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Abstract: Lakes are known to be strongly affected by climate change as a result of their sensitivity to
atmospheric forcing. The combined response of urban lakes to climatic changes and to urbanization
of the catchment may be further altered by water quality management measures. We studied Lake
Tegel in Berlin, Germany as a representative urban lake profoundly influenced by intense water
management measures and a resulting complex hydrodynamic situation: Lake Tegel is fed by
nutrient-rich river discharges and effluents from a phosphorus elimination plant (PEP). We estimated
changes in water temperatures, the Wedderburn number, and the buoyancy frequency, as well as
concentrations of dissolved oxygen and phosphate under climate change using a one-dimensional
vertical hydrodynamic model coupled to a water quality model. Further, we investigated how
four management scenarios with varying discharges of the PEP could affect the lake system. In all
simulations, water temperatures increased and summer stratification extended. The modeling results
demonstrated that the water management system buffers the high nutrient supply from the river
inflow and can effectively mitigate negative effects of climate change on Lake Tegel, thus highlighting
its importance for the lake ecosystem.

Keywords: GLM-AED2; water resources management; thermal stratification; climate change;
phosphorus elimination plant

1. Introduction

Climate change is one of the major stressors for ecosystems [1,2]. More frequent extreme
weather events, rising air temperatures, intense precipitation affecting erosion, and changing
atmospheric circulation patterns are the future challenges ecosystems have to cope with [3].
In particular, lakes are expected to act as sentinels to climate change [4-6]. Urban lakes are crucial
freshwater resources for a secure water supply and adequate sanitation, as well as for recreational
activities. Water management of urban lakes is an important compartment of the respective catchments
and its water cycle [7]. Adaptive water management measures have the potential to mitigate
effects caused by climate change as well as nutrient and contaminant loadings to lake or reservoir
systems [8-10]. The effect of climate change on lake physics, ecosystem services and ecosystem
structures has been intensively studied in the last decades (e.g., [11,12]). Numerous authors have
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suggested the future dominance of cyanobacteria in lakes as a result of climate change increasing water
temperatures and affecting the stratification strength [13-15]. Therefore, high water temperatures
in summer in conjunction with a high buoyancy frequency suggest an increased probability for the
formation of cyanobacteria blooms. Further, vertical thermal stratification was found to be particularly
sensitive to the changing meteorological conditions [16-18], but the specific impact on lakes can be
spatially and temporally diverse [19]. The among-lake coherence to climate change, particularly in the
surface layers, is a well-established observation, but the individual properties of a lake can, to a certain
degree, affect how deeper water layers respond to climate change [20,21]. This individual response of
a lake to climate change can be diverse even for regionally proximate lake systems [22].

In contrast to rural or less anthropogenically affected surface waters, urban lakes, which are
important parts of the urban water cycle, are often deeply intertwined with technical interfaces in the
form of water management systems [23]. A semi-closed water cycle is common in megalopolises [24],
in which case the treated effluents of wastewater treatment plants (WWTPs) are discharged into urban
surface waters where they are further abstracted for drinking water production, for example, via bank
filtration, before entering the WWTP again. The strong impact of water management measures on the
system is a shared characteristic of both urban lakes and freshwater reservoirs. It is up for debate to
what degree the urban management system, similarly to reservoirs, can also mitigate a lake’s response
to climate change. The impact of climate change in conjunction with urbanization will have a profound
effect on lakes, with increased mass loadings of nutrients and contaminants originating from the urban
catchment [25-27]. Finding effective adaptive strategies of water management systems to diminish the
vulnerability of the freshwater system to climate change is an essential task for freshwater resource
managers worldwide [28,29]. Numerical modeling can be used to obtain a better understanding of
how water management measures can adapt to ongoing challenges caused by climate change [30,31].

Although several studies have pointed out the importance of adaptive water management
measures in times of climate change, for instance, for regional lakes and watersheds [32-34], locally in
the region of Berlin, Germany [35] or in general [36,37], our focus was on the adaption of a specific
management measure, the phosphorus elimination plant (PEP) at Lake Tegel in Berlin, Germany. Lake
Tegel underwent a strong eutrophication period from 1950 to 1985 as a result of high external loadings
of nutrients as well as heavy metals originating from an upstream sewage farm, resulting in blooms of
cyanobacteria and the loss of the lake’s submerged macrophyte population [38,39]. To restore the lake
system, which was and still is crucial for Berlin’s drinking water production, the lake was subjected
to various management measures: (1) the construction of an upstream WWTP, (2) the launch of the
PEP treating inflowing waters, (3) the construction of a lake pipeline for bypassing outflowing water
back to the PEP to maintain a steady discharge, and (4) the launch of hypolimnetic aerators in the
deep water basin [40]. Because of Lake Tegel’s utter importance for Berlin’s drinking water supply
and for recreational activities, the lake was intensively investigated and monitored in the last decades.
Past sediment studies investigated Lake Tegel’s sediment affinity to an additional supply of iron
and concluded that most of the iron was bound to sedimentary sulphur [41] as well as that the past
management measures had a profound effect on Lake Tegel’s sediment composition, resulting in a
heterogeneity between different sites [42]. Previous studies have also highlighted that the reduction of
external loads was the main mechanism for the restoration of Lake Tegel, particularly the construction
of the WWTP and the PEP [38,43]. In contrast, the performance of the hypolimnetic aerators was
concluded to be more similar to bubble plume generators and therefore caused an increased mixing
between hypolimnion and epilimnion instead of hypolimnetic aeration [44]. In recent years, modeling
studies have proved that Lake Tegel is very sensitive to river-induced mixing caused by wind and that
an optimal management to keep phosphate as well as pharmaceutical concentrations in the lake low
was not feasible [45,46].

The objectives of our study were (1) to determine if a one-dimensional (1D) vertical model
configuration is applicable for the evaluation of management scenarios for Lake Tegel, (2) to check
if an assumed shift of the lake type to a monomictic mixing regime and the formation of favorable
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conditions for cyanobacteria can happen as a result of climate change, and (3) if the PEP can mitigate
the impact of climate change on Lake Tegel in the near future. In contrast to previous modeling studies
on Lake Tegel [43-45], our study was focused on the simulated projection of the impact of climate
change on Lake Tegel by using projected meteorological data and the simulation of physical variables
as well as nutrients.

