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Abstract 

Background:  Thermal stratification in reservoirs is a significant factor affecting water quality, and can be strongly 
influenced by climate change and operational strategies. Reservoirs in the temperate zone react most sensitively to 
climate warming during winter as ice cover and inversed stratification are about to disappear in a warmer world. In 
this study, two well-established hydrodynamic models, the one-dimensional General Lake Model (GLM) and the two-
dimensional CE-QUAL-W2 (W2), were used to investigate the response of winter inversed stratification in the Rapp‑
bode Reservoir to future climate warming, combined with different water withdrawal elevations.

Results:  Under increased air temperature, the duration of inversed stratification is reduced and the inversion phe‑
nomenon will entirely disappear under current management if the air temperature is increased high enough (more 
than 4.5 K) in the future. Under strong climate warming, the Rappbode Reservoir will therefore change from a dimictic 
to a monomictic mixing type. Changing the reservoir management from deep withdrawal (e.g., below 350 m a.s.l.) to 
shallow withdrawal elevations (e.g., above 390 m a.s.l.) reduces internal heat energy stored in the reservoir in summer 
and prolongs the inversed stratification period in winter. This strategy can retain the dimictic behavior even under 
strong warming.

Conclusions:  Our study indicates that adjusting the withdrawal elevation is an effective management instrument to 
control the winter conditions and can, in fact, mitigate climate warming effects on winter hydrodynamics by stabiliz‑
ing the dimictic mixing type.
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Introduction and background
Thermal stratification is the phenomenon referring to 
a variation in the water temperature at different depths 
in a water body, and is the result of changes in water 
density with temperature [4]. The stratification is a sig-
nificant factor for the evolution of water quality in len-
tic waters [5]. For example, because of the stratification, 
connectivity between the bottom and surface layers 

is suppressed giving rise to a nutrient-rich but colder 
hypolimnion and a nutrient-poor but warmer epilim-
nion [34]. Due to the weakened connectivity, it is difficult 
to supplement the hypolimnion with oxygen from the 
atmosphere, which can lead to a serious environmental 
problem of anoxia in the bottom layer [42]. Additionally, 
the enhanced stratification throughout summer can lead 
to an increased occurrence of toxin-producing cyano-
bacteria in the epilimnion, posing a significant threat 
to water quality [31]. Furthermore, by influencing the 
greenhouse gas exchange between the water and atmos-
phere, stratification can affect the role of aquatic systems 
in the global carbon cycle [14, 47]. Therefore, concerning 
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the importance of stratification for aquatic ecosystems, a 
large amount of investigations has focused on this phe-
nomenon and its influencing factors. Reservoirs offer 
opportunities to affect stratification by operational strat-
egies, which are not available for natural lakes, and mod-
els can be used to explore the available options.

Based on the stratification patterns [5], most of the 
freshwater systems in temperate regions are either dimic-
tic or warm monomictic: a dimictic water body can be 
ice covered in winter and is generally stratified both in 
summer (direct) and winter (inverse) with turnover mix-
ing in spring and autumn; a warm monomictic water is 
never ice covered and undergoes only one mixing period 
in winter in addition to being stratified during the rest 
of the year. Currently, when evaluating the stratification 
dynamics in this area, most studies focus on the summer 
stratification with three identifiable layers, epilimnion, 
metalimnion and hypolimnion, and distinct water tem-
perature differences along the vertical direction during 
this period [18, 22, 23, 30, 37]. However, little attention 
has been specifically given to the winter inversed stratifi-
cation in dimictic waters and its influencing factors.

For dimictic water bodies, the surface water tempera-
ture in winter is lower than the bottom layer which causes 
the winter inversed stratification [27]. This inversed strat-
ification is a prerequisite for the formation of an ice cover 
[5, 29]. The winter inversed stratification (and prolonged 
ice cover) can cause low oxygen and fish kills during long 
winters, which then can lead to increased grazing of zoo-
plankton on phytoplankton in the following period (and 
thus increased water quality). Moreover, the existence 
of the inversion is important evidence in distinguish-
ing between dimictic and monomictic waters. Due to 
global warming trends over the last decades, the winter 
inversed stratification and ice cover have been shown to 
be reduced or have even disappeared in numerous lakes 
around the world, leading to potential changes of mix-
ing patterns from dimictic to monomictic types [1, 17, 
41]. By employing a 1D hydrodynamic model, Peeters 
et al. [33] simulated the thermal structure of Lake Zurich 
over half a century and predicted that under substan-
tially increasing air temperatures in the future, the winter 
inversion will disappear resulting in the lake shifting from 
being generally dimictic to generally monomictic. The 
disappearance of the winter inversion and the subsequent 
changes in thermal patterns due to climate warming have 
a negative influence on the hypolimnetic oxygen con-
centration and can even change the available habitat for 
aquatic organisms [17, 33]. Under high greenhouse gas 
emissions in the absence of climate mitigation polices, 
the global average air temperature may increase by 5  °C 
by the end of the twenty-first century [15]. Concern-
ing the importance of the winter inversed stratification 

for aquatic systems, there is a need to comprehensively 
illustrate how the inversion responds to such a noticeable 
warming trend and whether anthropogenic management 
practices can influence the inversion so as to mitigate the 
negative effect caused by global warming.

