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Abstract. Climate change exerts a significant influence on lake ecosystems by altering stratification and thermal dynamics.
These changes are commonly quantified using climate model projections to assess future conditions. However, climate model
simulations generally have a daily temporal resolution, which is inadequate for resolving the fast, sub-daily processes
governing shallow lakes. Consequently, long-term impacts of climate change on shallow lakes remain underrepresented in
literature. This study presents a modeling workflow for simulating and quantifying future climatic conditions in shallow
environments, where sub-daily resolution is necessary. The proposed workflow comprises a weather generator for the temporal
downscaling meteorological forcing, as well as a physics-based one-dimensional model for simulating lake thermal dynamics.
The workflow is applied to Lake Blaton, a large polymictic lake, to assess the effects of the projected climatic changes on the
lake through the end of the century. Changes are analyzed as a function of time and water depth, under the RCP4.5 and RCP8.5
climate scenarios, using an ensemble of 14 climate model simulations. Our findings indicate that stratification is likely to
intensify throughout the century, in a complex interplay with water depth, in which mutually enhancing effects are
accompanied by progressive dampening. The number and duration of stratified events show a slight increase, which does not
reflect the magnitude of the projected intensification in stratification, suggesting that wind forcing remains a dominant factor
in regulating stratification dynamics. Lastly, the evaluation of lake heatwaves using a temporally varying baseline indicates no

significant changes in their characteristics.

1 Introduction

Lakes are often referred to as sentinels of climate change, as they exhibit rapid and diverse variations in response to climatic
shifts (Adrian et al, 2009). Among these changes, the lakes’ thermal structure is particularly sensitive, with frequently observed
shifts in stratification patterns, increased surface temperatures, and altered mixing regimes (Woolway et al., 2020; 2021b).
Thermal stratification plays a crucial role in lake ecosystems as the mixing regime controls the vertical transport of oxygen
and nutrients. Prolonged stratified periods usually limit the oxygen supply to the lower water layers, which leads to a regularly

anoxic hypolimnion in many deep lakes but in extreme cases can cause oxygen depletion in shallow lakes too (Shi et al., 2022;
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Jane et al., 2021). In shallow lakes, these conditions can increase the risk of algal blooms and may lead to water quality
problems (Istvanovics et al., 2022; Salmaso, 2005). Climate change generally increases thermal stability (Fukushima et al.,
2022) even in polymictic lakes, promoting stronger and more persistent stratified periods, consequently increasing the
likelihood of adverse ecological impacts. However, the magnitude of these changes remains uncertain in the long term, as it
depends heavily on the trajectory of future climatic conditions.

To represent this climatic uncertainty, the Intergovernmental Panel on Climate Change (IPCC) introduced four Representative
Concentration Pathway (RCP) scenarios, each reflecting different projections of greenhouse gas emissions, to estimate the
range of potential changes by the end of the century (IPCC, 2014). Among these, due to the actual development of GHG
emissions, RCP4.5 and RCP8.5 are commonly employed scenarios; RCP4.5 — formerly considered as a realistic pathway —
represents an intermediate stabilization with moderate mitigation efforts leading to a projected global mean surface temperature
increase of 1.1-2.6 °C (this turned out to be overly optimistic in the last 10 years), whereas RCP8.5 corresponds to a high-
emission — formerly pessimistic, now realistic - trajectory associated with an expected rise of 2.6-4.8 °C, often considered
extreme. The scenarios do not represent likelihoods but rather serve as guidance for the policy maker to inform their decision
(Schwalm et al., 2020). These scenarios are commonly employed to quantify potential changes in lake environments (Woolway
et al., 2021b; Shatwell et al., 2019). However, shallow lake systems are relatively underrepresented in studies (Sahoo et al.,
2016).

The shallowness increases a lake’s susceptibility to external changes, because the dampening effect of the water mass is
limited. Therefore, shallow lakes generally respond faster to meteorological forcing — hence are they polymictic — and they are
more sensitively to climate change and anthropogenic effects. In deep lakes, thermal stratification typically persists for several
weeks to months, sometimes years, while in shallow lakes it generally ranges from hours to days. This occurs because of the
lower stability of the water column, resulting from temperature-induced density differences, allowing current- and wind-
induced mixing to disrupt stratification more consistently (Martinsen et al., 2019; Torma & Kramer, 2017; Kimura et al., 2016).
Consequently, relatively elevated water levels can substantially enhance thermal stability in shallow environments (Kraemer
et al., 2015). The expected increase in extreme meteorological and hydrological conditions during climate change increases
water level variability even in regulated lakes (Woolway et al., 2020), leading stakeholders to pursue higher levels to provide
a buffer against potential declines in lakes’ water balance (La Fuente et al., 2024). However, such management may enhance
the likelihood of prolonged stratified periods and the risk of oxygen depletion even in very shallow, polymictic environments
(Istvanovics et al., 2022).