2. Materials and Methods

2.1. Study Site

Lake Tegel (52.5761°, 13.2533°) is a dimictic shallow lake located in Berlin, Germany. The lake
consists of a northern basin with water depths of up to 16 m and a southwestern basin, which is
characterized by islands and shallow water depths of around 2 to 4 m (Figure 1). The lake volume is
26.1 Mio. m?, and the mean depth is 6.6 m. The lake receives nutrient-rich discharges from the River
Havel in the southwest (mean discharge for 2008-2014 of Q =12m3s~!) and the treated effluents
of a WWTP from the northeast (mean discharge for 2008-2014 of Q =2.5 m?3s~1), which are further
processed by the upstream PEP. Additional management measures are an active lake pipeline, which
collects water close to the southwestern outflow and bypasses it to the elimination plant to maintain a
minimum discharge and to dilute influents, and several groundwater abstraction wells around the
lake, as well as hypolimnetic aerators in the main basin.

WATER DEPTH =
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Effluent inflow
discharges of WWTP

+ P-elimination plant 11210128
- ; 8109.6

Natural inflow 8, ] 64108
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1.6t032
Below 1.6

Bypass
Lake pipeline

Figure 1. Bathymetric map of Lake Tegel including the main inflow conditions (water depths in meters,
positions of groundwater abstraction wells are idealized, white spots represent islands, and the black
line represents the lake pipeline).

2.2. Model Description and Input Data

To check if applying a 1D vertical model is a reasonable approach for Lake Tegel, we evaluated
the ratio R of the internal Rossby radius R; (m) to the lake width B (m) and the lake number Ly [-],
which was calculated with the LakeAnalyzer software tool [47]. The former checked the effect of the
earth’s rotation on the lake [48,49], and the latter calculated the ratio of stabilizing forces to destabilizing
forces affecting the water column [50,51]. The internal Rossby R; radius was calculated using summer
field data measured in 20162017, during which a two-layer stratification existed:
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R, = Cus _ Q' *h
f f
where ¢y is the internal wave speed (ms~!); f is the Coriolis acceleration (s™1); ¢’ = ¢ Ap/po is
the reduced gravitational acceleration (ms~2); g is the gravitational acceleration (ms~2); Ap is the
density difference between hypolimnion and epilimnion (kg m~3); py is the reference water density,
which equals 1000kgm—3; h = Ml s the equivalent lake depth (m); h; is the eplimnion thickness (m);

hi+hy
and h; is the hypolimnion thickness (m). Subsequently, we calculated the ratio R:

~ 2016 m (1)

R;
R= 3 2.0 2)

As input for the calculation of the lake number, we used observed field water temperature data
from 2008 to 2014 measured by the Senate of Berlin at the deepest site, as well as daily wind data from
the weather station Berlin-Tegel. The 1D assumption can be used for lake systems with R > 1 [48]
and Ly > 1 [51]. With a calculated ratio R of 2.0, indicating an absence of rotational effects, and an
average value Ly ~ 5.8, suggesting a horizontal density structure of the lake, Lake Tegel matched
these assumptions.

As a modeling tool, we applied the General Lake Model (GLM v. 2.0.0). GLM is a vertical
1D hydrodynamic model employing a flexible Lagrangian layer structure to adapt the thickness of
individual layers during mixing processes [52]. GLM incorporates water balance, surface energy
budget, meteorology, vertical mixing, stratification and boundary flow dynamics. The atmospheric
component of the long-wave radiation was calculated on the basis of cloud cover data. We used the
implemented coupling with the Aquatic Ecodynamics Model Library (AED2 v. 1.0) to simulate water
quality processes [53]. We kept the water quality configuration simple by focusing on the inorganic
biogeochemical variables phosphate and nitrate. Here, phosphate represents the soluble reactive
phosphorus fraction ortho-phosphate, o — PO4 — P, and nitrate represents NO3 — N. To represent
biological primary production, we included one phytoplankton group representing diatoms in the
model, which are a dominant species in Lake Tegel [54].

In the following paragraph, we list the main conceptual model assumptions of the respective
boundary conditions to simulate Lake Tegel. We used a constant sediment flux model, which acted
as a sink/source for dissolved oxygen, nitrate and phosphate for each layer under the dependence
of water temperatures and the respective area ratio to the benthic area. As open lateral boundary
conditions, we prescribed daily inflow rates and loadings from the PEP (first inflow, representing the
lake pipeline by the combined discharge of both the elimination plant and the lake pipeline) and the
River Havel (second inflow). Assuming complete mixing of the River Havel inflow because of its
narrow and shallow inlet between several islands, we interpolated the monthly water temperature
values of the inflow. This was done by linear regression between the River Havel water temperature
data and the air temperature data as well as between the River Havel water temperature data and PEP
water temperature data. For each day, the maximum value of either regression was used as the water
temperature for the River Havel inflow to ensure a shallow entrainment into Lake Tegel. The model
included two outflow conditions: a simplified outflow by bank filtration with a constant discharge,
and the main lake outflow in the southwest, which was implemented as an overflow boundary. We
neglected the artificial aerators on the basis of their uncertain operation mode. Meteorological data
were provided with a daily resolution.

For the model calibration and validation, we used field data from the period 2008-2014. The data
are summarized in Table 1 together with the applied preprocessing steps. Further calculations
and evaluations were done by using MATLAB R2017a (The MathWorks Inc., Natick, MA, USA),
and lake-specific variables were calculated using the LakeAnalyzer software [47]. An overview
of the modeling framework is given in Figure 2, and the specific methods are explained in the
following sections.
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Table 1. Model boundary data: missing data were assumed to be constant to the next neighbor; values under detection limit were set to half of the detection

limit concentration.