Among various management strategies for waters, 
selective water withdrawal is considered to be an effec-
tive method to control the thermal stratification for 
meeting the requirements of different usages. For exam-
ple, Casamitjana et  al. [10] applied a one-dimensional 
model (DLM) to elucidate the response of the thermal 
structure of Boadella Reservoir to different withdrawal 
scenarios. The results show that the withdrawal location 
determines the thermocline depth and the hypolimnion 
volume; Çalıskan and Elçi [9] investigated the influence 
of selective withdrawal on the hydrodynamics of Tahtali 
Reservoir and concluded that hypolimnetic withdrawal 
is the most effective choice to encourage water mixing 
and reduce anoxia; Weber et al. [45] developed an opti-
mization withdrawal strategy which can automatically 
determine the withdrawal elevation to modify the ther-
mal structures for different water usages. However, all 
such previous studies focused on the effect of selective 
withdrawal on summer stratification and did not take the 
winter inversed stratification into account.

In this study, two well-established hydrodynamic mod-
els (i.e., General Lake Model and CE-QUAL-W2) were 
selected to elucidate the response of winter inversed 
stratification in the Rappbode Reservoir to future cli-
mate warming combined with different water withdrawal 
elevations. Considering the importance of ice phenology 
for the temperature inversion, the ice cover (duration and 
thickness) is also included in the scenarios. Rappbode 
Reservoir is the largest drinking water reservoir in Ger-
many and supplies drinking water to more than 1 mil-
lion people. A previous study predicted that by the end 
of this century, the winter stratification will completely 
disappear in most of the deep waters in this region as a 
result of global warming, which will severely threaten 
their aquatic ecosystems [24]. It is expected that our 
study will help reservoir operators effectively control the 
winter inversed stratification so as to mitigate the nega-
tive influence caused by the increase in air temperature. 
Additionally, the two models (General Lake Model and 
CE-QUAL-W2) are widely used in research to analyze 
the vertical stratification and thermal dynamics and both 
are distributed as open-source software. This study pro-
vides an excellent opportunity to compare and evaluate 
the models’ performances in detail, which will benefit 
researchers for model selection and application. Further-
more, simulation results are more reliable if they are sup-
ported by several models, so that the outcome becomes 
independent of one specific model. Additionally, from 
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the comparison of results, the strengths and weaknesses 
of each model can be clearly seen and it will help devel-
opers improve and enhance the models in the future.

Methods
Study site
The Rappbode Reservoir is located in the eastern Harz 
Mountains and has a maximum volume of 1.13 × 108 m3. 
The crest elevation of the reservoir is 423.6 m a.s.l. and its 
maximum depth is 89 m. It is the largest drinking water 
reservoir in Germany, supplying drinking water to more 
than 1 million people in central eastern Germany (Fig. 1, 
[36]). The reservoir is the core of the Rappbode system, 
a network of six water bodies used for flood protection, 
environmental flows, hydropower, recreation and drink-
ing water supply. It receives water from three smaller 
upstream reservoirs (Königshütte Reservoir, and the 
Hassel and Rappbode auxiliary reservoirs). The reservoir 
has five outlets at different elevations (360–400 m a.s.l in 
10 m intervals) for raw water discharge. The outlets with 
the elevation of 360, 370 and 380 m a.s.l are used for most 
of the time. The top two outlets (390 and 400 m a.s.l) are 
only open in late December and early January each year. 
There is also an additional outlet into the downstream 
Wendefurth Reservoir from an elevation of 345  m a.s.l. 
which is active all the time. The Rappbode Reservoir is 
a typical dimictic water body with mixing in spring and 

autumn. It experiences strong stratification in summer 
and weaker stratification in winter with an ice cover in 
some years. The mean water residence time of the reser-
voir is a little more than 1 year (380 days).

Numerical models
We intentionally used two lake models in our study to 
quantify the variability of their outcomes due to differ-
ent model structures. We selected two established, open 
source and broadly accepted models for our study, the 
General Lake Model (hereafter GLM) and CE-QUAL-
W2 (hereafter W2). The main difference between the two 
models can be seen in Table 1. 

1.	 GLM is a one-dimensional (1D) hydrodynamic 
model developed by the Aquatic EcoDynamics 
Research group at the University of Western Aus-
tralia (http://aed.see.uwa.edu.au/resea​rch/model​s/
GLM/; [21]). It simulates the vertical stratification 
and mixing of lakes, taking the influence of inflows/
outflows, surface heating and cooling and ice cover 
fraction into account. The code of GLM is open 
source which can be freely downloaded from GitHub 
(https​://githu​b.com/Aquat​icEco​Dynam​ics/GLM).

