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Abstract: Low-flow events significantly impact water users and ecosystems due to reduced
flow rates and deteriorating water quality. Elevated water temperatures during these
periods have led to economic and ecological consequences. Therefore, water temperature
is a key aspect in the context of low-flow risk analysis, and it is essential to model it accu-
rately. This study introduces a one-dimensional water temperature model optimized for
integration into low-flow risk analysis frameworks. Results demonstrate good performance
in simulating water temperatures for both rivers, with Nash—Sutcliffe efficiency values of
0.85-0.98 and root mean square errors of 0.96-1.96 K. The model was evaluated on two con-
trasting river systems: the small Selke River and the large Elbe River. The model effectively
captures anthropogenic influences and altered environmental conditions. Key factors influ-
encing water temperature varied by river size, with tributaries and shading having more
impact on smaller rivers, while air temperature was the primary driver for larger rivers. The
model’s computational efficiency enables the practical implementation of long-term risk
assessments. This temperature model fulfills the requirements for integration into low-flow
risk management frameworks, providing a valuable tool for assessing temperature-related
impacts and evaluating mitigation strategies across diverse river systems.

Keywords: water temperature; low flow; low-flow risk; consequences; low-flow risk
management; temperature modelling; high water temperature; thermal pollution

1. Introduction

The low-flow events observed in recent years have resulted in significant consequences
for water users and ecosystems. However, in the majority of events, the consequences are
not attributable to the complete desiccation of water bodies, but rather to a combination of
reduced flow rates and deteriorating water quality. While water availability is often the
primary concern during periods of low flow, the water quality is of equal, if not greater,
importance. Water temperature is a crucial component of overall water quality. It affects
many physical, chemical, and biological processes in aquatic ecosystems. Elevated water
temperatures, particularly during periods of low flow, result in significant economic and
ecological consequences. In 2018, due to elevated water temperatures exceeding 25 °C
in the Rhine, the Fessenheim and Phillipsburg nuclear power plants were compelled to
reduce electricity production, as the discharge of cooling water would have resulted in
additional thermal pollution to the river [1]. Furthermore, the Chooz and Golfech nuclear
power plants in France were compelled to reduce their output and, in some instances,
cease operations entirely in 2019, 2020 and 2022 due to elevated water temperatures in
the rivers [2—4]. Other extractors were similarly constrained by restrictions; for instance,
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irrigation was prohibited in certain regions of Europe to mitigate further increases in water
temperatures, resulting in crop losses [5]. The ecological consequences are particularly
evident and can be observed through various phenomena. A notable illustration of the
interaction between low discharges and poor water quality is the fish die-off in the Oder
River in 2022, which was precipitated by the excessive proliferation of a specific algal
species. The prevailing low-flow conditions resulted in reduced flow velocities and con-
sequently increased retention times, coupled with diminished dilution capacity, thereby
leading to elevated nutrient concentrations. The heightened water temperatures facilitated
enhanced metabolic rates, particularly for Prymnesium parvum, thus supporting a mass
algal boom [6]. Furthermore, there have been increasing ecological consequences observed
in other European watercourses. Accordingly, due to enhanced algal proliferation and
elevated water temperatures, a significant fish mortality event occurred in an oxbow lake
of the river Danube [7]. Similarly, fish mortality events attributed to water temperatures
exceeding 27 °C were observed in the upper part of the Rhine in 2018 [1]. However, it
was not solely fish that were affected; in smaller rivers, the prolonged low-flow periods
and elevated temperatures resulted in increased mortality of aquatic organisms, such as
mussels [8].