Boundary Condition Variable Source Preprocessing
Morphology Area (m?) SB
Depth (m)
Meteorology Air temperature (°C) WT
Relative humidity (%) WT
Wind speed (m ) (height of 10m) WT
Precipitation (m d-1 WT
Cloud cover (-) WT
Shortwave radiation (Wm~2) CP Hourly shortwave radiation was transformed to mean daily values
Inflow Discharge (m3s™1) TO, PEP
Water temperature (°C) OH, PEP
Salinity (mg1~1) OH, PEP  Salinity was derived from measured electrical conductivity using factor 0.65 [55]
Dissolved oxygen conc. (mmol m~3) OH, N
Phosphate conc. (mmolm—3) OH, PEP
Nitrate conc. (mmolm—2) OH, PEP
Ammonium conc. (mmol m~3) OH, PEP
Dissolved organic carbon conc. (mmol m~3)  OH, PEP
Particulate organic carbon conc. (mmolm~3)  OH, PEP
Silica conc. (mmolm~3) Assumed to be constant
Outflow Discharge (m3s~1) BWB Constant mean discharge was used
First calibration Water temperature (°C) SB Deepest site of Lake Tegel
Second calibration Dissolved oxygen conc. (mmol m~3) SB Deepest site of Lake Tegel
Nitrate conc. (mmol m~3) SB Deepest site of Lake Tegel
Phosphate conc. (mmolm~3) SB Deepest site of Lake Tegel

* SB: Senate of Berlin; WT: Weather station Berlin-Tegel (DWD); CP: Climate station Potsdam (DWD); TO: Stream gauge Tegelort (Senate of Berlin); PEP: Phosphorus elimination
plant Tegel (Berlin Water Company); OH: Oberhavel, Konradshohe (Senate of Berlin); N: Nordgraben (Senate of Berlin); BWB: Berlin Water Company.
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Figure 2. Flowchart illustrating the main modeling framework.

2.3. Calibration and Validation

We used the Morris method [56,57] to globally identify sensitive model variables for subsequent
use in the calibration procedure. The method gives a qualitative estimation of the respective variables’
sensitivity by calculating the average of the absolute elementary effect (EE). The elementary effects are
relative changes of the model outcome when changing a respective variable, and the Morris method
ranks the variables according to their sensitivity. Using this procedure, we investigated the sensitivity
of a group of 24 model variables by calculating the model outcome, which is represented here by
the root-mean-square error (RMSE) between simulated and observed water temperatures in 2008,
which were measured at the depth range of 0.5 to 14 m (below 1 m under the surface with a distance
between measurements of 1 m). The group of model variables consisted of those given in Table 2 under
“Calibrated by CMA-ES”, except for the penalty factors and the shortwave radiation factor Fy. Instead,
the group checked for sensitivity included the length and width of the outflow, L, and Wy, as well
as the light extinction coefficient Ky, (m~1). For each variable, a normal distribution was assumed,
characterized by an arithmetic mean equal to the respective default value and a ¢ of 1/6 of the
arithmetic mean. The sensitivity analysis was run for 20 iterations. We conducted the calibration in two
steps. First we used the recent data from 2008 to 2011 (n = 4 years) to calibrate physical lake parameters
by comparing simulated water temperatures with field temperatures. Although the variables were
calibrated globally, each year was evaluated individually by simulating the period from April to March
of the next year, using the first field data of water temperatures and salinities as initial conditions. Prior
to the calibration, the model variables were rescaled into the variable space [0; 10]. We applied upper
and lower boundary conditions to each variable and started with the default values as initial values
X [52]. We applied the derivative-free, evolutionary Covariance Matrix Adaption Evolution Strategy
(CMA-ES) algorithm [58] to the objective function OF, effectively trying to minimize the normalized
root-mean-square error (NRMSE) of the water temperature:

L (Teim—Tfieid)?

OF = mm(max(Tfield) - mi”(Tfield)) )

where n is the number of observations. We chose 24 variables (Table 2) for the automatic
calibration procedure, focusing on those that had a high average elementary effect determined by
the Morris method. Further, we explored whether the optimization would benefit from a penalizing
filter to better represent the river mixing due to wind dynamics. The river-induced mixing is strongest
during easterly wind conditions [45]. The wind data obtained from the weather station Berlin-Tegel
suggested that during the months of January, March, April, May and October, the lake experiences
conditions that are favorable for river-induced mixing. To implement this information in the model,
we added two extra calibration variables, which were used as multipliers affecting the River Havel
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discharge corresponding to the above-mentioned favorable months. We ran the calibation several
times with changing values for the population size (number of candidate solutions per iteration) and
the maximum nunmber of iterations to account for poor optimization runs converging to local minima.

Table 2. Model variables (initial values either refer to values given in exemplary files or from the GLM

and AED2 manuals [52,53]; model values are the actual values used in the calculations).

Variable Description Initial Model
Value Value
Calibrated by Covariance Matrix Adaption Evolution Strategy
opep (°) Streambed slope, phosphorus elimination plant (PEP) 1.0 1.1
@Havel (°) Streambed slope, Havel 1.0 0.52
apep (°) Stream half angle, PEP 65 73
X Havel (©) Stream half angle, Havel 65 30
Cp,pep (°) Drag coefficient, PEP 0.016 0.018
Cp,Havel (°) Drag coefficient, Havel 0.016 0.026
Qpep () Inflow factor, PEP 1 2
QHavel ) Inflow factor, Havel 0.5 0.6
keastwing (<) Penalty for East/South wind conditions 1.0 0.74
Kremaining () Penalty for non-East/South wind conditions 1.0 0.96
Qout () Outflow factor bank filtration 1.0 0.5
Hpye (m) Outflow elevation bank filtration 29 29
Ck (-) Convective overturn 0.125 0.2
Cw () Wind stirring 0.23 0.34
Cs (-) Shear production 0.20 0.25
Cr () Unsteady turbulence 0.51 0.38
Cky () Kelvin—-Helmholtz billowing 0.30 0.23
Chyp () Hypolimnetic turbulence 0.50 0.17
Fuing (=) Wind factor 1.0 15
Frain () Rain factor 1.0 1.4
Fow (-) Shortwave radiation factor 1.0 1.2
Ce () Latent heat transfer 0.0013 0.00266
Cu () Sensible heat transfer 0.0013 0.001
Cm () Transfer of momentum 0.0013 0.00107
Manually calibrated
FO o (mmolm—2d 1) Max sediment flux, dissolved oxygen -15 -20
Pt (mmolm~2d-1) Max sediment flux, nitrate -0.5 -0.1
Famm o (mmolm—2d~1) Max sediment flux, ammonium 3.0 17
Fphs, (mmolm—2d-1) Max sediment flux, phosphate 0.2 0.04
Oy () Temperature multiplier for oxygen sediment flux 1.08 1.03
@POC i er () Temperature multiplier for dissolved organic carbon (DOC)  1.08 1.08
mineralization
RPOC i er (d71) Max rate of DOC mineralization 0.001 0.002
K% _,; (mmol m~3) Half saturation constant for oxygen dependence of sediment 150 50
oxygen flux
KPOC_; (mmol m~3) Half saturation constant for oxygen dependence of sediment  31.25 32
DOC flux
Phytoplankton
Wppy (M d-1 Sedimentation rate —0.86 —-0.1
Rerowth GR) Growth rate at 20 °C 3 2.75
Tstq (°C) Standard temperature 20 20
Topt (°C) Optimum temperature 25 25
Timax (°C) Maximum temperature 32 32
erhy growth () Temperature multiplier for growth 1.06 1.06
ery respiration () Temperature multiplier for respiration 1.12 1.12
Ky (mmolm~3) Half saturation concentration for nitrogen 35 35
Kp (mmolm~3) Half saturation concentration for phosphorus 0.15 0.15