	 GLM uses a flexible Lagrangian layer structure, i.e., 
thickness and volume of each layer can be contracted 

Fig. 1  Map of Germany (top left). The black point indicates the location of the Rappbode Reservoir within Germany. In the bathymetric map of the 
Rappbode Reservoir (right), the black point shows the monitoring location for water temperature

http://aed.see.uwa.edu.au/research/models/GLM/
http://aed.see.uwa.edu.au/research/models/GLM/
https://github.com/AquaticEcoDynamics/GLM
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and expanded dynamically during the runtime of the 
model. The minimum and maximum layer thickness 
can be adjusted by the user. Each layer has homog-
enous physical properties [35].

	 GLM has been widely used to compute the verti-
cal profiles of water temperature and stratification 
phenology in different water bodies [34, 42, 45]. In a 
large multiple lake intercomparison study, GLM was 
shown to reproduce stratification dynamics in vari-
ous lakes without local calibration [7]. The model is 
also successfully applied to simulate ice dynamics [8, 
48]. Three components of ice are included in GLM: 
black ice (formed at the ice–water interface), white 
ice (generated because of snowfall) and snow cover. 
Further details on the ice dynamics and modeling of 
the hydrodyanmics can be found in the GLM manual 
[21] and in Hipsey et al. [20].

2.	 W2 is a two-dimensional, laterally averaged, hydro-
dynamic and water quality model. The hydrody-
namics component of the model can predict sur-
face water level elevations, flow velocities and water 
temperatures varying in the longitudinal and vertical 
directions. The model conceptualizes water bodies as 

a grid discretized as vertical columns and horizontal 
rows. The cell widths can vary spatially to match the 
cross-sectional width of the water body at the cell 
location.

	 W2 is a widespread model and has been successfully 
applied to various lakes, reservoirs and river systems 
[6, 12, 39]. Through several decades of model devel-
opment, W2 has an up-to-date user manual [13] and 
an active user forum. The source code is freely avail-
able with clear comments allowing the extension and 
application of new formulations and algorithms.

Model setup and input data
The input files for running the two models include time 
series of meteorological data, hydrological data for 
inflows and outflows as well as the reservoir bathym-
etry describing the elevation–area–volume relationship. 
An overview of such files can be seen in Table  2. The 
hydrological and bathymetry data were provided by the 
reservoir authority of the state of Saxony-Anhalt (Tal-
sperrenbetrieb Sachsen-Anhalt). The water temperature 
of inflows was obtained from a YSI-6200 probe deployed 
in the tributaries of the reservoir (see [36]).

Table 1  Comparison of main features of the used models GLM and W2

Feature GLM W2

Dimensionality 1D 2D

Layer grid Lagrangian Eulerian

Respository http://aed.see.uwa.edu.au/resea​rch/model​s/GLM/ http://www.cee.pdx.edu/w2/

Geometric input hypsographic curve Topographic map and/or sediment range surveys

Meteorological input Shortwave radiation, cloud cover, air temperature, relative 
humidity, wind speed, precipitation

Shortwave radiation, cloud cover, air temperature, dew 
point temperature, wind speed, wind direction, precipi‑
tation

Reference [30, 35] Sadeghian et al. [38]; [6]

Table 2  Summary of the model boundary conditions

Station 1: Monitoring station in the central basin of the Rappbode Reservoir; Station 2: Monitoring station at the Rappbode auxiliary reservoir; Station 3: German 
Weather Service station at Harzgerode

Boundary condition Frequency Data source

Wind speed Hourly Station 1, Station 2, Station 3

Wind direction Hourly Station 1, Station 2, Station 3

Air temperature Hourly Station 1, Station 2, Station 3

Relative humidity Hourly Station 1, Station 2, Station 3

Shortwave radiation Hourly Station 1, Station 2, Station 3

Precipitation Hourly Station 2, Station 3

Cloud Hourly Station 3

Inflow discharge Daily Reservoir authority (Talsperrenbetrieb Sachsen-Anhalt)

Inflow temperature Daily Station 2

Outflow discharge Daily Reservoir authority (Talsperrenbetrieb Sachsen-Anhalt)

http://aed.see.uwa.edu.au/research/models/GLM/
http://www.cee.pdx.edu/w2/
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As a 1D model, the model structure of GLM is based 
on the hypsographic information and user-defined layer 
properties in terms of maximum number of layers as 
well as maximum and minimum layer thicknesses. Based 
on experience and initial testing, the three layer param-
eters shown above were set to 500, 0.5  m and 0.1  m, 
respectively.