It is anticipated that the ongoing phenomenon of climate change will exacerbate
existing challenges and heighten the demand for effective management strategies [9].
The mentioned consequences demonstrate that the interaction between elevated water
temperatures and low flow can exert significant effects. These impacts necessitate mitigation
through appropriate measures, which in the case of elevated water temperatures could
include shading or the reduction of thermal pollution (e.g., cooling water). To accurately
replicate the current state and future alterations and, similarly, when selecting measures,
it is necessary to consider all aspects of a low-flow event, which can be accomplished
by implementing a holistic low-flow risk analysis. Satzinger and Bachmann (2024) [10]
propagate a holistic framework wherein water temperature serves as a critical determinant
in assessing low-flow risk. The primary objective is to utilize long-term series rather
than scenarios to circumvent the complex definition of the latter. The first step is the
meteorological analysis, where synthetic long-term weather data series are produced,
which are subsequently transformed into runoff time series within the hydrological analysis.
These serve as input data for the hydrodynamic analysis, where flow velocity, water level,
and water temperature are calculated. In the analysis of consequences, the economic
and ecological impacts are quantified using the results from the hydrodynamic analysis.
Ultimately, the damage sum is combined with the probability of occurrence to determine
risk within the risk analysis. In this approach, the temperature model plays a crucial
role in the hydrodynamic analysis, the analysis of consequences, and, consequently, the
risk analysis. Due to the long-term nature of the risk approach on one hand and the
temporally detailed temperature data requirements on the other, a model that satisfies
both criteria is necessary. This study presents a temperature model that is intended for
integration into low-flow risk analysis. Therefore, this study aims to address the following
research questions: (i) what role does water temperature play in the context of low-flow
conditions, (ii) how can water temperature be effectively determined within a low-flow
risk analysis, and (iii) is the implemented model capable of mapping altered circumstances
and anthropogenic discharges during low-flow events?

This study adopts the approach of Satzinger and Bachmann (2024) [10] and investigates
the role of water temperature in low-flow risk analysis. Initially, a concise overview
of the possible consequences of elevated water temperatures in combination with low
flow is presented, supplementing those previously mentioned. Subsequently various
methodologies for determining the water temperature in aquatic systems are presented,
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and the selected model is evaluated along the rivers Selke and Elbe. The resulting findings
are categorized and examined within the context of low-flow risk.

To appropriately consider water temperature in the context of low-flow risk manage-
ment, it is first necessary to determine its role. The focus lies on the nature and extent of the
impacts that arise from high water temperatures in interaction with low-flow conditions.
van Vliet et al. (2011) [11] show that decreasing discharges during low flow can lead to
increased warming of the river. In general, the sensitivity to warming is increased during
low flow, which is due to the reduced thermal capacity. These findings are also replicated
by other studies. Booker and Whitehead (2022) [12], in an investigation of 47 sampling
sites along rivers, demonstrated that water temperatures during low-flow events were
significantly higher. Low flow can therefore favor high water temperatures, which in turn
cause a range of ecological and economic consequences. A further critical aspect is the
occurrence of low-flow periods, which often coincide with episodes of elevated air temper-
atures and increased solar radiation. This temporal alignment subsequently contributes to
additional warming of the river. This phenomenon could be further exacerbated by climate
change [13].

From an economic perspective, high water temperatures are problematic in several
ways. Rothstein et al. (2008) [14] investigated the effects of low flow and high water temper-
atures on thermal power plants in Germany. For instance, adherence to the pertinent legal
requirements for extraction and discharge is imperative, and this frequently incorporates
minimum ecological standards and considerations for alternative water utilization. Another
issue associated with elevated river water temperatures is the reduced efficiency of thermal
power plants due to the higher ambient temperatures [15]. Furthermore, the elevation
of cooling water temperature is anticipated to enhance biofilm formation, consequently
leading to increased maintenance requirements and corrosion. As early as the beginning of
the 2000s, several thermal power plants in Germany experienced operational restrictions,
particularly during the 2003 low-flow event.