The detection of the volatile stratification events is difficult in shallow polymictic lakes; therefore, a sub-daily resolution is
necessary to capture stratification dynamics accurately. In contrast, climate models provide reliable estimates on a daily
resolution at most, necessitating the downscaling of these data to model intra-daily processes (Smith et al., 2025). Studies
projecting changes in shallow lakes provide only limited insight into stratification, either because it is not their primary focus
or because the modeling resolution is insufficient to capture these processes accurately. Cui et al. (2025) examined the future

impacts of climate change on Lake Taihu’s thermal and ecological conditions by the end of the century, with stratification
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variations assessed indirectly. Their simulations indicate a weakening of winter stratification, but the summer vertical thermal
structure was not analyzed comprehensively. Hetherington et al. (2015) investigated the impacts of climate change on the
thermal structure of Oneida Lake, a shallow polymictic lake in New York, USA, projecting more extended consecutive
stratified periods by the end of the century with prolonged summer stratifications. However, the simulations driven by projected
climate data were conducted at a daily time step, and stratification was inferred indirectly from modelled water temperatures.
Schwefel et al. (2025) examined projected changes of 12 lakes in Germany until 2099, comprising one polymictic and eleven
stratified systems. Their results indicate an overall intensification and extension of summer stratification by 38 days,
characterized by earlier onset, delayed autumnal mixing, and a shortened duration of winter stratification. Nevertheless, sub-
daily stratification dynamics were not considered and therefore the prognoses for the polymictic system may be biased. To
summarize, the projected long-term impacts of climate change on the stratification of shallow, polymictic lakes remain largely
unexplored, with sub-daily variations being scarcely investigated.

To bridge this gap, the aim of our study is to present a methodology for simulating sub-daily thermal dynamics in polymictic
environments, given that future meteorological projections are generally limited to daily or coarser resolutions. To this end,
we developed a modeling workflow that is capable of downscaling meteorological data to sub-daily resolution and
subsequently simulates the thermal regime of water. In addition, the study provides a comprehensive assessment and quantifies
the projected long-term impacts of climate change on the temperature dynamics of a large yet shallow lake, namely Lake
Balaton (Central Europe), until the end of the century. We analyze changes in stratification in terms of intensity, duration, and
its dependence on water depth under two climate scenarios, based on an ensemble of 14 climate model simulations.
Furthermore, the projected changes in the occurrence of lake heatwaves are quantified. Analyses are conducted at sub-daily
resolution using the proposed modeling framework, capturing diurnal variability in the processes studied. The results form a
basis for further investigations on the stratification-water quality coupling in shallow lakes, as the progression of climate

change affects an increasing number of lakes.

2 Materials and methods
2.1 Study site and supporting data

Lake Balaton is the largest lake in Central Europe, with a surface area of 596 km? (Fig. 1). It is classified as a shallow polymictic
lake due to its mean depth of 3.5 m. The lake has an elongated shape and, in terms of its hydrodynamic behavior and water-
quality patterns, is usually delineated into four distinct basins (Istvanovics & Honti, 2018). The lake’s main inflow, River Zala,
enters the westernmost basin, collecting the runoff from half of its total catchment area (5180 km?), while the lake’s outflow,
which is regulated, is in the easternmost basin. Before entering Lake Balaton, the river traverses a large, restored wetland
system that markedly reduces its sediment loads and flow velocities, with the decreased velocities causing the throughflow to

exert only a very local and generally negligible influence on the lake’s stratification regime. Therefore, the thermal
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stratification of the lake is primarily shaped by local meteorological forces, which, due to the lake’s shallowness, typically

lead to weak diurnal stratifications (T6rok & Torma, 2025).

Depth (m)

O =2 NWH~OG

Figure 1: Location and bathymetry of Lake Balaton, with the measurement site marked by an orange dot.

Meteorological input data for the modeling were supplied from the ECMWF ERAS reanalysis and the FORESEE climate
databases (Kern et al., 2024; Dobor et al., 2015). The former was used to train the weather generator to downscale daily
meteorological data to into 6-hour resolution (details are provided in the following section), whereas the latter was applied to
simulate both present conditions (2000—2020) and future scenarios for 2040-2060 and 2080-2100, representing the projected
near- and far-future changes. The FORESEE climate database is an open-access meteorological dataset providing observed
and projected daily data for the Carpathian Basin, in which the entire the catchment is located. Projections are based on 14
EURO-CORDEX regional climate model chains under the RCP 4.5 and RCP 8.5 scenarios (Kern et al., 2024). The database
includes daily precipitation (P,) and minimum and maximum air temperatures, from which daily mean air temperature (7,)
was calculated. These data were then used to derive the variables required for the stratification modeling — the wind speed (U),
incoming shortwave radiation (SWi,), air temperature (7;), and relative humidity (RH) — through the downscaling process. To
train the models, ECMWF data were used — where T, and U were bias-corrected based on field measurements — instead of the
FORESEE dataset as they were available at an hourly resolution and had already been proven reliable for Lake Balaton (Torok
& Torma, 2024). A preliminary assessment of the ECMWF and FORESEE datasets demonstrated a high degree of consistency

across the variables. Regarding precipitation, FORESEE data exhibited an underestimation of approximately 20% relative to
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the ERAS dataset; however, as the projected changes were quantified relative to the base period and future changes are assumed

to scale linearly from the baseline, this bias did not influence the results.

2.2 Modeling workflow

An important prerequisite of our analysis was to produce suitable sub-daily meteorological data for the simulation of future
temperature profiles in Lake Balaton. To do this, gaps in the resolution and extent of the above-mentioned meteorological
databases had to be bridged. While ECMWF is rich in variables and has an hourly resolution, it does not have forecasts for the
far future. On the other hand, FORESEE spans from the distant past to the end of this century, yet at a mere daily resolution
and only for the most basic variables. We resolved this — rather usual — forecasting issue by applying stochastic downscaling
for future data with a weather generator that was trained to reproduce the past high-resolution ECMWF data from the past
daily FORESEE variables.