In the second step, we manually calibrated the biogeochemical variables (nine variables; Table 2)
to adjust the fit between the simulated and measured concentrations of dissolved oxygen, nitrate
and phosphate for each year from 2008 to 2011. We used field data of dissolved oxygen, nitrate and
phosphate as initial conditions for each year. The field data depicted fluxes of dissolved oxygen below
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the summer thermocline but also stable thermal conditions. We assumed that these oxygen fluxes were
caused by the activation of Lake Tegel’s artificial aerators, which we wanted to neglect in the model.
Therefore, we limited the calibration of the biogeochemical variables by only including days during
early summer when oxygen depletion happened. To account for primary production, we included
diatoms as one phytoplankton species in the model using default values, although we slightly adjusted
the values for the diatom sedimentation and growth rates (see Section 3.1). We quantified the fit by
using the RMSE and the Nash—Sutcliffe coefficient of efficiency (NSE). We validated the findings of the
calibration of the physical and biogeochemical variables for the years 2012, 2013 and 2014 (n = 3 years).

2.4. Scenarios

To project how climate change will affect Lake Tegel, we combined a climate change scenario with
different management scenarios of the PEP. We used a realization of future meteorological conditions
generated by Wetterlagen-basierte Regionalisierungsmethode 2010 (WETTREG2010) [59-61] for the
weather station Berlin-Tegel until 2100. WETTREG2010 is a statistical method to calculate regional
weather data by combining past data of the individual station with projections by global climate
models. Here, the data followed the A1B scenario based on ECHAMS/MPI-OM T63L31 from the
Intergovernmental Panel on Climate Change, assuming a balanced use between fossil and non-fossil
energy sources, rapid economic growth combined with the development of efficient technologies, and
a peak of the global population in the middle of this century [62]. WETTREG2010 projects future
daily meteorological variables for air temperature, relative humidity, wind speed, precipitation and
cloud cover. As a simplification, we used the daily mean shortwave radiation averaged over the
specific day of the year in the period 20082014 as future values. The WETTREG2010 method created
several independent time series, each with a good replication of future climate variability. Instead of
an ensemble, we utilized only one projected time series for the evaluation of the future impact of
climate change on Lake Tegel. We investigated four management scenarios to quantify the impact of
alternative discharge regimes of the PEP under climate change on the lake system. In the following, the
mean annual discharge and its respective standard deviation are stated, whereas in each management
scenario, either a constant value (inactive and maximum scenarios) or a time series of daily mean
discharges averaged over the specific day of the year in the stated time periods (weakened and regular
scenarios) were used:

1. Inactive: discharge is set to a constant value of 0m®s~!, and the elimination plant becomes
deactivated: Q=04 0.0m3s~ 1.

2. Weakened: for each year, we used the mean daily discharges from the period 1996-2001, when
the lake pipeline, supporting the elimination plant, was deactivated: Q = 1.47 + 0.3 m>s 1.

3. Regular: for each year, we used the mean daily discharges from our field data for 2008-2014:
Q=253+04m3s 1.

4. Maximum: for each year, we set the daily discharge to a constant value of 3.5m3s™!:
Q=35+00m3s"1.

For water temperatures, salinity, and concentrations of dissolved oxygen, ammonium, nitrate,
phosphate, dissolved organic carbon (DOC), particulate organic carbon (POC) and silica, we calculated
the daily mean values averaged over the specific day of the year in the period 2008-2014 and assumed
the future values to have a steady annual pattern. We evaluated the impact of the scenarios on the
individual years 2020, 2040, 2060, 2080 and 2100 by quantifying the following:

®  The surface water temperatures (°C).
e  The differences between surface and bottom water temperatures as a proxy for stratified

conditions [63,64]; here we used the simulated bottom water temperatures at a depth of 6.5m,

which represented the mean depth of Lake Tegel.
. The duration of stratification between onset and breakdown; we determined the onset and

breakdown of stratification as the day on which the temperature difference was over or under
1°C and the mean temperature difference of the next 14 days was also over or under 1 °C.
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e  The thermocline depths (using the LakeAnalyzer software); the thermocline depths were
normalized between 0 and 1. s

*  The dimensionless Wedderburn number W = #ﬁ/z) [65], where & is the depth of the mixed layer
(m), u, is the water friction velocity due to wind stress (ms~!), ¢’ is the previously explained
reduced gravitational acceleration, and L is the fetch length (m); W is an indicator for the
breakdown of lake stratification [66] (using the LakeAnalyzer software).

e The buoyancy frequency N? = %Z—‘g (s72) as an indicator for phytoplankton habitat conditions
(using the LakeAnalyzer software).

e The duration of critical bottom oxygen concentrations under 2 mg L~!; we determined the start
and end date of oxygen depletion as the day on which the mean oxygen concentration at depths
from 10 to 15m was over or under 2 mg L.~! and the mean oxygen concentration of the next

14 days was also over or under 2 mg L~ 1.

Each year was run from March 15 until December 31 of the respective year, and we assumed
mixed initial conditions with uniform vertical profiles of water temperatures (5 °C), dissolved oxygen
(10 mg L~1), nitrate (2.6 mg L™ 1) and phosphate concentrations (0 ug L~ 1), which were assumed from
past field data.