The effects of elevated water temperatures on fish and other aquatic organisms have
been extensively researched. However, the interaction between low-flow conditions and
high water temperatures has been investigated in only a limited number of studies. In their
study of North American waters, Arismendi et al. (2013) [16] found that the periods of
maximum water temperature and minimum discharge are increasingly converging. This
convergence could be further exacerbated by the ongoing changes in the climate. The
combination of low water levels and elevated water temperatures results in particularly
acute stress for aquatic organisms, as habitats are restricted and reduced in size by the low
water levels, and the high temperatures can lead to physiological stress and additional
pressure. Elevated temperatures induce alterations in the metabolism of the animals
and contribute to a decrease in dissolved oxygen concentration in the river. Bradford
and Heinonen (2008) [17] describe various effects of low flow on the ecology of small
rivers. Elevated water temperatures can create favorable conditions for invasive species,
potentially intensifying competition with native species. Reduced water levels and elevated
water temperatures can impede reproduction, as the warming of spawning and juvenile
fish habitats may result in increased mortality rates. Organic pollution, in conjunction with
elevated water temperatures, can potentially result in excessive plant growth, which may
subsequently have detrimental effects on fish and invertebrate populations.

The aforementioned consequences clearly show the eminent influence that high water
temperatures can have during low-flow periods. In addition, the effect is further intensified
by low water volumes and additional warming takes place. It can be stated that water
temperature plays a central role as a parameter within the low-flow risk analysis, especially
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as a basis for analyzing the consequences. It is therefore essential to determine water
temperatures as realistically as possible.

Various methodologies exist for predicting water temperature in flowing water sys-
tems. In addition to statistical models and artificial intelligence, both of which are predi-
cated on measured values and their subsequent analysis, modelling utilizing deterministic
or process-based models is also feasible. A selection of exemplars is presented below to
provide a concise overview of the diverse approaches available.

Firstly, data-driven models, which are among the most straightforward models to
utilize, will be presented. Rabi et al. (2015) [18] describe the utilization of linear regression
to calculate water temperature based on air temperature. The stochastic modelling in
the study involved predicting river water temperatures as a function of time, separating
the temperature data into long-term periodic (seasonal) and short-term components. The
results demonstrate an improved predictive ability when employing the stochastic calcula-
tion. van Vliet et al. (2011) [11] utilize a non-linear regression and incorporate the discharge
as a second parameter in addition to the air temperature in order to accurately capture
the influence of the flow on the temperature. The implementation of the two-parameter
non-linear regression function demonstrated improved results. A frequently utilized model
is the air2stream model developed by Toffolon and Piccolroaz (2015) [19], which employs a
hybrid approach. It incorporates the principles of heat transfer and the influence of environ-
mental factors, such as air temperature and discharge, which are crucial for comprehending
how these variables affect river water temperature. The model utilizes statistical techniques
to adjust the model based on observed data, enabling it to better align with real-world con-
ditions without relying on a large set of empirical relationships. Benyahya et al. (2007) [20]
conducted a review of existing statistical approaches for water temperature models.

Zhu et al. (2018) [21] employed three distinct machine learning models to estimate
daily water temperatures in the Missouri River. They conducted a comparative analysis
with statistical and stochastic approaches, demonstrating that the artificial intelligence
models were capable of surpassing the performance of these traditional methods. Feigl et al.
(2021) [22] evaluated six artificial intelligence models in highly heterogeneous catchments
in Austria and compared these results to air2stream and linear regression. The study
demonstrated that machine learning approaches were capable of improving results by
up to 64% compared with statistical modelling. Zhu and Pitrowski (2020) [23] review
various machine learning techniques and provide a comprehensive overview of artificial
intelligence in water temperature modelling. Statistical approaches, irrespective of their
nature, possess the significant advantage of predicting water temperature utilizing minimal
parameters and with exceptionally brief computation times. Nevertheless, fluctuating
conditions can present a substantial challenge for statistical models and artificial intelligence
models alike. These methodologies utilize long-term measurement data, and the models are
trained on these datasets to elucidate the relationships between the parameters. In the event
of a fundamental change, such as the cessation of water extraction at varying temperatures,
the temperature regime of the water body undergoes a complete transformation. Given that
statistical analyses and most artificial intelligence models are predicated on correlations
between one or two parameters, alterations based on parameters not incorporated in these
models are not adequately represented. Consequently, such models are not suitable for
modelling water temperature in the context of low-flow risk management, as potential
mitigation measures cannot be sufficiently represented within the existing frameworks.