The Rappbode Reservoir was discretized in W2 using 
34 segments along the longitudinal directions of the 
main stem and side branches (see Fig.  2). Some of the 
segments, segments 1, 24, 25, 29, 30 and 34, serve as 

boundary condition segments, at the model edges and 
between branches, hence they do not appear in the plan 
view of the segment discretization. For the discretization 
in the vertical dissection, the thickness of the top eight 
rows is 0.25 m, 0.5 m for the next six rows and 1 m for the 
remaining rows down to the reservoir bottom.

The meteorological input data, air temperature, wind 
speed, wind direction, shortwave radiation and rela-
tive humidity, were obtained from a monitoring buoy 
deployed in the central basin of the Rappbode Reservoir 
(see [36]). High-frequency observed data (every 10 min) 

Fig. 2  CE-QUAL-W2 grid definition for Rappbode Reservoir in profile view (bottom) and plan view (top) along the axis
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were averaged to hourly values for the simulations. A 
small amount of missing values was filled with measure-
ments from a nearby observatory at the Rappbode aux-
iliary reservoir [19, 36] or from the German Weather 
Service station at Harzgerode (15  km away from the 
research area). The precipitation values were primarily 
drawn from the Harzgerode station because of sensor 
failures at the measurement buoy and the gaps were filled 
from data recorded at the Rappbode auxiliary reservoir. 
The cloud cover fraction data were obtained from the 
Harzgerode station. All meteorological stations deliv-
ered air humidity as relative humidity, but W2 requires 
dew point temperature as input. We calculated dew point 
temperature from relative humidity based on the formula 
from Lawrence [26]:

where Dp (T, RH) is the dew point temperature (in °C), 
RH is the relative humidity (in  %), T is the air tempera-
ture (in °C) and the values for the coefficients � and β are 
243.04 °C and 17.625, respectively.

The time step of the simulation output was 1 h, which 
allows us to capture the sub-daily changes of water 
temperature and ice cover. Water temperature profiles 
extending from the water surface to the bottom layer 
were available for Rappbode Reservoir. The profiles were 
recorded using high-resolution CTD measurements with 
a Hydrolab DS5 probe and used for model calibration. 
Such data were also used for the model initializations, 
i.e., the vertical profile of water temperature at the begin-
ning of the simulation. Because the Rappbode Reservoir 
is a typical freshwater system with low conductivity, the 
salinity in the models was set to 0.

Model calibration
The models were run from January 2, 2015 until April 
30, 2017. This period was selected because it included 
a rather mild winter (2015/2016) and a cold winter 
(2016/2017) and because high-quality observation data 
were available from this time. For GLM, aside from a few 
site-specific settings, calibration of physical parameters 
is usually not required, as the process parameters have 
a solid empirical or physical basis and are independent 
of the local characteristics of the lake and its climate [7, 
35]. In accordance with the study of Weber et al. [45], we 
therefore kept the parameter values the same, as recom-
mended in the scientific manual (see [21]) except for the 
wind factor (correcting for wind speed) and the averaged 
background light attenuation, which are considered to be 
site specific.
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For the W2 model calibration, the effects of wind and 
solar radiation are the most important factors influenc-
ing the mixing and heat budget of Rappbode Reservoir. 
The influence of these two factors is adjusted using 
the parameters WSC (wind sheltering coefficient) and 
SHADE (shading coefficient). The light extinction coef-
ficient EXT is also an important parameter, since it con-
trols the amount of solar radiation penetrating the water 
column from the water surface. Given the minimal cali-
bration of a few site-specific parameters in each model 
and the fact that both models were shown to have a 
transferable (i.e., site-independent) parameterization, we 
did not perform a separate model validation on further 
observational data.

The root-mean-square error (RMSE) of water tempera-
ture was used for model calibration. It has been widely 
accepted as a good indicator for assessing the geoscien-
tific modeling performance [11].

Scenarios
To systematically analyze the effects of withdrawal eleva-
tion on stratification and mixing regime and to elucidate 
the management options to influence the winter condi-
tions in the reservoir, we defined two scenarios:

S1: influencing ice dynamics by withdrawal regime. The 
established model was run with withdrawal elevation var-
ying from the bottom (339 m a.s.l) to the surface (409 m 
a.s.l) in intervals of 1  m, i.e., in total 71 simulations. In 
this scenario, time-dependent withdrawal discharge was 
kept the same as in the reference simulation, but all with-
drawn water was taken from one single depth as specified 
in the respective scenario case. Note that in the scenario, 
all water is withdrawn from one outlet depth and never 
two separate outtake flows, e.g., one for drinking water 
and another one for downstream discharge. Since ice for-
mation was only observed in winter 2016/2017, the first 
scenario was analyzed by exclusively evaluating condi-
tions in this winter by calculating the number of days 
with ice cover, dates of ice-on and ice-off, as well as mean 
and maximum ice thicknesses.