The model system consists of three submodules (Fig. 2). The role of the first submodule was to generate meteorological data
by stochastic downscaling, as well as to assess their reliability, required for modeling the present stratification conditions. For
this purpose, daily air temperatures and precipitation were used as inputs for a weather generator to downscale and generate
the necessary variables at a 6-hour resolution. In the training process, ERAS data were employed as inputs, while daily
FORESEE data were used to generate the present meteorological conditions. The resulting downscaled outputs were
systematically compared to the corresponding 6-hourly values derived from hourly ECMWF data for all variables. To address
the discrepancies between datasets, a bias correction was applied to the downscaled datasets by aligning their cumulative
distribution functions with the 6-hourly ECMWF data using second-degree polynomials. Thereafter, both the ECMWF and
downscaled FORESEE datasets were employed as inputs to the second submodule, which was designed to simulate
stratification dynamics. When derived from ECMWF data, they served to assess the impacts of reduced temporal resolution.
Conversely, those derived from FORESEE data — bias-corrected using the transfer functions obtained from the ECMWF-based

calibration — provided the reference baseline for evaluating projected future changes.
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Figure 2: Schematic representation of the modeling process. Grey-shaded boxes with black borders represent input data, while red-
bordered boxes indicate modeling steps and green-bordered boxes denote intermediate results. Blue and brown colors correspond
to the FORESEE and ECMWF datasets, respectively, with arrows of matching color showing their use within the modeling
framework. Yellow-shaded boxes with green borders represent the results compared at the end of the process. Dashed lines indicate
comparison steps, while the abbreviation “bias corr.” refers to bias correction, an intermediate step within the modeling workflow.

In the second submodule, the depth-averaged mean water temperature (7,,) and the potential energy anomaly index (¢) — a
quantitative measure of stratification intensity (Wiles et al., 2006) — are calculated from water temperature profiles computed
along the water column using the one-dimensional General Ocean Turbulence Model (GOTM). Changes between present and
future conditions are evaluated using these two indicators; consequently, 7, and ¢ values calculated from the hourly ECMWF
dataset, the six-hourly ECMWEF dataset, and the six-hourly downscaled FORESEE dataset were compared to assess if the
reduced temporal resolution was sufficient to derive representative values (Table 1). For this, a bias correction was applied to
both variables, consistent with the process employed in the first submodule for the meteorological variables. The bias-corrected
T, and ¢ results — for the generated present — are subsequently used to characterize the present conditions of Lake Balaton.

The model system's third submodule simulates projected future conditions for Lake Balaton, using the results of 14 regional
climate models in FORESEE for the RCP4.5 and RCP8.5 climate scenarios (Kern et al., 2024). The first step of this process
is downscaling, followed by bias-correcting the meteorological data required for modeling using the coefficients applied in the
first submodule. In the next step, the depth-averaged mean water temperature and potential energy anomaly index are derived
from GOTM simulations and bias-corrected using the coefficients from the second submodule for the examined periods (2040-
2060 and 2080-2100), across the three predefined water depths and all model chains in both RCP scenarios. Finally, the

simulated future conditions are systematically compared with the present conditions to assess the anticipated changes.
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2.3 Weather generation

The weather generator was an extended version of the UKCP09 (or EARWIG) weather generator by Kilsby et al. (2007). The
standard version of EARWIG has daily resolution and contains two linked modules. The first module is a Neyman-Scott
Rectangular Pulse (NSRP, Rodriguez-Iturbe et al., 1987; Cowpertwait, 1991) model that generates downscaled precipitation
at hourly resolution, which can be later aggregated to daily level. The NSRP model represents precipitation as a stochastic
process in which rainfall events are generated by a Poisson process characterized by season-specific follow-up times. Each
event has a random cluster of rectangular rain cells, which in turn have their own relative starting points, duration and intensity.
Precipitation intensity can be calculated at any desired resolution from the superposition of rain cells, yet sub-hourly intensity
dynamics are usually poorly represented (Favre et al., 2004). The second module describes all other meteorological variables
by daily first-order autoregressive (AR) models. The set of meteorological variables is open; one only needs to ensure that
principal variables (daily mean air temperature and air temperature difference) are included. Besides the values of the preceding
day, the AR models consider the precipitation status of the current day (e.g. wet or dry day) and the current values of the
principal meteorological variables. The AR models are parameterized separately for each biweekly period and for different
weather transition conditions (based on the wetness state of the preceding and the current days).

While the standard version of this weather generator does not allow calculating sub-daily data for non-precipitation variables,
its general algorithm was still suitable for doing so due to the openness of the set of variables. As one can easily include e.g.
the daily maximum air temperature or cloud cover as a generic, non-principal variable. We have defined 6-hourly variables of
wind speed, incoming shortwave radiation, air temperature, and relative humidity in the same way.

The weather generator was trained on six-hourly ERAS5 data for the period 2000-2020 as a reference. For the projection of
future trends until 2100, the daily climate change signals of principal variables between the historical (2000-2020) and future
(2040-2060; 2080-2100) periods were taken from FORESEE and applied as an adjustment of NSRP and AR parameters.