Deterministic (process-based) models are predicated on physical processes, which, on
the one hand, facilitates highly accurate results, while, on the other hand, necessitating
substantial data requirements and computational resources. Considering these aspects,
it is imperative to establish an optimal balance between accuracy and practical applica-
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bility. Various models are currently extant; however, they possess distinct characteristics,
primarily attributable to the specific application objectives of each model. To obtain a com-
prehensive overview of the diverse models and their availability, we recommend Dugdale
etal. (2017) [24]. Information regarding the relevant heat fluxes can also be found ine.g.,
Webb et al. (2008) [25]. A concise overview of applicable models is presented below.

Westhoff et al. (2007, 2011) [26] present an energy balance model that computes the
temperature distribution along a stream by incorporating various energy fluxes, including
solar radiation and lateral inflows from groundwater. It utilizes high-resolution tempera-
ture data obtained from a sensing system, allowing for precise calibration and a detailed
understanding of stream temperature dynamics. The model is well suited; however, the
high accuracy requirements of the data may potentially impact its practicability. Gallice
et al. (2016) [27] developed the model StreamFlow, a semi-distributed model that integrates
the simulation of both streamflow discharge and stream temperature, specifically designed
for high alpine environments. It employs a modular structure that facilitates various
modelling approaches, enhancing the accuracy and reliability of hydrological and thermal
predictions in response to climate change. Streamflow is only partially suitable, as the focus
on alpine rivers allows only a limited transferability to other rivers. Nevertheless, certain
components of the model can be applied to other contexts. The heatsource model developed
by Boyd and Kasper (2003) [28] is one of the most frequently cited models in the field of
water temperature modelling. The model incorporates various heat exchange processes
and utilizes highly detailed equations to determine heat fluxes. Factors such as shading
due to topography and vegetation, as well as inflowing water, are also taken into consider-
ation. It is therefore frequently utilized as the foundation for more advanced temperature
models. The comprehensive consideration of all aspects and the resulting formulae, which
necessitate an extensive amount of input data, render the model challenging to implement
in certain contexts.

The presented temperature models are individually suitable for modelling river water
temperatures. In the context of low-flow risk, the correct representation of influences due
to low flow and the transferability to rivers of all sizes and characteristics are of crucial
importance. An additional factor influencing model selection is practicability, which is
determined by the available input data characteristics in terms of quantity and quality. On
the one hand, adequate precision is requisite, as the results are subsequently to be utilized
to evaluate the implications of low-flow events. On the other hand, the modelling of
long-term time series (e.g., several hundred years) renders computational time a significant
factor, which in turn is influenced by the complexity of the model and the volume of data.
To fulfil these requirements, components of the aforementioned models are adapted and
integrated into a novel water temperature model for a low-flow risk analysis.

2. Materials and Methods
2.1. Framework for Low-Flow Risk Analysis

The modelling of water temperatures in the context of low-flow risk management
entails specific requirements. The basis of low-flow risk management is the low-flow
risk analysis. Therefore, Satzinger and Bachmann (2024) [10] developed a comprehensive
low-flow risk approach to determine the low-flow risk for rivers. The approach encom-
passes various analyses, which are conducted through methods such as modelling. The
fundamental concept involves utilizing long-term time series rather than scenarios, thereby
circumventing the complex process of scenario definition. The initial phase of the holistic
low-flow risk analysis involves meteorological analysis, employing a statistical weather
generator to produce synthetic long-term weather data series. To this end, long-term
meteorological data from the meteorological analysis is transformed into discharge time
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series in the hydrological analysis. These discharge time series are subsequently utilized as
input data for the hydrodynamic analysis, which calculates the water levels, flow velocities
and water temperatures in the river. A one-dimensional river model, a bidirectionally
coupled two-dimensional groundwater model for the consideration of exfiltration and
infiltration, and a unidirectionally coupled one-dimensional water temperature model are
employed in this analysis. While bidirectional coupling involves an exchange between
the coupled models and consequently mutual influence, unidirectional coupling entails
only a transfer of results from the 1D river model to the temperature model, where these
are utilized for calculations. Thus, there is no influence of the temperature modelling
on the 1D river model, although there is an influence in the opposite way. Based on the
outcomes of the hydrodynamic analysis, the assessment of consequences is applied to
ascertain the socio-economic and ecological consequences. Subsequently, the losses are
aggregated in the risk analysis and divided by the number of modelled years to derive
the risk. The requisites from the risk approach to temperature modelling are elucidated
in further detail below. The water temperatures must be modelled as a long-term series,
analogous to the risk approach. Satzinger and Bachmann (2024) [10] previously noted in
their study that calculation time is a crucial factor for practicability. Consequently, the
development of a temperature model should consider the computational time required.
Another critical aspect is the holistic approach, which necessitates the consideration of a
range of factors, including anthropogenic influences. It is imperative that these influences
be accurately represented in a temperature model for the purposes of low-flow risk analysis.
Furthermore, the transferability between rivers is of significant importance, as the model
should be representative of a diverse range of rivers, from small watercourses such as the
Selke to large waterways such as the Elbe. The coupling between the one-dimensional river
model and the temperature model is unidirectional. Consequently, the results of the river
model, specifically the parameters of discharge, flow velocity, water level and width, can
be utilized.

