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A. Additional information on model description and study site 

 

Fig. A1 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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A.1 Major equations 

The major set of laterally averaged equations of CE-QUAL-W2 are described in Cole and Wells (2013), they 
also discuss how these equations are solved numerically.  

A.2 Conceptual diagrams 

Figure A2 shows the dependencies of water temperature and ice cover on meteorological, hydrological and 
water quality forcing. Figure A3 depicts the conceptual dependencies of the constituents that can be described 
by CE-QUAL-W2. The information was gathered from Cole and Wells (2013). 

 

Fig. A2 Conceptual diagram of CE-QUL-W2’s interdependencies of water temperature (TW) and ice cover 
(ICE) on meteorological (turquoise; wind speed and direction (WIND), air temperature (TAIR), long-wave 
radiation (QLW), 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) and 
inorganic suspended solids (ISS), algae and zooplankton as well as sediment heat release (red) and density 
stratification (pink)); considered processes are depicted in gray.  
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Fig. A3 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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B. 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 (Fig. B1). 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 (Fig. B2). 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-W2 these wind components needed to be back-transformed to wind speed and direction. 

We validated VG by comparing the mean and range of model projections for simulations driven with the 
available meteorological observations and those driven with the output of VG (Fig. B3, B4). 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. 

 



Kobler et al.  6/17 

 
Fig. B1 Pearson correlation between all variables (θair: air temperature, θdew: dew point, θw,In: inflow water 
temperature, LW: long-wave radiation, SW: short-wave radiation, v�: wind component normal to the main lake 
orientation, ũ: 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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Fig. B2 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 (θair: air temperature, θdew: dew point, θw,In: 
inflow water temperature, LW: long-wave radiation, SW: short-wave radiation, 𝐯𝐯�: wind component normal to 
the main lake orientation, ũ: wind component along the main lake orientation). 



Kobler et al.  8/17 

 
Fig. B3 Temperature (°C) and concentrations of DO (mg L-1) and phosphate (µg P L-1) 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 and the period 1998-2012. 
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Fig. B4 Temperature (°C) and concentrations of DO (mg L-1) and phosphate (µg P L-1) 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 and the period 1998-2012. 
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C. Additional results Sihlsee 

 
Fig. C1 Boxplot of Schmidt stability (J m-2) for the current and future climate scenario, separated by month and 
PS scenarios. 
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Fig. C2 Boxplot of ice thickness (m) for the current and future climate scenario, separated by month and PS 
scenarios. 
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D. 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 (Fig. D1, Fig. D3). It reaches values from ~1.3 °C (May) to ~2.1 °C (September). 
Hypolimnion temperatures increase 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 (Fig. D2, Fig. D3). 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 (Fig. D4). The summer stratification is also intensified with Schmidt stability increasing by 
~17-18% (Fig. D5). 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-1 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 (Fig. D4). 

DO concentrations in the epilimnion decline by <0.6 mg L-1 independent of the PS scenario (Fig. D1, Fig. D3), 
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 ~2.2 mg L-1 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 climate. Throughout the rest of the year the reduction of hypolimnetic DO 
concentrations remains at ~0.7-1.5 mg L-1. 

In the epilimnion an earlier onset of primary production causes earlier phosphate reduction for the future climate 
scenario (Fig. D1, Fig. D3). This results in a decrease of up to ~3.4, ~3.6 and ~3.9 µg P L-1 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 µg P L-1 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 
(Fig. D2, Fig. D3). This adds a maximum of ~2.8, ~2.8 and ~2.4 µg P L-1 to 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 µg P L-1 (February) for 
the reference scenario QNat, the present PS and the extended PS scenario, respectively.  
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Fig. D1 Absolute values of temperatures (°C), DO (mg L-1) and phosphate (µg P L-1) 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) and minima and maxima (shaded areas) for each day of the year for each PS scenario. 
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Fig. D2 Absolute values of temperatures (°C), DO (mg L-1) and phosphate (µg P L-1) 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) and minima and maxima (shaded areas) for each day of the year for each PS scenario. 
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Fig. D3 Boxplot of differences of temperature (°C), DO (mg L-1) and phosphate (µg P L-1) at Upper Lake Zurich 
for all PS scenarios and for each season (spring: Mar-May, summer: Jun-Aug, autumn: Sep-Nov, winter: Dec-
Feb) for the epi- and the hypolimnion. 
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Fig. D4 Comparison of current (upper half) and future (lower half) probability (%) of each day of the year that 
the lake is inversely stratified (blue), stratified (red) or that the hypolimnion reaches DO concentrations 
<4 mg L-1 (orange) at Upper Lake Zurich. 
 

 
Fig. D5 Boxplot of Schmidt stability (J m-2) for the current and future climate separated by month and PS 
scenarios. 
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Table D1 Aggregated differences between current (CC) and future climate conditions (FC) calculated from all 
150 years for Upper Lake Zurich. 

 Scenario Current climate 
(CC) 

Future climate 
(FC) 

Δ = 
FC - CC 

Δ/CC 
[%] 

Years with hypolimnetic DO concentrations < 4 mg L-1 [-] 
 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-2] 
 Reference QNat 850 986 136 16 
 Present PS 851 983 132 16 
 Extended PS 819 940 121 15 
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