3. Results

3.1. Sensitivity Analysis, Calibration and Validation

The Morris method attributed the highest EEs to the bulk aerodynamic coefficient for the wind
factor F,;,4 (EE: 0.5), the latent heat transfer Cr (EE: 0.2) and the sensible heat transfer Cy (EE: 0.2)
(Figure 3). The next sensitive parameters were the inflow factors of the PEP and the River Havel, Qprp
and Qp,pe- We included most of investigated parameters because of their similar EEs. We dropped
the length and width of the outflow as well as the light extinction coefficient because of their low
sensitivity for the model outcome. Instead we added the wind penalty variables and a factor for
the shortwave radiation for the calibration. During the first calibration step, which aimed to adjust
the water temperatures, the best result was achieved by a CMA-ES run over 500 iterations with a
population size of 10. The biogeochemical variables were calibrated manually in a second calibration
step by checking the respective NSEs of dissolved oxygen, nitrate and phosphate concentrations.
Further, we changed the sedimentation rate of diatoms wp, to —0.1 m day~! [67] and manually
adjusted the growth rate R,y t0 2.75 day~!. An overview of the final model parameters is given in
Table 2.
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Figure 3. Elementary effects of the parameters derived by the Morris method (variable symbols are
explained in Table 2; L,y and Wy, represent outflow length (m) and width (m), respectively; KW is
the light extinction coefficient).
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Figure 4. Contour plots for 2008, expressing the simulated dynamics of water temperature (°C),
dissolved oxygen (mg L~1), nitrate (mg L~!) and phosphate concentrations (ug L™1!), as well as
linear interpolated field data; the calculated root-mean-square errors (RMSE) and Nash-Sutcliffe
coefficients of efficiency (NSE) are given for the total water column; the open circles represent available
measured data.
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Figure 5. Time series expressing the model performance of water temperature (°C), dissolved oxygen
(mg LD, phosphate (ug L~1) and nitrate concentrations (mg L~1); blue lines represent simulated
results and red open circles represent field data; surface and bottom represent depths of 2 and
14 m, respectively.

The calibrated years 2008, 2009, 2010 and 2011 achieved NSEs for water temperatures of 0.89,
0.84, 0.9 and 0.83, respectively (Figure 4 and Appendix A, Figure A1A-C, showing the hydraulic and
water quality dynamics produced by the calibrated model). For dissolved oxygen, the fit between
the simulated and field data, with NSEs for 2008, 2009, 2010 and 2011 of 0.63, 0.57, 0.59 and 0.59,
respectively, was sufficient. Here the oxygen depletion during summer at the bottom was adequately
replicated, whereas the simulated oxygen concentrations in the surface layer were below the measured
oxygen concentrations (Figure 4, here shown for 2008). Surface oxygen peaks during the summer
season were achieved by simulated blooms of diatoms enabling an internal biological production
of oxygen. Although the RMSEs for nitrate for the years 2008-2011 over the whole water column
were low, between 0.84 mg L~! and 1.1 mg L~ !, the NSEs were negative. The fit between measured
and simulated phosphate was similar to the fit of nitrate: the RMSEs were between 12 pg L™!
and 27 pug L' and the NSEs were negative. The simulated surface temperatures were in very
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good agreement with the field data, whereas there were discrepancies between the simulated and
measured bottom water temperatures (Figure 5, showing the fit between measured and simulated data).
The depth-specific time series of surface as well as bottom nitrate concentrations depicted that the
bottom nitrate concentrations were depleted during summer, whereas in the field, there was still
an abundance of nitrate. Still, for most years, the RMSE of simulated to measured bottom nitrate
concentrations was only about 0.4 mg L~! (Appendix A, Table Al). During summer, the surface
phosphate concentrations were mostly overestimated, whereas the model was able to replicate the
surface phosphate concentrations during the mixing events in autumn. The model was able to simulate
a similar range of the measured sediment phosphate flux, although there were temporal discrepancies.
The model reproduced the annual stratification patterns of the shallow dimictic lake and was capable
of reproducing the seasonal patterns of the nutrients, particularly the general depletion of oxygen and
nitrogen concentrations and an internal phosphate flux during summer, as well as the replenishment
of bottom layers with oxygen and nitrate concentrations in autumn.

The results for the validated years were similar to the results for the calibrated years. The years
2012, 2013 and 2014 achieved NSEs for water temperatures of 0.87, 0.85 and 0.87 and for dissolved
oxygen of 0.56, 0.24 and 0.73 (Appendix A, Figure A1D-F). The bottom nitrate concentrations of all
validated years were underestimated (Figure 5). The replication of bottom phosphate concentrations
was in a good agreement for 2012 and 2013. In 2014, the bottom phosphate fluxes were underestimated
(RMSE: 29 mg L~ 1; Appendix A, Table Al).