2.2. Approach for Water Temperature Modelling

The basis for calculating temperature transport is the one-dimensional heat energy
transfer equation, which comprises an advective component and a dispersive component.
In the model, the dispersive component is disregarded due to the assumption of complete
mixing. Advection describes the transport of temperature along the longitudinal course
and is primarily dependent on the flow velocity. In this paper, a specified version of the
basic one-dimensional heat advection-dispersion equation by [24,29] is utilized. The basic
one-dimensional heat energy transfer equation is as follows:

2

%:—Ux%+DLx§TZ+AT, (@)
where T is the river temperature [K], ¢ is time [s], x is distance [m], U is the average
longitudinal flow velocity [m s 1], Dy is the longitudinal dispersion coefficient [m2s1]
and AT is the temperature change due to heat fluxes [K s~!]. The advective component
of the Equation (1) encompasses the product of flow velocity, as this is crucial for the
transport process, while the dispersive component comprises the product of the dispersion
coefficient. Equation (1) was reformulated utilizing an implicit upwind scheme due to
its inherent stability and robustness in solving advection-dominated transport problems.
Unlike explicit schemes, which are often limited by stringent time step constraints to satisfy
the Courant-Friedrichs-Lewy (CFL) condition, the implicit approach allows for larger time
steps without compromising numerical stability. In the numerical formulation, the cross-
sections of the 1D river model represent the spatially discrete nodes, where temperature
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and flow properties are computed. The upwind discretization specifically accounts for the
direction of flow, ensuring that the solution respects the physical characteristics of advection.
This makes it particularly suitable for problems where sharp gradients or steep fronts need
to be captured accurately while minimizing numerical diffusion and oscillations [30].
The transformed equation—neglecting dispersion due to assumed complete mixing—is
subsequently presented in the following form:

3l () x (11

I ) eos o
AP0 Ax AL AT, @
1

where T is the river temperature [K], f is time [s], x is distance [m], u is flow velocity [m s71]
and AT is the temperature change due to external heat fluxes [K s~ 1]. The flow velocity can
be ascertained from the previous hydraulic computation, given that the interaction between
the 1D river model and the temperature model exhibits unidirectional coupling. Inflows
are not considered in the formula and must be accounted for separately, which is achieved
using Equation (3). As described, the equation considers temperature transport through
advection processes and the temperature change due to external heat fluxes. As an upper
boundary condition, a hydrograph of water temperature must be specified in the model,
ensuring that the first cross-section is always covered by the boundary condition. In the
subsequent cross-sections, the temperature calculation is performed using the described
method. At the final cross-section, specifying a boundary condition is unnecessary, as the
upwind scheme prevents the influence of downstream cross-sections.