S2: mixing regimes under different withdrawal and 
warming regimes. In the second scenario, we focused on 
the combined influence of air temperature increase and 
withdrawal elevation on the duration of inversed strati-
fication. We identified the mixing regime of the reservoir 
by the occurrence of inversed stratification, i.e., if the 
inversed stratification occurred in winter, the reservoir 
was regarded as a dimictic water; if not, it was regarded 
as a monomictic water body. In this scenario, we created 
a series of simulations for the whole study period (Jan 
2015–April 2017) and increased air temperature from 
+ 0.25 (K) to + 5 (K) in intervals of + 0.25 (K) and with-
drawal elevation from 339 to 409 m in intervals of 1 m. 
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In the climate scenarios, we kept the relative humidity 
in GLM the same as in the original measurements and 
adjusted dew point temperature in W2 based on Eq. (1) 
so that relative humidity was the same in both model 
runs. Just like in the first scenario, all withdrawn water 
is taken from one elevation at one site. All combinations 
resulted in a series of 1420 simulations, which were eval-
uated by both models. We then calculated the number 
of days with inversed stratification (i.e., the duration of 
inversed stratification) for each simulation.

Note that temperature differences are given in Kel-
vin while simulated temperatures are given in degrees 
Celsius. The R package “glmtools”, combined with other 
customized R code, was applied for executing GLM and 
analyzing the simulations [35, 46]. More details about 
the package can be found at GitHub (https​://githu​b.com/
USGS-R/glmto​ols). MATLAB was used to analyze the 
W2 output.

Results
Model calibration
The parameters used in the two models are shown in 
Table 3. Both models were able to accurately reproduce 
the water temperature and stratification phenology of 
the Rappbode Reservoir, with good agreement between 
simulated and observed water temperature profiles. 
For the whole time series, the mean water temperature 
simulated by GLM and W2 were 6.18  °C and 5.82  °C, 

respectively, which are very close to the observed value 
of 6.17  °C. The overall RMSE for both models is less 
than 1 K, which indicates a high accuracy of the simula-
tions (Fig. 3). Both models successfully reproduced sea-
sonal variations of water temperature for the top layer 
(at depth 1 m, see Fig. 4). The models slightly overesti-
mated the metalimnetic water temperature in the sum-
mer and early autumn (depth of 23 m, Fig. 4), whereby 
GLM showed a more pronounced overestimation in 

Table 3  List of parameters used in the two models

W2 was applied with standard settings for freshwater systems. Note that because of the characteristics of both lake models, settings for specific parameters can have 
slightly different values due to differences in the underlying model equations

Model Parameter Description Value

GLM CK Convective overturn coefficient (–) 0.2

GLM CKH Kelvin–Helmholtz turbulent billows (–) 0.3

GLM CW Wind stirring coefficient (–) 0.23

GLM Kw Averaged background light attenuation (m−1) 0.83

GLM CE Latent heat transfer coefficient (–) 0.0013

GLM CH Sensible heat transfer coefficient (–) 0.0013

GLM CD Coefficient for transfer of momentum (–) 0.0013

GLM Fwind Wind factor (–) 0.89

GLM Fsw Shortwave radiation factor (–) 1

W2 WSC Wind sheltering coefficient (–) 1

W2 SHADE Shade fraction coefficient (–) 1

W2 CBHE Coefficient of bottom heat exchange (W m−2 °C−1) 0.3

W2 TSED Sediment temperature (°C) 8

W2 TSEDF Heat lost to sediments that is added back to water column 1

W2 EXH2O Light extinction for pure water (m−1) 0.4

W2 BETA Fraction of incident solar radiation absorbed at the water surface 0.45

W2 BETAI Fraction of solar radiation absorbed in the ice surface 0.6

W2 ALBEDO Albedo of ice 0.25

Fig. 3  Comparison between simulated and measured water 
temperature during the simulated period (n = 47,613, from 01/2015 
to 03/2017) for GLM (top) and W2 (bottom). The color scale denotes 
the amount of samples per hexagon. The straight line has a slope of 
one and an intercept of zero

https://github.com/USGS-R/glmtools
https://github.com/USGS-R/glmtools
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2015. Both of them performed well in calculating the 
hypolimnetic temperature (depth of 50  m, Fig.  4). At 
the depth of 1  m, the maximum observed water tem-
perature was reached between July and August. For the 
depth of 23  m, it was delayed toward November. This 
lag of the maximum temperature was also accurately 
captured by the two models.