2.4 Lake modeling

The second submodule of the model system was responsible for the stratification simulations, which were carried out with the
one-dimensional General Ocean Turbulence Model, a physics-based water column model designed to describe the
hydrodynamic and thermodynamic processes in natural water bodies (Burchard et al. 1999). The model was driven by routine
meteorological variables, which include net solar radiation, wind speed, air pressure, air temperature, relative humidity, and
cloud cover. Among these, SW;,, U, T,, and RH were provided by the first submodule, while net radiation was calculated
assuming a constant albedo of 0.08, and with cloud cover estimated from the ratio of incoming shortwave radiation to its value
for clear-sky conditions. For the modeling, the water depth was also needed. Therefore, to assess the depth-dependence of
stratification, three different but constant depths were considered: 2.98, 3.23, and 3.48 m, where the latter corresponds to the
latest maximum control level, the summer target. These depths are equivalent to lake gauge readings of 70, 95, and 120 cm,

respectively. In GOTM, vertical mixing was represented by a k-¢ turbulence model, with Neumann (flux) boundary conditions
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applied to the turbulent kinetic energy and dissipation rate equations. The corresponding upper and lower boundary fluxes
were computed according to the logarithmic law of the wall, and a minimum eddy and heat diffusivity of 5-10° m? s™! was
applied. Turbulent heat fluxes were calculated using the bulk formulas of Kondo (1975), while the longwave back radiation
was determined following the approach of Clark et al. (1974). The sediment-water heat exchange was neglected in the model.
Observations from the 2019 measuring campaign indicated low summer sediment heat fluxes, with a mean of 5.91 W m* and
a standard deviation of £3.92 W m™ (Térok et al., 2023), suggesting that its omission is not expected to substantially influence
the thermal dynamics of the water column. The light extinction coefficient was assumed to be temporally constant and set to
2.5m"!, based on measurements conducted by the Balaton Limnological Research Institute between 2022 and 2024 (Tordk &
Torma, 2025). The potential anomaly index, which was used as a quantitative measure of the strength of stratification, was

calculated from the model-derived water temperature profiles as follows:
Ry _
¢ =10 1p~p@]zdz, (1)

where g (m s2) is the gravitational acceleration, 4 (m) is the water depth, g (kg m™) is the mean density of the water column,
p(z) (kg m?) is the water density at z depth, and z (m) is the vertical coordinate.

The model simulations covered the period from May to September; however, the analysis presented in this study is limited to
the summer months, as that is the ecologically most crucial period and it provides favorable conditions for developing enduring
thermal stratification. It must be noted that GOTM does not allow the development of unstable stratification, the model
immediately mixes the water column whenever such conditions arise, which can lead to a slight underestimation stratified
duration. However, during summer, unstable stratification events are usually both short-lived and weak, so this bias is
negligible. Additional details on the model setup, including the calibration and validation procedures and their results, are

provided in Torok and Torma (2025, 2024).

2.5 Lake heatwaves

Lake heatwaves are considered extreme events characterized by the daily mean lake surface temperature exceeding the locally
and seasonally dependent 90" percentile threshold for at least five consecutive days (Hobday et al., 2016). In the case of Lake
Balaton, due to its shallowness, which leads to a weak vertical thermal gradient, the depth-averaged water temperature was
utilized in place of the surface temperature. The applied thresholds were defined relatively to baseline climatological means,
calculated on a daily basis as follows: daily mean water temperatures were averaged within an 11-day window centered on
each calendar day over the simulation period to ensure a sufficient sample size for percentile estimation. Then, the resulting
values were smoothed with a 31-day moving average for a smooth climatological mean following Woolway et al. (2021a).
Afterwards, events separated by at least three days were classified as distinct; otherwise, they were merged into a single event.
Lake heatwaves were analyzed separately for each modeling period, meaning that the changes in water temperature were
assessed relative to the climatological mean calculated for their corresponding time, rather than being compared to the baseline

climatology of present conditions.
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3 Materials and methods
3.1 Validation of the temporal downscaling

We compared hourly and six-hourly water temperatures and potential energy anomaly indices for the present period, and found
that using a lower time resolution for modeling the lake’s daily dynamics did not significantly affect primary statistical
indicators — mean, median, and standard deviation (Table 1). However, a decrease in the amplitude could be discerned. For
water temperature, differences of 0.1-0.2°C were observed in the key indicators, while the maximum showed an
overestimation of approximately 0.3 °C using the six-hour resolution. For potential energy, the statistical indicators remained
largely consistent, except for the maximum, which exhibited an underestimation of 0.9 J m. These indicated that the extremes
may have been over- or underestimated with the lower temporal resolution, but overall, the statistical consistency was

preserved.

Table 1: Comparison of water temperature and potential energy anomaly statistics derived from the hourly ERAS, six-hourly ERAS,
and FORESEE downscaled (generated) data for the baseline period of 2000-2020.