The temperature variation in the river is predominantly attributable to exchange pro-
cesses. Figure 1 presents an overview of the diverse heat fluxes and processes involved in
heat exchange and transport, which are denoted by arrows. In addition to the inflows to the
river, the heat fluxes ¢y, calculated in Equation (5) play a crucial role in this phenomenon.

e e R N
“longwave radiation heat fluxes
® 7

(vegetation, Iar]durface, etc.) - @l

gt
.l
convection & evaporation g
heat fluxes - pc & peva

SR

in-/exfiltratio

Figure 1. Overview of considered processes in the temperature model (adapted from [23]).
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As previously mentioned, the inflow of tributaries or anthropogenic discharge is not
considered in Equation (2). To account for inflows from various sources, such as tributaries,
groundwater or anthropogenic discharge, the mixing equation from [24,29] is utilized. For
this purpose, it is necessary in each calculation timestep to compute the water temperature
after complete mixing with the inflowing water instead of calculating the temperature
change due to heat fluxes. The selected methodology is deemed appropriate as it offers a
straightforward and precise solution for the amalgamation of inflowing water temperatures
based on known flow rates and temperatures. This explicit solution is favored as it directly
calculates the mixed temperature without necessitating iterative solvers or additional
computational complexity. Given that the formula is linear and independent of temporal
or spatial discretization, it circumvents potential numerical instability issues, rendering it
both efficient and reliable for pre-calculating the initial temperature distribution. This is
accomplished using the following formula:

j j+0.5 j+05 _ Aj+05
(Ti—l Qi )t (Tin % Qi
j+05 | ~j105 ’
<Qz‘,r + Qiin )

J+
T, =

®)

where Q, [m® s71] denotes the discharge of the river itself and Q;, [m3s1] represents the
inlet discharge. T; [K] indicates the temperature prevailing in the river and Tj, [K] signifies
the temperature of the inflowing water.

For the subsequent parameters, as described above, indexing occurs at timestep j + 0.5
at location i. For the sake of clarity, this will not be mentioned hereafter.

Temperature changes resulting from radiative influences or exchange processes with
the riverbed are accounted for by the term AT, which is calculated using the following
formula according to [28]:

AT = Ptotal , ( 4)
Pw X Cyp X WSP

Herein, ¢op [J m 2s71] encompasses the sum of all heat fluxes, py [kg m 3] denotes
the density of water, ¢, [J kg~! K~!] represents the specific heat capacity, and wsp [m]
signifies the water depth.

The sum of all heat fluxes yields the parameter ¢;y,;. The formula was derived
from [27].

Ptotal = Pred+ P + Peva + Q1w + Ps, )

The following partial flows are considered: @p; [J m~2 s~!]—heat flux at the riverbed,
ecl) m 2 s~ 1]—heat fluxes from convection, Peva [J m 2 s~ 1]—heat fluxes from evaporation,
@1 [ m~2 s~ 1]—heat fluxes from longwave radiation and @ [J m~2 s~!]—heat fluxes from
solar radiation. A comprehensive explanation of the calculation of the respective partial
flows is provided in Appendix A, as including it here would exceed the scope of this section.

The presented equations constitute the foundational structure of the HYD-Temp
temperature model. The HYD-Temp sub model is part of the software package LoFloDes
(version 0.1) [31], which is an open-source software written in C++. The model was
developed to ascertain the temperature transport and evolution in the longitudinal course
of the river. Given that a one-dimensional calculation approach is employed, complete
mixing of the river is presumed.

2.3. Case Study
2.3.1. Study Area

As itis intended for holistic low-flow risk analysis, the model necessitates performance
across diverse river systems. Consequently, it is evaluated on the Selke, which exemplifies
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small creeks, and the Elbe, which is representative of large rivers. The selected rivers are
utilized as representative samples to evaluate the effectiveness of the proposed approach.
The findings suggest that the approach’s effectiveness can be extrapolated to other rivers
of similar size. The objective of the proposed approach is not to facilitate a direct transfer
of the results to another, albeit similar, catchment. Figure 2 illustrates the geographical
locations of the Selke (left) and Elbe (right) rivers in Europe, as well as the land use patterns
and topographical elevations within their respective catchments.