The comparison of simulated and observed ice cover 
for both models is shown in Fig.  5. For W2, there were 
52 days of ice duration in the 2015/2016 winter, although 
no ice formation was observed in this winter. But both 
models successfully captured the observed ice cover for 
the 2016/2017 winter (Fig. 5). For GLM, the ice-on date 
was well reproduced on 23 January but the ice-off was 

Fig. 4  Simulated and measured water temperatures at 1 m, 23 m, and 50 m depth

Fig. 5  Simulated ice cover from W2 and GLM during the winters 2015/2016 and 2016/2017. The observed ice-on and ice-off dates are indicated by 
the vertical dashed lines. The two black dots indicate the measured ice depth on 2017-01-31 (5 cm) and 2017-02-14 (10 cm)
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simulated 5 days later than the observation. By contrast, 
W2 exactly captured the observed ice-off date, but simu-
lated 5 days earlier for the ice-on date. Ice thickness was 
observed two times on January 31 and February 14, 2017 
and was measured to be 5.0 cm and 10.0 cm, respectively 
(Fig.  5). GLM simulated ice thickness on these dates as 
8.7 cm and 11.5 cm, and W2 thicknesses of 7.5 cm and 
8  cm, respectively. The results in Fig.  5 also show that 
the simulated maximum ice thickness in 2017 appeared 
roughly at the same time in the two models (February 15 
for GLM and February 12 for W2). However, the maxi-
mum thickness by W2 was significantly larger than that 
by GLM (18.5  cm for the former and 11.7  cm for the 
latter).

Scenario S1: influencing ice dynamics by withdrawal 
regime
GLM and W2 performed differently when simulating 
ice cover under changing withdrawal elevations. From 
GLM, a tendency of earlier ice-on, delayed ice-off, and 
consequently longer ice duration was predicted with a 
higher withdrawal elevation (Fig. 6). The duration of ice 
cover increased from less than 37 days (withdrawal ele-
vation below 380 m a.s.l.) to 39 days (withdrawal eleva-
tion at 401  m a.s.l) and further to 41  days (withdrawal 
elevation 408  m a.s.l). It is reasonable to expect that a 
longer ice season is linked to larger ice thicknesses and 
vice versa. This is verified by our results showing that the 
mean and maximum ice thicknesses are consistent with 

ice duration: the Pearson correlation coefficient between 
mean ice thickness and ice duration was 0.91 (p < 0.05); 
the coefficient between the maximum thickness and the 
duration is 0.96 (p < 0.05). By contrast, W2 was less sensi-
tive to different withdrawal elevations. The ice duration 
was 33.5  days under bottom withdrawal (339  m a.s.l.) 
and increased very slightly to 34.25 days under top with-
drawal (409 m a.s.l.). Similarly, the mean and maximum 
ice thicknesses calculated by W2 also remained rather 
stable under different withdrawal elevations. In line with 
the calibration results, the maximum thickness predicted 
by W2 was noticeably higher than that from GLM over 
the range of withdrawal elevations applied (Fig. 6).

Scenario S2: mixing regimes under different withdrawal 
and warming regimes
The duration of the inversed winter stratification in both 
years decreased with deeper withdrawal elevation and 
increasing air temperatures (Figs.  7, 8). As a matter of 
course, the inversion phenomenon can entirely disap-
pear if the air temperature is increased high enough. At 
a warming by 3.5  K, for example, results from both the 
models showed that the winter inversion disappeared 
completely for the mild winter of 2015/2016 and the res-
ervoir resorts to a monomictic mixing type (Fig. 7). In the 
comparatively cold winter of 2016/2017, however, inverse 
stratification still persisted at this warming rate under 
all the withdrawal scenarios. Furthermore, it is possible 
to obtain the same inversion duration under different air 

Fig. 6  Simulation results for ice cover duration, dates of ice-on and ice-off as well as mean and maximum ice thickness for W2 and GLM at different 
withdrawal elevations during winter 2016/2017
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Fig. 7  Response of the duration of inversed stratification in winter 2015/2016 to changes in air temperature (y-axis) and withdrawal elevation 
(x-axis)

Fig. 8  Response of the duration of inversed stratification in winter 2016/2017 to changes in air temperature (y-axis) and withdrawal elevation 
(x-axis)
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temperature increases by adapting the withdrawal eleva-
tion accordingly (see Fig.  9). According to the results 
from W2, for example, the inversion duration in the 
winter of 2016/2017 at 1  K warming increased gradu-
ally from 70  days (withdrawal elevation below 380  m 
a.s.l.) to 88  days (withdrawal elevation at 409  m a.s.l.); 
under 1.75  K warming the inverse duration can occur 
for 54  days (bottom withdrawal) or up to 75  days (sur-
face withdrawal). When adjusting the withdrawal eleva-
tion to either bottom withdrawal (at 1  K warming) or 
around 403 m a.s.l (at 1.75 K warming), in consequence, 
the duration of winter inverse stratification is about the 
same. The effects from warming in winter conditions can 
thus be compensated by adjusting the withdrawal eleva-
tion to a specifically shallower depth.

