  The findings from Chapter 2 highlight the urge for clear guidelines to define a reference
state as a base scenario for assessing the environmental impacts of increased
development or extension of PS hydropower plants.

13 From 135 MW to 525 MW for generating and from 65 MW to 265 MW for pumping
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The results, presented in Chapter 4, showed a synergistic effect of PS operation and
cdimate change on hypolimnion temperatures, whereas epilimnion temperature
increased similarly in all scenarios independent of PS operation.

Because of raised surface water temperatures, increased water column stability and
prolonged summer stratification dissolved oxygen concentrations are subsequently
lowered due to climate change.

An antagonistic effect resulted for the duration of summer stratification, which is
prolonged by climate change and shortened by PS operation.

The combination of future cdlimate with extended PS operation resulted in advancing
summer stratification by ~1 month.

Decreasing ice-thickness and weakened inverse stratification resulted in increasing
dissolved oxygen concentrations and reduced phosphate release for future climate
conditions, which could further affect lake ecology.

For a comprehensive environmental impact assessment, the findings from Chapter 4
resulted in the recommendation to investigate PS in combination with climate change
effects for the connected water bodies. Chapter 4 particularly highlights this need for PS
operations with hypolimnetic water withdrawal, which promotes hypolimnetic
warming more easily.

Ensemble modelling with four different hydrodynamic models (Chapter 6) showed that
the effect of PS operation and climate change results for all scenarios in shortening of
ice-covered periods as well as declining ice thicknesses. Some of the model projections
would result in the conclusion that lake ice would vanish, when considering both
climate change and extended PS operation.

The analysis of longitudinal variation in ice-cover projected by CE-QUAL-W2 showed
that Sihlsee would likely become completely ice free only close to the PS intake/outlet.
Nevertheless, the partially open lake surface would allow increased gas exchange with
the atmosphere and cause enhanced mixing due to wind.
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8.2 Outlook

PS operation is an important tool accompanying the increasing production of time-
varying new renewable electricity. The latter is mostly implemented today (i) to avoid further
global warming, and (ii) to bridge the gap between electricity demand and production arising
when nuclear power plants are phased out at the end of their lifetime. PS operations can increase
production flexibility, needed to cover hydropower production losses due to climate change
(Schaefli 2015; Schaefli et al. 2019). Although, economic market conditions discourage investment
in the development of PS hydropower plants at the moment (Bjornsen Gurung et al. 2016),
research is needed to increase the knowledge of PS effects on the connected water bodies today.
Therefore, this section gives an overview of topics that would be interesting to study.

As highlighted in Chapter 2 the intake/outlet location of a PS hydropower plant is crucial. It
strongly affects the thermal characteristics of a lake, oxygen depletion in the hypolimnion and
the release of nutrients from the sediment. Therefore, to minimise environmental impacts it
would be interesting to study selective withdrawal for PS operations, which have to my
knowledge not been assessed. Yet, other studies successfully showed how selective withdrawal
needs to be operated to avoid thermo-peaking in downstream rivers, and to increase
hypolimnetic dissolved oxygen concentrations in a reservoir (e.g., Weber et al. 2017). This would
extend the work of Bonalumi et al. (2012), who assessed the influence of different, fixed locations

of PS intake/outlet on temperature and inorganic suspended solids.

To compensate hydropower production losses, dam heightening can also be considered. This
topic was discussed in several talks during the annual conference of the Swiss Competence
Center for Energy Research — Supply of Electricity in 2018 (SCCER-SoE 2018). Due to this
increasing interest, it would be important to study how water temperature and quality as well as
lake ecology would be affected. This analysis could follow Prats et al. (2018), who investigated
how dam heightening of a Mediterranean reservoir would affect stratification dynamics when
additionally considering climate change.

Furthermore, the future operation of PS hydropower plants might differ from that of today. For
future operation, power reserve regulation through means of variable design of pump-turbines
and hydraulic short-circuiting are becoming more relevant (Pérez-Diaz et al. 2015). Therefore,
these new PS operations would need to be considered for a comprehensive view on how abiotic
and biotic characteristics of the connected water bodies are affected.

In some cases, the meteorological forcing had to be taken from stations that are located quite far
from the study sites. This causes sometimes inaccurate surface heat balances. Consequently, lake
ice projections could not be well reproduced, i.e., MyLake projections for 2014. To overcome this
issue, a weather generator, such as AEW-GEN-2d (Peleg et al. 2017) could be utilised for
generating current climate forcing. This weather generator is not only based on a stochastic
approach, but it also involves physical relationships, often needed for the description of sub-
daily processes. It also offers the advantage of high spatial and temporal resolution.
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Our assessment of the coupled effects of PS operation and climate change solely focused on
increasing air temperatures. Therefore, effects related to precipitation changes might have been
missed. Yet, any modification of precipitation would further affect the water balance and would
call for a different PS operation. Moreover, a changing climate affects snowfall, which needs to
be considered to enhance the reliability of projected effects on the ice-covered period. Thus, there
is still more potential for studying these impacts, particularly, as the uncertainty of climate
projections is decreasing. For Switzerland, new climate projections (CH2018) were just recently

released, which would allow a more comprehensive assessment of precipitation changes.

Lastly, the testing of different models for the impact assessment on ice cover revealed that the
formulations of physical processes in most ice modules currently implemented in hydrodynamic
models have some deficiencies. Due to time restrictions and some concerns with regard to the
source code of the ice model Delft3D was, therefore, not incdluded in the studies as was originally
planned. This would be another future step to take, since it includes a mechanical model to
compute the spatial ice movement. This would particularly be interesting, as modified ice
dynamics must be expected not only due to climate change, but also do to extended PS

operation.

PS effects on temperature and water quality of the connected water bodies need to be studied in
any case when recommissioning of existing PS hydropower plants takes place. In accordance to
the outcomes of this thesis, climate change effects should be considered as well. Whether the
worst case scenario'* needs to be taken into account for developing future climate projections
remains questionable and was not addressed in this thesis. Nevertheless, the use of a weather
generator has proven to be a reliable tool for developing such climate projections. The
consideration of future climate scenarios is, therefore, feasible for other sites. Yet, this requires
more model runs (and computation time) as well as additional memory compared to the current
approach that just considers meteorological observations to force the model.

14 Herein the A2 emission scenario which does not consider any mitigation measures is considered.
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