=== 1D-model river Elbe & Selke
— river Elbe & Selke

Land use

Il Urban areas

I Industrial or commercial units

Il Mineral extraction sites
Farmland

[ Broad-leaved forest

I Forest

[ Mixed forest
Water bodies

0 50 100 km

— river Elbe & Selke

Elevation [MNHN]
1602

o

Figure 2. Overview of land use (upper left and right), geographical position (central) and elevation
(lower left and right) of the Selke and Elbe rivers.

The Selke (see Figure 2, left), a tributary of the Bode, is part of the Elbe basin in Ger-
many. Spanning 64 km, the Selke drains about 470 km? in the southeastern Harz Mountains.
The upper and initial midstream sections of the Selke catchment feature steep terrain with
elevations from 150 to 589 m NHN (German height system referencing the Amsterdam
Ordnance Datum) and is mainly forested. As the river progresses through lower midstream
and downstream areas, it traverses an agricultural lowland with heights between 83 and
150 m NHN. The diverse landscape results in varying precipitation and temperature. The
Selke basin has a temperate climate, with average annual rainfall of 660 mm and a mean
yearly temperature of about 10 °C. The catchment area has four gauging stations. The
Guentersberge gauge, at the Muehlenteich reservoir’s outlet in Guentersberge village,
monitors a 26 km? catchment area. Water temperature data are available from June 2022
and are influenced by the reservoir. In the upstream part of the Selke, the Silberhuette
gauge oversees a 105 km? catchment, with temperature data available from 1995 onwards.
The Meisdorf station, positioned midstream at river km 29.4, covers a 189 km? upstream
catchment, marking the end of the mountainous area and the beginning of the lowlands.
Water temperatures have been measured since August 1997. Near the river’s mouth at
river-km 5.5, the Hausneindorf station encompasses almost the entire river catchment,
measuring 456 km?, with water temperature data available from 2021.

The Middle Elbe is a 490 km long section of the Elbe (see Figure 2, right), which has a
total length of 1094 km. It stretches from Castle Hirschstein at river-km 96 to the Geesthacht
weir at river-km 586, the last point uninfluenced by the tide. This paper focuses on the part
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between Prettin, near the border of Saxony and Saxony-Anhalt, and the Geesthacht weir.
Several significant tributaries converge into this section. This segment has been optimized
for navigation through groynes. Apart from the Geesthacht weir, the Elbe remains free
flowing here. The catchment area is predominantly characterized by agricultural and
forestry utilization, and some urban areas. At the Magdeburg-Strombruecke gauge, the
average discharge is 544 m®/s, and the average low-flow discharge is about 211 m3/s. The
annual mean air temperature is approximately 10 °C, placing the region in the temperate
climate zone. Various gauges along the river record discharge, water level, and sometimes
water temperature. The Elbe catchment area, approximately 148,268 km?, exhibits highly
variable precipitation, ranging from less than 400 mm/a in parts of Saxony-Anhalt to over
1400 mm/a in the Giant Mountains (Czech Republic). The mean annual precipitation
is approximately 628 mm. The Elbe originates near the Snézka at about 1602 mNHN
and drains some middle-sized mountain regions. However, less than two percent of the
catchment area exceeds 800 mNHN. This is critical for low-flow discharge, as it results in a
lack of glacial support and minimal snow contribution, unlike alpine rivers [32]. Low-flow
characteristics are influenced by reservoirs, primarily along tributaries, which elevate low
water levels. The Elbe has historically experienced many low-flow events, as evidenced by
hunger stones [33]. While reservoirs have ameliorated low-flow conditions, several events
occurred between 2015 and 2022, with 2018 being particularly notable. The frequency of
days with water temperatures exceeding 25 °C is increasing [34], and climate change is
expected to exacerbate this phenomenon.