Input data min max mean stdev | median

ERAS5m 10.9 30.0 22.4 3.5 22.9
)
°—B ERASen 10.9 30.3 22.5 3.6 23.1
[

Gen. present 10.2 29.8 225 3.6 23.1

ERAS5m 0 6.7 0.6 0.9 0.1
E | ERASa, 0 5.8 06 | 09 0.1
<

Gen. present 0 6.3 0.6 0.9 0.1

Comparing the 7, and ¢ results obtained from the downscaled FORESEE meteorological variables with those derived from
the ERAS data showed good correspondence; the mean, median, and standard deviation were identical to those calculated from
the six-hour dataset, whereas the minimum and maximum values exhibited slight deviations (Table 1). A high degree of
consistency could be observed between the probability density functions of the two datasets (Fig. 3.), with only minor
discrepancies, which are likely to be the result of the stochastic downscaling procedure. This indicates that, from a statistical
perspective, the downscaling method performs adequately, as it could reproduce the distributions of the target variables along
with the key indicators. However, some uncertainty remains, particularly in the representation of extreme values, which was
handled by later phases of the model framework. Overall, the downscaling can be considered reliable and suitable for further

subsequent analyses.
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Figure 3: Probability density functions (kernel density estimates) of water temperature and potential energy anomaly index derived
from the six-hourly ERAS data and FORESEE downscaled (generated) dataset for the period of 2000-2020.

3.2 Climatic changes

The FORESEE database provides daily precipitation and the minimum and maximum air temperature, from which the daily
mean air temperature was derived for the 14 climate models. Long-term series of air temperature between 1981 and 2100
showed an increasing trend (Fig. 4.), which, under the RCP4.5 scenario, persists until approximately mid-century, whereas
under the RCP8.5, it continues until around the 2090s. In both cases, warming is followed by a slight decline thereafter. The
trajectories of the two scenarios exhibit considerable similarity until the 2060s. However, after that, a substantial divergence
develops. This suggests that only minor differences in water temperature and stratification can be expected between the
scenarios in the near-future period, while more pronounced differences are likely to arise later in the century. Compared to the
reference period, an increase of 0.98 °C and 1.00 °C in air temperature is projected for 2040-2060 under the RCP4.5 and
RCP8.5 scenarios, respectively. By the end of the century, these changes are projected to be 0.87 °C and 3.01 °C, depending
on the scenario considered.

There was no similar obvious change in summer precipitation sums. Projected changes in mean summer precipitation vary
between -5 and +15 mm, which can be considered negligible compared to the present average of 192 mm/summer. This

indicates that the expected significant changes in 7, and ¢ must be primarily driven by variations in air temperature.

10
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Figure 4: Summer mean air temperature (Ta, upper panel) and total summer precipitation (Pr, lower panel) 1981-2100. The thick
black line indicates the observed values, while the thick red and blue lines represent the ensemble means of the climate model
simulation results. Thin lines denote individual climate model simulations. All data derived from FORESEE.

3.3 Long-term changes in water temperature

Changes in the water temperature were analyzed as a function of time, water depth, and climate scenarios. Since weather was
generated with period-specific parameters during forecast to allow the analysis of extreme events (which resulted in statistically
homogeneous data with the periods), long-term trends had to be investigated through the mean changes between the stationary
periods. Although calculations were performed on a 6-hour basis to better reflect stratification dynamics, the analysis focuses
on large-scale changes; therefore, annual summer statistics were used. These considerations apply equally to all subsequent
analyses of other variables, too.

Temporal changes of summer mean water temperatures showed a similar behaviour to air temperature (Fig. 5.); The trajectories
of the RCP scenarios are closely aligned until mid-century, but later a substantial divergence developed. There is a comparable
magnitude of warming: an increase of approximately 1 °C by the period of 2040-2060 compared to the present conditions,

followed by a projected change of 1-2.9 °C by the end of the century, depending on the scenario.

11



https://doi.org/10.5194/egusphere-2026-708
Preprint. Discussion started: 23 March 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

31 F Present i
— RCP4.5
— ogl m—— RCP8.5 i

§27_ ’\/’W’\_
1=
2

.-"25-\/\/\/\/\/\/\\/ XA~ \ WV

1 1 1 1 1 1

& & P S & S

Qo DM P e

Figure S: Projected changes of the summer mean water temperature (Tw) at 95 cm water level for 2040-2060 and 2080-2100 under

RCP4.5 and RCP8.5 climate scenarios. The black bold line represents summer means from the generated present, while blue and

red bold lines denote ensemble summer means of 14 climate model results by climate scenario. Shaded areas indicate the range
280  between the minimum and maximum values across the climate model simulations.

Examining the distribution of the annual mean values reveals an increase in the extremes (Fig. 6.), suggesting that higher water
temperature is becoming both more frequent and intense, while standard deviations show a temporal increase in variability.
The increase in water temperature also affects stratification, leading to stronger and longer stratified periods through the

summer (Fig. 8. and 9.). Water depth had a minimal impact on water temperature (Fig. 6.), both in magnitude and distribution.
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Figure 6: Distribution of the summer mean water temperature (Tw,mean) for the 2040-2060 and 2080-2100 under RCP4.5 and RCP8.5
by stage (h). Bold lines indicate the mean.

3.4 Changes in stratification

The temporal development of stratification follows a similar increasing trend as air and water temperature regarding RCP
scenarios (Fig. 7.). To quantify its changes, we applied medians instead of the means, as the median provides a more robust
representation of stratification dynamics, given that mixing periods can significantly distort mean values. In the RCP4.5
scenario, main changes take place until mid-century, followed by a slight decrease. This implies that the lake’s stratification
tendency is expected to reach its zenith during the first half of the century, with an increase of 0.06-0.09 J m™* compared to the
reference period, and remain relatively stable afterwards. In contrast, the RCP8.5 scenario projects a continuous increase of
stratification through the end of the century, with a growth of 0.04-0.07 J m™ to 2040-2060, and further 0.1-0.13 Jm™ to 2080-
2100. Based on the projected air temperature trend, the inflation of stratification tendency is expected to last approximately
until the 2090s, after which a decrease may follow. However, the extent of this decrease is uncertain, as the analysis is limited

to the period ending in 2100.
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Figure 7: Projected changes of the summer medians of potential energy indices in 2040-2060 and 2080-2100 for 95 cm water level
under the RCP4.5 and RCP8.5 climate scenarios. The black bold line represents the summer medians of the generated present, while
the blue and red bold lines denote the ensemble means of the summer medians derived from the 14 climate model results,
respectively, for the climate scenario. Shaded areas indicate the range between the minimum and maximum.