3.2. Climate Change and Alternative Management Scenarios

The median, maximum and minimum surface water temperatures were increasing over all
management scenarios before reaching levels in 2100 that were similar to those for 2040 (Figure 6A).
In all scenarios, the highest median water temperatures were projected in the years 2060 and 2080.
Because of this general temperature trend in all management scenarios, for the visualization of
the time series of buoyancy frequency and phosphate concentrations, we only investigated 2020,
2060 and 2100 (Figure 6FH). All scenarios with an active PEP projected similar water temperature
differences (Figure 6B). The water temperature differences peaked in 2080 before declining at the end
of the century. Compared to the other management scenarios, the inactive management scenario
projected the highest maximum and median values of water temperature differences between surface
and bottom layers in 2040, 2060 and 2080. The stratification period extended in all scenarios,
with a shift of the stratification onset from the middle of April to late March (Figure 6C). In the
inactive scenario, the results of the relative thermocline depth showed signs of a disappearance of the
winter stratification period (Figure 6D). Here, the thermocline still reached the maximum depth of Lake
Tegel in December, whereas the other three scenarios determined a developing thermocline beginning
in December, depicting a stratification in winter. Further, when the discharges of the PEP were increased
(weakened, regular and maximum), an increased thermocline deepening could be observed between
late August and September, which vanished again in the middle of September. Nonetheless, this short
thermocline deepening period reduced the successive time of the summer stratification period. The
simulation showed that during the prolongation of the stratification, 2060 and 2080, there were only
short periods when the thermocline reached the mean lake depth. The changes in the calculated
lake-wide Wedderburn number were similar for the regular and maximum scenarios, with higher
values in 2020 and 2080 (Figure 6E). In the inactive as well as weakened scenarios, the Wedderburn
numbers increased strongly until 2080 before decreasing to a similar level as in the other two scenarios.
Here, the inactive scenario projected the highest mean as well as maximum values of the Wedderburn
number, which were mostly over 1. The inactive scenario projected higher buoyancy frequencies over
1072572 compared to the other scenarios (Figure 6F). In all scenarios, the buoyancy frequency was
well over 10~% 52 from April to October. In all scenarios, 2100 showed a slightly longer duration of
the buoyancy frequency over 1073 s~2 until the end of September. The duration of a critical oxygen
depletion in bottom layers was similar over all scenarios (Figure 6G). The inactive scenario projected
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a slightly longer oxygen depletion duration in 2060 and 2080 compared to the other scenarios. The
weakened, regular and maximum scenarios projected phosphate peaks during the summer months that
were similar to a projected winter phosphate plateau (Figure 6H). In contrast, in the inactive scenario,
the projected summer phosphate peak surpassed the winter plateau. The highest integrated phosphate
concentrations were projected in the inactive scenario (60 pg L~1!), followed by the weakened scenario
(40 ng L~ 1) and the regular and maximum scenarios (both about 35 ug L—h.
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Figure 6. Evaluation of scenarios dealing with climate change and alternative management setups for 2020,
2040, 2060, 2080 and 2100 running from March 15 to December 31. “Inactive’’ represents a phosphorus
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elimination plant (PEP) scenario with no discharge, “Weakened” represents a decreased inflow of the
PEP, “Regular” represents PEP discharges similar to those of 2008-2014, and “Maximum” represents a
PEP scenario with a constant high discharge. Box plots summarize all daily values of the respective
parameter and year; the central line indicates the median; the bottom and top edges of the box
indicate the 25th and 75th percentiles, respectively; and the whiskers represent the most extreme data
not considered as outliers: (A) boxplots of surface water temperatures (°C) at 0.5m; (B) boxplots of
water temperature differences (°C) between surface (0.5 m) and the mean depth temperatures (6.5 m);
(C) stratification duration (days); (D) relative depth of thermocline between 0 and 1, where the black
dashed line represents the mean depth (6.5m); (E) boxplots of Wedderburn number; (F) buoyancy
frequency (s2) filtered by a moving average filter over a window of 7 days; the vertical lines represent
the respective mean buoyancy frequency including only values greater than zero; (G) duration of
oxygen depletion in deeper layers (days) (in a depth from 10 to 15 m); (H) vertical integrated phosphate
concentrations (ug L.

4. Discussion

4.1. Model Application

We considered the application of GLM-AED2 to Lake Tegel as being successful in replicating
the essential processes of the lake system, namely, the lake stratification as expressed by the water
temperatures as well as the seasonal patterns of the inorganic nutrients nitrate and phosphate.
Although the ratio R of the internal Rossby radius to the lake width, the lake number and a prior
1D model study [44] suggested that the 1D assumption was valid for the lake, the system is still
characterized by a complex hydrodynamic situation including two hydraulically and chemically
diverse inflows, a dendritic morphometry, wind-induced mixing events [45] and an intense water
management system. These stochastic, rapid and mostly temporary factors (particularly wind-induced
mixing), combined with the fact that the observed field data of the deepest site does not represent the
whole lake basin and spatial variations are to be expected, likely induced most discrepancies between
the observed and simulated data. There were only minor differences between the calibrated and the
validated years, which suggested a good model stability and the feasibility of our conceptual model
for Lake Tegel. The CMA-ES algorithm achieved very good water temperature fits, and we advise the
utilization of automatic calibration techniques for future lake modeling studies. Whereas the RMSE
and NSE criteria of water temperatures for the calibration and validation years illustrated a very
good fit, the model still had minor discrepancies simulating the water temperatures in deep layers.
These simulated deep water temperature discrepancies were in agreement with other studies that
have investigated the sensitivity of GLM [20,22]. As a result of their high sensitivity, two important
calibration variables were the inflow factors for the River Havel and PEP inflows, which were decreased
or increased, respectively, during the automatic first calibration step. This was done to ensure a weaker
impact of the River Havel on Lake Tegel compared to the inflow of the PEP. However, the inflow factor
is a direct multiplier for the prescribed discharges of the respective boundary condition and therefore
affects the water budget and the hydrodynamics (e.g., flow velocity) as well as the loadings. This can
cause a strong model overfitting and an overrepresentation of the PEP inflow. We kept the calibrated
inflow factors to investigate the application of the automatic calibration algorithm on the Lake Tegel
model and because the fit between field and simulated data was valid. Nonetheless, future work has
to be done to investigate sophisticated criteria for the range of the model variables.

The model was capable of sufficiently replicating the oxygen budget of Lake Tegel with a NSE
of between 0.5 and 0.6 for most years. The surface oxygen concentrations in the year 2013 were
strongly overestimated, which resulted in a NSE of 0.2. Although the negative NSE for nitrate
and phosphate suggested that the mean concentration would be a better predictor than the model,
our simulation was still capable of reproducing seasonal patterns of nitrate, phosphate and dissolved
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oxygen concentrations, particularly the depletion of dissolved oxygen and nitrate concentrations,
during summer. This good replication was confirmed by the RMSE criteria of the biogeochemical
parameters, which suggested a good fit with either a low RMSE for nitrate of under 0.5 mg L~ ! or a
low RMSE for phosphate of between 2 and 30 ug L~!. Processes weakly mirrored by the model were
the patterns of surface dissolved oxygen concentrations. This was related to the simple configuration of
the ecological module likely underestimating the primary production during summer and the simple
atmosphere oxygen flux module. An intense calibration for phytoplankton variables and the inclusion
of additional phytoplankton species in the model could help to improve the overall oxygen budget.
Contrary to the field data, our model suggested a depletion of bottom nitrate during summer as a
result of anaerobic conditions. This was caused by the dependence of the nitrate sediment flux on
the basis of the abundance of bottom dissolved oxygen. Recent studies have implemented a more
sophisticated coupling of GLM to a geochemical sediment model [68], which could help to improve
the accurate simulation of sediment—water fluxes at Lake Tegel in the future.

The implementation of the wind penalizing filter did not improve the simulation results, and for
future applications, the singular use of one inflow parameter is sufficient. Our assumption that the
model calibration would suggest a higher value for months that favored mixing events (January, March,
April, May and October) compared to the other months was not confirmed. The implementation of
such a dynamic wind boundary could be interesting for future studies investigating similar systems
that are heavily influenced by wind-induced mixing processes.