However, Figs.  7 and 8 also indicate that the perfor-
mance of inversion stratification differs between the two 
models. In each subplot, the inversion duration calcu-
lated from W2 shows much smoother changes than that 
from GLM, which showed discontinuous shifts in the 
predicted inversion duration making the exact quantita-
tive outcome highly dependent on small-scale variations 
in the simulation settings (e.g., in our case exemplified by 
the withdrawal elevation). It also appears that, compared 
to W2, the reaction of GLM to the variation in air tem-
perature and withdrawal elevation was far more sensitive. 
The qualitative response patterns to warming and with-
drawal elevation, however, remained independent of the 
model, as GLM and W2 showed similar response shapes. 
Noteworthy, in all the climate scenarios, the stratifica-
tion durations obtained from both models are close to 
each other. It should also be noted that, for the winter of 
2015/2016, the inversion event began to disappear when 
air temperature increases beyond 2.25  K and 2.5  K, for 
GLM and W2, respectively. In the winter of 2016/2017, 

the current air temperature should be increased by 4.5 K 
and 4 K for the two models so as to get the same effect.

Discussion
In this study, we used two hydrodynamic models, GLM 
and W2, to investigate the dynamics of the thermal 
structure and ice cover in the Rappbode Reservoir. The 
simulations of both models performed well in reproduc-
ing the water temperatures during the calibrated period 
(01/2015 to 04/2017, see Fig.  3). For the model calibra-
tion, the overall RMSE are 0.87  K (GLM) and 0.71  K 
(W2), both of which are lower than the errors presented 
in recent studies in which the two models were applied 
[6, 16, 25, 28, 32, 35]. Although the models slightly over-
estimated the metalimnetic temperature in the summer 
and early autumn (in particular GLM, see Fig.  4), they 
performed well in reproducing the variation of surface 
temperature and stable temperature in the hypolimnion. 
The discrepancies between observed and simulated water 
temperatures may be linked to the insufficient modeling 
of internal waves, which has been shown to have a signifi-
cant influence on the thermal dynamics in the Rappbode 
Reservoir [3]. This process is fundamentally three dimen-
sional so that it cannot be fully captured by 1D or 2D 
models. Moreover, both the models use a constant light 
attenuation coefficient (Kw) which in reality is dynamic 
due to varying concentrations of algae and turbidity. As 
indicated by Bueche et  al. [8], no provision of the sea-
sonal variation of Kw in the input file may also exert a 
negative influence on the simulation accuracy.

An ice cover was not present in the Rappbode Reser-
voir every winter; hence, capturing the occurrence of 
ice in different years can be an important criterion to 
compare model capability when simulating ice dynam-
ics. For the ice component, GLM performed better than 
W2 because the former simulated the ice occurrence 
only for the winter of 2016/2017 which is consistent with 
the observations. For W2, there were 52 days of thin ice 
cover (< 5  cm) during the winter of 2015/2016 (Fig.  5), 
although no ice was observed in that period. The appear-
ance of additional ice in W2 can be linked to the fact 
that the model underestimates the surface temperature 
of that winter (see Fig.  4). GLM accurately reproduced 
the ice-on date for the 2016/2017 winter, but the simu-
lated ice-off date was delayed by 5 days compared to the 
observation. These results are in accordance with the 
previous finding by Yao et  al. [48]. In their study, GLM 
was used to predict the ice cover of Harp Lake (Canada) 
under a future warming climate and the simulated ice-off 
dates were always later than expected. The delay of ice-
off in both results shows that it is necessary to further 
improve the ice decay process in the model. We noted 
a few cases with negative surface water temperatures 

Fig. 9  Combined effects of changes in withdrawal elevation and 
air temperature on the duration of winter inversed stratification (for 
winter 2016/2017, from W2)
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in W2, a phenomenon that is explained by the model 
specifications on ice dynamics. W2 applies a minimal ice 
thickness and during cooling episodes, negative water 
temperatures are accumulated before ice cover is formed 
in the simulation.

The different performance of inversion stratification 
between the two models can be clearly seen in Figs. 7 and 
8. Compared to W2, the response of GLM seems overly 
sensitive to small changes in input (e.g., withdrawal ele-
vation and air temperature). It seems that GLM reacts 
in a discontinuous way to changes in model parameters 
or model input data, which was already observed in pre-
vious research by Bueche et  al. [8]. It goes beyond the 
scope of this study to identify the reasons for this prob-
lematic behavior in GLM. We also do not exactly know 
why both models perform differently in our scenarios, 
although it is obvious that both models have clear differ-
ences, e.g., in grid architecture (Lagrangian vs. Eulerian), 
heat budget calculations, or mixing algorithms. The fact 
that different models react differently in simulations with 
the same external drivers is due to structural differences 
between models (structured uncertainty). The appli-
cation of model ensembles is the common strategy to 
account for structural uncertainty, e.g., in hydrology [2] 
or atmospheric sciences [43]. In lake modeling, however, 
the application of model ensembles is still rare although 
they were proven useful [44]. In conclusion, we believe 
that the application of two models is a major strength 
of our approach, because we can show that quantita-
tive results vary between models but the basic outcome 
is independent of the used model. We encourage future 
lake model studies to exploit multi-model ensembles 
wherever possible to provide information on structural 
model uncertainties and to improve the reliability of out-
comes. Comparative model applications will furthermore 
help to identify the strengths and weaknesses of existing 
models.