Although depth did not influence temperature significantly, it still played a crucial role in the development of stratification,
with increasing depth strengthening stratification intensity (Fig. 8.). Furthermore, greater depth amplifies the effects of climate
change, leading to even stronger stratified periods (Table 2). Therefore, the changes in stratification can be analyzed from two
different perspectives: over time and with depth. When temporal variations are assessed as a function of water depth, a
decreasing trend is evident in the relative changes in stratification, indicating that with increasing depth, the rate at which

stratification intensifies under climate change diminishes. Conversely, when stratification is analyzed over depth as a function
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310 of time, a similar decreasing trend is observed, suggesting that the influence of water depth on stratification becomes less
pronounced as time progresses.
Relative changes were calculated as a ratio of the mean medians of ¢ between the extreme cases, specifically comparing the
present and far future conditions, and the water levels of 70 and 120 cm. Under RCP4.5, ¢ decreases from 2.30 to 1.90 times
its present value in the depth-dependent analysis, and from 1.53 to 1.27 times in the time-dependent approach. Under the

315 RCP8.S, ¢ declines from 2.30 to 1.72 and from 2.28 to 1.70 times its current value in the depth and time-dependent instances,
respectively. This indicates that in a predominantly shallow environment, water depth has a crucial influence on stratification,
which is comparable to the long-term effects of climate change. A 50 cm increase in water depth is equivalent to, or potentially
greater than, the projected impact of climate change by the end of the century, contingent upon the specific RCP scenario.
When considering the combined effect of increased water depth and long-term trends, the changes in stratification become

320 more pronounced. In the most extreme case, where depth changes from 70 to 120 cm by the end of the century, the relative
changes in ¢ reach 2.92 and 3.91 times their initial values under the climate scenario, representing a notable increase compared

to the previous, less extreme cases.

1
Present
| RCP4.5 ]
diE RCP8.5
(YI),—I
g 067 1
=2y
3
2047 | I
o )
. ( ]
0.2 ) I L4 1
@
O I 1
NS I & N » NI I
> N e Q @ Q Q
Q@c’ V>V Q@o“ Vv Vv Q@e VvV
h=70cm h=95cm h=120 cm

Figure 8: Violin plots of the summer medians of potential energy anomaly indices (¢b) for the periods 2040-2060 and 2080-2100
325 under the RCP4.5 and RCP8.5 climate scenarios for various water levels (h). The dots indicate the medians.
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Table 2: Ensemble means * standard deviations of the summer medians of potential energy anomaly indices for the periods 2040—
2060 and 2080-2100 under the RCP4.5 and RCP8.5 climate scenarios by water level (h). The relative changes of ¢ are shown in bold,
all compared to the present conditions. When relative changes are indicated in both cells, they represent the cumulative effect of
increased water depth (from 70 to 120 cm) and climate change (from the present to 2080-2100).

¢ [J m3) h=70 cm h=95cm h=120 cm rel. change [-]

Present 0.12+£0.06 | 0.21 £0.09 | 0.28 £0.10 2.30 +1.42

2040-2060 0.19 £0.11 027 £0.13 0.36 £ 0.15 1.93 + 1.40
RCP4.5

2080-2100 0.18 £ 0.12 0.274+0.14 | 0.35+£0.16 1.90 + 1.51

rel. change [-] 1.53 + 1.26 1.29 + 0.89 1.27 £ 0.74 2.92 +1.97

2040-2060 0.17 £ 0.11 026+ 0.14 | 0.34 £0.16 1.99 + 1.57
RCP8.5

2080-2100 0.27 £ 0.15 0.36 +0.17 0.47+0.20 1.72 £ 1.19

rel. change [-] 2.28 +1.69 1.78 £ 1.14 1.70 + 0.95 3.91 +2.26

The number of stratified events and their cumulative duration both showed a slight increase (Fig. 9.). An event was classified
as a stable stratification if it persisted for at least 24 hours and exhibited a strength of 0.5 J m™ or higher. In Lake Balaton, this
threshold corresponds to a stable stratified state, with a 0.5 °C difference between the water surface and bottom. From a
temporal perspective, the number of stratified events is projected to increase by 0 to 2 events per summer by the end of the
century, while from a depth-related aspect, an increase of 1 to 2 events per summer is anticipated in both RCP scenarios (Table
3). The duration of these events is likewise expected to increase by approximately 0-3 days per summer throughout the
examined periods, while along depth, a 3-5 days increase is projected in response to the climate scenarios. For the number of
stratified events, the effects of water depth and climate change are nearly equivalent; however, in terms of duration, the former
has a slightly greater impact, leading to longer stratified periods. The comparison of the RCP scenarios indicates no substantial
differences overall, despite the significant disparities observed in the projected stratification strengths. This suggests that
although stratification intensity is projected to increase, the magnitude of this increase remains insufficient to substantially

counteract wind-driven mixing processes and therefore does not lead to notably more frequent or prolonged stratified events.
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345  Figure 9: Distribution of the number of summer stratified events (upper) and their cumulative duration (lower) for the periods
2040-2060 and 2080-2100 under the RCP4.5 and RCP8.5 climate scenarios for various water levels (h). The dots indicate the
medians of the datasets.
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Table 3: Ensemble means and distributions of the summer medians of the number of summer stratified events and their cumulative
350 durations for the periods 2040—2060 and 2080-2100 under the RCP4.5 and RCP8.5 climate scenarios by water level (h).