4.2. Assessment of Scenarios

The climate change scenario projected a prolongation of the stratified summer period in
future years. This prolongation was in agreement with other studies, which have showed that climate
change will eventually change the stratification patterns of lakes [17,69,70]. Additionally, all scenarios
showed that the median as well as minimum and maximum annual surface water temperatures of the
25th and 75th percentiles will increase in the near future. The latter half of the 21st century depicted
the highest median annual surface water temperature, while at the end of the century, the median
slightly decreased. As explained before, the A1B scenario assumed a peak of human development in
the middle of the 21st century, as well as technological innovations. Therefore, the WETTREG2010 data
for projected air temperatures were stagnating in the latter half of the 21st century, further causing the
surface lake water temperatures to slightly drop compared to the other simulated years. Taking the
assumptions by the A1B emission scenario for Lake Tegel, the strongest impact of climate change on the
hydrodynamics and the lake ecosystem can presumably happen between 2050 and 2080. Afterwards,
the conditions of Lake Tegel can oscillate back to the current conditions. Therefore, the impact of
climate change on Lake Tegel under emission scenario A1B can be the strongest in the second half of
the 21st century.

The management scenarios projected a shift of the lake state in the inactive scenario, for which
the winter stratification vanished. This suggested that Lake Tegel could shift from a dimictic towards
a monomictic state, because of the deactivation of the PEP. This general shift from a dimictic to a
warm monomictic state was also shown to be the possible fate for other lakes in local proximity
to Lake Tegel [16]. Whether or not the PEP discharges are high or low, the elongation of the
summer stratification period can severely increase the duration of a bottom oxygen depletion in
Lake Tegel. This depletion of oxygen will affect the Lake Tegel ecosystem and redox reactions at
the sediment. An increase in the buoyancy frequency can indicate conditions favoring the growth
of cyanobacteria. Here, a buoyancy frequency of over 10 #s72 is a critical limit for benefiting
cyanobacteria dominance [71]. The critical buoyancy frequency was surpassed during summer in
all management scenarios. However, the formation of cyanobacteria blooms also depends on other
hydrological and ecological factors, for instance, the water retention time, the availability of nutrients
and the dominant phytoplankton structures [72]. Nonetheless, we argue that the projected physical
lake variables, water temperature difference and buoyancy frequency, as well as the increased surface
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water temperatures due to climate change, can favor the formation of cyanobacteria blooms in the
future in Lake Tegel. Further, the management scenario with nonexistent discharges of the PEP also
projected increased concentrations of phosphate in the water column, further favoring the possible
formation of cyanobacteria. As explained previously, future water quality studies on Lake Tegel should
focus on the simulation of cyanobacteria and highlight the trophic interactions between different
phytoplankton species.

The differences between the weakened, regular and maximum management scenarios regarding
stratification patterns, stratification strength, thermocline deepening, buoyancy frequency and the
concentrations of oxygen as well as phosphate were marginal. We showed that any active discharge
regime of the elimination plant was a beneficial factor to the lake system by (a) acting as a buffer to
nutrient-rich river inflows by discharging phosphate-poor waters, and (b) causing a weaker summer
stratification compared to the inactive scenario. Without the PEP discharges acting as a dilluting factor,
Lake Tegel could be heavily influenced by discharges of the River Havel. The result of this was
increased phosphate concentrations in conjunction with a slightly higher buoyancy frequency that
could potentially benefit the formation of cyanobacteria blooms. The mechanism behind the slightly
increased summer stability in the inactive scenario compared to the other scenarios was likely a
feedback loop between increased nutrient concentrations and a resulting higher turbidity (changes in
water clarity), similarly to the results of a study conducted by Rose et al. [20]. Rose et al. stated that
the thermal structure of lakes with a similar depth to Lake Tegel is sensitive to changes in water clarity,
because “[...] the surface temperature may have warmed faster and deeper waters more slowly than
they would have if water clarity had not increased” [20] (p 50). In our model, increased loadings of
inorganic nutrients, for instance, phosphate, by the river inflow caused an earlier diatom bloom in
the model and a subsequent increase in the light extinction coefficient/turbidity. This resulted in a
decreased heat flux to the deeper water layers and thereby lower water temperatures. Additionally, the
inflow of denser and warmer waters from the elimination plant was absent, which would otherwise
further intrude into deeper lake layers, effectively increasing the water temperatures.

The results of the projected thermocline depths did show that the thermal lake stratification was
not particularly distinctive and resulted in the formation of a relatively thin epilimnion. In the
numerical model, wind-induced mixing or convective cooling events could easily deepen the
thermocline at Lake Tegel. In particular, the weakened as well as the maximum management scenarios
depicted several strong mixing events during summer, in which the thermocline nearly reached the
maximum depth of Lake Tegel. Theses short summer mixing events can have a high relevance for
future management: during these mixing events, internally released nutrients from the sediment
could be transported to the surface water layers and could cause eutrophication. On the other hand,
these thermocline deepening events could also transport dissolved oxygen into the hypolimnion.
The management scenarios with a weakened or inactive PEP projected future lower and stagnant
bottom water temperatures as a result of a stronger heating of the surface layer and a subsequent
increased stability of the water column during the summer stratification period. For the latter half of
the 21st century, the surface water temperatures were following the air temperature, and the bottom
temperatures experienced less variance and did not drop below 5 °C. The stagnant water temperatures
and the oxygen depletion could eventually negatively affect the ecosystem [16].

Important limitations of our study were the uncertainties associated to (1) the field data, (2) our
conceptual model of Lake Tegel, (3) the GLM-AED2 model, (4) the projected weather data, and (5) the
setup of alternative PEP management scenarios. The uncertainty due to field sampling and the data
analysis could not be neglected. It could be a possible source for errors, but we minimized it by using
transient and checked data by the same agency for each site. The uncertainties of the conceptual
model and the simulation were minimized by calibrating and validating the model. A potential major
source of uncertainty was the future climate projection by WETTREG2010. Although the regional data
set was based on ECHAMS and therefore on physical principles, the underlying assumptions of the
A1B scenario as well as the stochastic nature of climate anomalies were still important sources for
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uncertainty. The last uncertainty was by choice: by only using simple future management scenarios, for
instance, constant low and high values, we investigated the general response of Lake Tegel to climate
change and management alterations. In reality, the PEP discharge is dependent on the upstream inflow
of the WWTP, its respective catchment, the mode of operation of the lake pipeline and rainfall events.
Therefore, steady discharge curves are highly idealized scenarios. Further, although recent reports
have suggested an increase in total discharges as a result of climate change [73], we neglected the effect
of climate change on the discharges of the flow boundary conditions and applied the same discharge
curves for every future year. We also neglected the impact of an increasing frequency of extreme
weather events on the lake system causing short-term high run-off and possible erosion events. These
assumed simplifications should enable the model applications to focus on the effects of changing
meteorological variables in conjunction with alternative management scenarios on the lake’s thermal
stratification and composition of oxygen as well as phosphate. Additionally, investigating factors such
as increased surface and subsurface runoffs or complex inflow boundaries would extend the scope of
this study and should be approached by coupling a catchment model to a hydrodynamic lake model.