Our study clearly elucidates the response of winter 
inversed stratification to climate change, combined with 
water management options. It is reasonable that climate 
warming leads to a shortening of the period of inversed 
stratification (see Figs.  7, 8) and the inversion phenom-
enon can entirely disappear if the air temperature is 
increased high enough. It implies that, under strong 
warming in the future, the Rappbode Reservoir may 
change into a monomictic mixing type. Our findings are 
confirmed by those of Kirillin [24] who predicts that by 
the end of the twenty-first century, most deep lakes in 
northeastern Germany will change their mixing type to 
warm monomictic [24]. In addition to this, our results 
indicate that under a small increase of air temperature 
(less than 3  K), adjusting the withdrawal elevation can 
be used to manage the inversed stratification so as to 

mitigate the influence caused by climate warming. Under 
the same weather conditions, a shallower withdrawal 
elevation will result in longer inversed stratification and, 
in turn, can offset the effects of further warming. If the 
air temperature is increased too much (higher than 4 K), 
however, the potential of withdrawal strategy to stabi-
lize inversed stratification gradually diminishes. These 
findings complement the study of Kerimoglu and Rinke 
[23], which focused on the response of summer stratifica-
tion to the changing withdrawal regime [23]. The latter 
study confirms that the surface withdrawal reduces the 
mixing events in summer. Our study emphasizes such 
effects on the thermal structure in winter, which were not 
addressed by Kerimoglu and Rinke [23]. A changing wind 
condition in a warmer climate may be able to modify 
stratification further (compare [30]), but only very high 
winter storms could prevent the occurrence of inversed 
stratification due to high mixing intensities.

The effect of the withdrawal strategies on the duration 
of winter inversed stratification can be explained by the 
difference in internal heat energy stored in the reservoir 
under different withdrawal elevations. The deeper water 
withdrawals will store more heat energy in the reser-
voir. For example, we compared the internal heat energy 
under the real climatological conditions based on the 
surface (409 m a.s.l) and bottom (340 m a.s.l) withdrawal 
elevations (see Fig. 10). The heat energy per surface area 
can be defined as:

where C is the specific heat capacity of water (4186  J/
kg/K), T is the water temperature (in °C), ρz is the water 
density, Az is the area at depth z, A0 is the surface area, 
and Zmax is the maximum water depth. It can be seen that 
the internal heat energy of the water column using bot-
tom withdrawal is far higher than that using surface with-
drawal. Therefore, bottom withdrawal will enlarge the 
heat storage and by that delay the occurrence of inversed 
stratification, because longer periods of cold weather are 
required to release the stored heat out of the water body.

Previous studies have shown that, under climate warm-
ing, numerous dimictic water bodies have the potential to 
change to a monomictic mixing type which may result in 
a negative influence on lentic aquatic ecosystems [17, 33]. 
Our results indicate that the withdrawal elevation can be 
used as a management method to mitigate the negative 
influence caused by warming on the mixing regime. This 
option is only available in reservoirs with flexible outtake 
structures, while it is unavailable in natural lakes that 
always withdraw from the surface. Nevertheless, a change 
from dimictic to warm monomictic in a warmer world 
can in fact be avoided in many temperate reservoirs by 

(2)E =

∫

zmax

0 CTρzAzdz

A0
,
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adjusting the withdrawal elevation. This is a new man-
agement option in reservoir management that can be 
relevant for many reservoirs and overlooked in reservoir 
operation, which typically do not make much use of with-
drawal elevation as a management instrument. Before 
implementation of a changing withdrawal management, 
however, potential side effects on water quality need to 
be evaluated, e.g., on deep water oxygen content, internal 
loading, and nutrient export. Therefore, it is worthwhile 
for future work to elucidate the response of other water 
quality variables (i.e., oxygen, nutrients, toxins) to these 
withdrawal strategies and to integrate such strategies into 
the multi-objective view required in sustainable reservoir 
management [40, 45].

Conclusions

•	 Two well-established hydrodynamic models (GLM 
and W2) showed good performance in reproducing 
the water temperature and ice cover in the Rappbode 
Reservoir, the largest drinking water reservoir in cen-
tral Germany.

•	 Winter inversed stratification of the reservoir can 
entirely disappear under the current management 
regime if climate warming gets strong (> 4 K warm-
ing). In other words, the Rappbode Reservoir may 
change from a dimictic to a monomictic mixing type 
under strong climate warming.

•	 Adjusting the withdrawal strategies can strongly 
influence the winter conditions and can mitigate 

the effect of climate warming on mixing type. Shal-
low withdrawal elevations will reduce internal heat 
energy stored in the reservoir over the summer and 
thus enable to conserve the dimictic state even in a 
much warmer climate (> 4 K).

•	 Withdrawal management is a so-far largely unex-
ploited operational tool in climate change mitiga-
tion in reservoirs of the temperate zone.
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