h=70 ¢cm h=95cm h=120 cm

— Present 442 612 612
E 2040-2060 542 612 742
z RCP4.5

E 2080-2100 642 642 742
E 2040-2060 5+2 6+2 742
E RCP8.5

z 2080-2100 642 742 742
= Present 10+ 4 10+5 13+£5
s

z 2040-2060 10 + 4 13+4 1545
S RCP45

2 2080-2100 10 + 4 1345 1545
[

S

& 2040-2060 9+4 1245 1445
- RCP8.5

s 2080-2100 11+4 1345 16+5

3.5 Lake heatwaves

As lake heatwaves were calculated from vertically averaged water temperatures, water depth has negligible effect on them;
Therefore, the relative changes in their frequency and duration were solely evaluated over time. There is no significant
difference in either the number of lake heatwave events or in their cumulative durations across the different time periods and
355 RCP scenarios (Fig. 10.). On average, approximately two heatwave events occur each summer across all cases, with a median
duration ranging from 18 to 20 days. Similarly, other statistical metrics, including standard deviation and the 10™ and 90™
percentiles, exhibit no substantial differences between the cases (Table 4). The only notable deviation is in the RCP8.5 scenario
for 2040-2060, where the 10" percentile of summer lake heatwave duration is 0 days compared to 6 days in other cases.
However, this discrepancy is likely attributable to the stochastic nature of the data, as all other metrics remain consistent and
360 do not indicate systematic changes. In contrast, the maximum durations show a notable deviation from present conditions.
Nevertheless, the consistency of the mean, standard deviation, and the 10" and 90 percentiles indicates that the overall
distribution of lake heatwave characteristics remains largely stable over time. This suggests that while rare extremes may occur

in the future, the typical summer behavior of heatwaves is not substantially affected.
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Table 4: Ensemble means of the medians and standard deviations of summer lake heatwave event duration, along with the 10" and
90™ percentiles and the maximum values under the RCP4.5 and RCP8.5 climate scenarios at a water level of 95 cm.
10 90t
Median Maximum
percentile percentile
Present 19+ 12 6 37 46
£
@ 2040-2060 19+ 13 5 40 71
; — RCP4.5
2z =z 2080-2100 18+ 14 5 39 81
= 2
s
o 2040-2060 18+ 14 0 40 69
E RCP8.5
2080-2100 20+ 13 6 38 70
370
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4 Discussion
4.1 Modeling uncertainty

The primary source of uncertainty in modeling arises from the downscaling and generation of wind speed data, which is the
main driving force of lake mixing. Wind forecasting poses substantial challenges within atmospheric modeling frameworks,
primarily due to the intermittent, highly turbulent, and nonlinear nature of wind variability (Shu et al., 2021; Sfetsos, 2000).
Through downscaling, the generated wind speed data exhibit a distribution similar to that of the ERAS hourly and six-hourly
datasets; however, even after bias correction, some discrepancies remain. Comparison of the probability density functions (Fig.
11.) indicates that the hourly and six-hourly ERAS5 distributions are nearly identical, reflecting the subsampling of the latter
from the former. In contrast, the generated wind speed data shows a slightly lower peak and a shift toward lower wind speeds.
In terms of range, the generated dataset spans a broader interval, exhibiting both higher and lower extreme wind speed values
compared to the other datasets. The slightly lower peak and the shift toward weaker wind speeds in the generated dataset may
lead to an underestimation of wind-driven mixing, potentially resulting in more persistent and stronger thermal stratification
periods. Conversely, the broader range and enhanced extremes may intensify mixing, promoting weaker and shorter
stratifications; however, such events are likely to have a limited influence due to their low probability of occurrence.
Nevertheless, the uncertainties associated with these effects are to some extent counterbalanced by the application of bias
correction to the modeled water temperatures and potential energy anomaly indices. Thus, while uncertainties are introduced
during the wind speed generation process, their effects are mitigated through the post-processing and are unlikely to persist in

the results.
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Figure 11: Comparison of the probability density functions (kernel density estimates) of wind speed derived from the hourly ERAS,
six-hourly ERAS, and FORESEE downscaled (generated) data for the baseline period of 2000-2020.
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A slight decrease can be observed in the relative changes in projected wind speeds by the mid-century, which becomes
somewhat more pronounced over time, depending on the climate scenario. Under RCP4.5, the annual summer mean wind
speed decreases from 3.30 to 3.26 m s during 2040-2060 and remains largely unchanged thereafter, whereas under RCP8.5 a
gradual decline is projected, reaching 3.27 and 3.19 m s™ in the respective future periods. Probability density functions further
indicate a systematic shift toward lower summer means, with only minor changes in distribution shape (not shown here),
suggesting the persistence of prevailing wind regimes at slightly reduced intensity. Although the decreases in speeds are modest
— 1.2-3.3% by the end of the century —, they are consistent with observed historical declines (Spinoni et al., 2015) and regional
projections for the Carpathian Basin (Tobin et al., 2015). However, the magnitude of these changes remains uncertain and may

still exert a significant influence on stratification conditions.