4.3. Implications for the Lake Water Management

In the context of this study, we considered adaptive lake water management as a management
that is not based on a fixed restoration strategy/management plan but one that “[...] recognizes
the non-stationary nature of a system [...]” [74] (p 73). Because of the recent concerns regarding
micropollutants in the urban water cycle of Berlin, particularly for Lake Tegel [24,77], there are future
plans to divert the discharges of treated effluents from the upstream wastewater elimination plant
away from Lake Tegel. In this case, the PEP could shut down as a result of the financial unfeasibility
of operating a treatment plant and only treating discharges under the capacity. At the least, the
discharges of the PEP into Lake Tegel would certainly decrease. However, as the results of our
modeling study and former studies [43,46] have suggested, the low phosphate discharges of the PEP
have a diluting effect on the lake system. Decreasing these additional discharges can increase the
phosphate concentrations in the water column. This can enable the formation of phytoplankton blooms
and, later, increase water turbidity, further increasing the surface water temperatures. This vicious
cycle has the potential to enhance the impact of climate change on the lake thermal stratification.
Neglecting the economic unfeasibility of operating a PEP under capacity, using the lake pipeline to
bypass water to the northeastern inflow for treatment has the potential to be an efficient measure
to adapt the water management to climate change. The lake pipeline has a mean average flow of
0.65m3s~! and can be increased to a maximum flow capacity of about 1.9m?s~!. This discharge
then would be similar to the results of the weakened scenario and could counter the heavy loadings
originating from the River Havel as well as the increased water column stability.

Another potentially useful strategy to adapt Lake Tegel’s water management to climate change
could make use of the hypolimnetic aerators at Lake Tegel, particularly under the condition that
cyanobacteria would be established in Lake Tegel. Former studies have stated that the aerators cause
a lifting of hypolimnetic waters into the epilimnion and, therefore, decrease the thickness of the
metalimnion [40,44]. Artifical circulation measures are a widespread technique to avoid hypolimnetic
oxygen depletion conditions and the formation of cyanobacteria blooms [75]. Although the installed
aerators have the potential to cause more harm during future strong stratification events by
transporting nutrients and oxygen-depleted waters from the hypolimnion to the epilimnion,
destratification could also hinder the formation of toxic algae blooms. If these hypolimetic aerators
could be modified to cause a complete mixing of the water column of Lake Tegel, they could have a
positive effect in the latter half of the 21st century when the impact of climate change could be the
strongest. Nonetheless, this management strategy also needs the additional discharges from the PEP;
otherwise the aerators would only mix phosphate-rich waters into the hypolimnion. A combination of
a still active PEP, even with low discharges, and artificial mixing or even oxygenation events could
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mitigate the projected severe impact of climate change on Lake Tegel’s thermal structure as well as
oxygen and phosphate composition in the latter half of the 21st century.

Although there is a wide range of in-lake management measures to control internal nutrient
release from the sediment or to manipulate the water column stability [75,76], the best long-term
management measure to prevent a future eutrophication of Lake Tegel is the reduction of external
loadings of phosphate originating from the River Havel [77]. Particularly as a result of climate change,
a future reduction of the nutrient availability in lakes can become crucial because of its positive
feedback on eutrophication [78]. Our study demonstrated that the inflow of the PEP can be efficient
enough without artificial destruction of stratification. According to Schimmelpfennig et al. [46],
an effective management strategy should consider the reduction of the nutrient input combined
with the redirection of the wastewater discharge to the River Havel by “reverse” application of the
pipeline (flow from PEP to the River Havel). This would require a long-term strategy of regulating
the agriculture in the catchment. In the meanwhile, the PEP appears to be effective in mitigating the
negative effects of climate change and should be kept active in the next decades.

5. Conclusions

Our 1D vertical model coupled to a water quality configuration was applicable to the evaluation
of water management scenarios for Lake Tegel. According to projections made by the 1D model and
using a realization of future meteorological conditions projected by WETTREG2010, Lake Tegel’s
annual stratification patterns will change as a result of climate change. The winter stratification
will decrease, whereas the summer stratification will intensify. Additional nutrient-free discharges
by an active elimination plant can mitigate an increase in the stability of the summer stratification
period. Lake Tegel could potentially even shift from a dimitic seasonal-mixing type to a monomictic
type. Ultimately, these physical changes will affect the lake’s water quality. An increased summer
stratification period combined with a higher buoyancy frequency will act as a favorable habitat for the
formation of cyanobacteria blooms. Nonetheless, our study has showed that the elimination plant acts
as an important “life-support system” for Lake Tegel, because the discharges from the plant act as a
buffer against nutrient-rich waters from the River Havel. We conclude that the urban lake management
system, similarly to reservoirs, has the potential to mitigate some of the manifold effects of climate
change on an urban lake ecosystem, and a sophisticated adaption of management measures is required
to deal with future challenges.
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Table A1. Depth-specific root-mean-square errors for surface (0.5 m) and bottom (14 m) layers of water
temperature T (°C) and dissolved oxygen DO (mg L~1), nitrate N (mg L~ 1 and phosphate P (ug L
concentrations.

Year Surface Bottom

T DO N P T DO N P
2008 0.17 2.1 0.17 6.6 0.51 0.48 0.54 10
2009 0.41 2.7 0.19 2.6 0.89 0.94 0.45 8.6
2010 0.74 2.1 0.09 53 0.24 0.72 0.4 21
2011 0.73 1.9 0.22 6.1 0.4 0.72 0.41 17
2012 0.31 2.6 0.12 2.3 0.32 0.53 0.40 11
2013 0.53 3.1 0.18 3.1 0.2 1.0 0.52 5.7
2014 0.36 2.7 0.51 2.0 0.2 0.51 0.36 29
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