4.2 Ecological implications

The solubility of dissolved oxygen in water decreases with increasing water temperatures, thus warming reduces the
availability of oxygen for aquatic ecosystems. Therefore, the projected rise in Lake Balaton’s water temperature over the 21
century is expected to result in lower dissolved oxygen concentrations within the lake, especially when the lower water layers
are isolated from the atmosphere by thermal stratification. Consequently, the risk of oxygen depletion occurring is likely to
increase, potentially intensifying internal nutrient loading (Istvanovics et al., 2022) and contributing to more frequent algal
blooms and fish mortality. Furthermore, changes in water temperature also affect the lake’s ecosystem by altering the
composition of species, with warm-tolerant species likely to gain more ground. Elevated temperature additionally influences
growth-related processes, such as the timing of growth onset and the final attained body sizes (Mooij et al., 2008). Overall, the
increase in water temperature has several consequences that necessitate a comprehensive understanding of climate change
impacts for sustainable and long-term water management.

Honti et al. (2025) investigated changes in Lake Balaton's natural water balance through the end of the century and found that
it is projected to turn negative gradually. They evaluated the changes using the RCP4.5 and RCP8.5 climate scenarios for 24
climate models, using their ensembles to assess the projected future impacts. In both scenarios, the lake’s water level will drop
significantly, even if only temporarily, indicating the importance of an external water transfer, which is currently unresolved.
Based on their findings, it can be assumed that after 2040, the frequency of lower water levels will increase and become a
prevailing hydrological state throughout the remainder of the century, with consequential impacts on the lake’s thermal
stratification. The declining water levels are expected to weaken stratification, although the influence of climate change will
remain significant (Tables 2 and 3). Consequently, without water transfer, the lake’s stratification is likely to remain relatively
unchanged or decline compared to its current intensive stratification tendency, with corresponding changes in the frequency
of stratified events.

In addition to these projected changes, most studies indicate that lake heatwaves will become more frequent by the end of the
century, a trend consistent with rising air and water temperatures. Such projections, however, often rely on present-day or

historical periods as reference baselines. Accordingly, the changes calculated in this way quantify deviations relative to those
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conditions, serving as indicators for anticipating future climatic trends and their expected impacts on contemporary
ecosystems. Nevertheless, this baseline-dependent approach cannot fully capture how lake heatwave anomalies and their
behavior may evolve, as continued warming inherently implies an overall upward trend. To investigate expected changes in
heatwave anomalies, redefinition of the climatological baseline relative to the evolving thermal regime may be a viable
approach. By accounting for shifts in the climatological mean, changes in heatwave anomalies may be characterized more
precisely, thereby enabling investigation of how heatwave frequencies may evolve under future climate conditions and
facilitating assessment of their broader impacts. In the case of Lake Balaton, the frequency and duration of lake heatwave
events are expected to remain relatively stable, with no significant changes. Nevertheless, rare extremes may occur in the

future, imposing substantially greater stress on the lake’s ecosystem than is currently observed.

5 Conclusions

The long-term impacts of climate change on the thermal stratification of shallow polymictic lakes are largely unexplored, as
the predominantly daily or coarser resolution of climate model results limits the direct representation of intra-daily stratification
processes. This study aimed to address this gap by introducing a modeling framework that enables the downscaling of
meteorological data and the simulation of lake thermal properties at sub-daily temporal resolution, thereby supporting the
quantification of the impact of future climate projections.

Model forecasts show that the effects of climate change on lake stratification are strongly modulated by water depth, with its
relative impact diminishing as depth increases. Conversely, when examined over time, the influence of water depth weakens,
such that the temporal intensification of climate change effects on the lake’s stratification becomes progressively less
pronounced. When their synergistic interaction is considered, stratification changes exceed those arising from each factor
acting independently, indicating an overall amplification.

The number and duration of stratified events indicates that wind forcing will remain a dominant factor in regulating
stratification dynamics, even under the projected future warming. Although both metrics show a slight increase toward the end
of the century, the projected strengthening of stratification is insufficient to substantially counteract wind-driven mixing and
therefore does not translate into markedly more frequent or prolonged stratified events under either climate scenario.

Lake heatwave characteristics are projected to remain largely stable over time, indicating no substantial changes in either their
distribution or mean statistics. Although extreme events may occur in the future, the typical summer behavior of lake heatwaves
is not expected to change.

Lastly, the presented modeling framework was shown to be suitable for simulating stratification dynamics in shallow,
polymictic systems, where sub-daily temporal resolution is required to adequately capture the system dynamics. The results
demonstrate that future assessments should consider the interplay between climate change and water depth in controlling

stratification dynamics when evaluating long-term management and adaptation strategies for shallow lake systems.
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Code and data availability

The FORESEE dataset used for this work can be accessed at https://meteordata.elte.hu/FORESEE/index.html, while the one-

dimensional GOTM model at https://gotm.net/portfolio/. The ERAS5 dataset can be reached at

https://cds.climate.copernicus.cu/datasets/reanalysis-era5-land?tab=overview, while the applied weather generator is available

from the authors upon request.
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