2.3.2. Model Set-Up

Usually, long-term data series are utilized for low-flow risk analysis based on Satzinger
and Bachmann (2024) [10]. Therefore, long-term meteorological data would be utilized
and transformed into runoff series. In this study, however, the temperature model is to
be examined as a part of the risk approach. To assess the developed model, it is essential
to conduct the evaluation using historical data. Consequently, the period from 1990 to
2020 is modelled on both rivers in order to evaluate the accuracy and applicability of
the developed model. During the period under examination, alterations occurred due
to changes in land use and construction activities, like removing some weirs along the
Selke and a reduction in water abstraction on the Elbe. However, the impact on water
temperature remains relatively minor and can therefore be considered negligible. For
the Elbe, a one-dimensional river model comprising 4136 cross-sections with an average
distance of approximately 100 m was employed. The discharge data of the Elbe itself
and the Schwarze Elster, Mulde, Saale, Ohre and Havel tributaries were provided by the
Federal Institute of Hydrology (BfG) and applied as boundary conditions. Since 1998,
water temperature measurements have been recorded for the Schwarze Elster, Mulde,
Saale, and Havel rivers—the most hydrologically significant tributaries of the Middle
Elbe—as well as for the Elbe itself at the Dommitzsch gauge station. However, due to data
gaps, especially during periods of low flow, statistical modelling was employed using the
air2stream model [19] to address these limitations. This enables the generation of complete
data series between 1990 and 2020, which are then utilized as boundary conditions in
the modelling process. The temperature model’s boundary conditions are established
using meteorological information obtained from several German Weather Service (DWD)
stations. These include Wittenberg, Magdeburg, Seehausen, Boizenburg and Gardelegen
(see Figure 3). The requisite meteorological data are obtained from these locations to fulfil
the model’s requirements. Figure 3 provides an overview of the weather stations (orange)
and gauge stations (blue) along the Selke (left) and the Elbe (right).
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Figure 3. Overview of the different gauge and weather stations along the Selke and Elbe rivers.

A 1D river model was constructed for the Selke with 1247 cross sections and 50 m
spacing, extending from Guentersberge gauge to the mouth of the Bode. Discharge data
and temperature measurements from Selke gauging stations were provided by the Saxony-
Anhalt State Office for Flood Protection and Water Management (LHW). A discharge
ratio is determined using measured discharges from tributaries. The discharge at each
monitoring point is allocated to two upstream tributaries by the ratio. The remaining
discharge is incorporated through diffuse inputs. The groundwater model for near-surface
groundwater is under development and not utilized. Due to insufficient data for the
temperature model’s upper boundary condition, as Guentersberge measurements only
started in 2022, we used the air2stream [19] to model a time series from 1990 to 2020.
Tributary water temperatures were incorporated using measured values, interpolated and
applied to other years. The temperature model’s boundary conditions use meteorological
data from the following German Weather Service (DWD) stations: Harzgerode, Brocken,
Halle-Krollwitz, Wernigerode, Aschersleben-Mehringen, and Quedlinburg.

To determine if the model represents anthropogenic use and altered circumstances
accurately, a subsequent simulation is conducted for the rivers. In the second simulation,
shading along the Selke was reduced, setting the shading factor uniformly to 50%. This
examines whether the model can represent reduced shading effects, such as from regional
forest dieback. In the Elbe’s second simulation, a heat discharge from a hypothetical indus-
trial plant in Magdeburg was simulated to assess the model’s reflection of anthropogenic
influences. The model simulates a water withdrawal of 20 m3/s, discharged in the Elbe
2000 m downstream with a 4 K temperature increase.

3. Results
3.1. Results for the Selke

Figure 4 compares the results from the 1D river model with the measured values for
discharge and water level at the three gauging stations along the Selke. The outcomes of the
1D river model demonstrate a strong correspondence with the annual patterns of the mea-
sured discharge curves. Subsequently, statistical metrics are presented to assess the quality
of the model results. Some deviations can be seen, mostly during flood periods. For the



Water 2025, 17, 1247

12 of 25

low-flow periods the results are quite good. The 1D river model’s outcomes, encompassing
discharges and water levels, exhibit strong correlation with observed data during low-flow
periods across the three Selke gauges. Quality coefficients further validate the model’s
performance. For river discharge, the Nash—Sutcliffe model efficiency coefficient (NSE,
optimal value of 1) [35] yields 0.99 (Silberhuette), 0.99 (Meisdorf), and 0.97 (Hausneindorf),
while the root mean square error (RMSE) amounts to 0.17 m3/s (Silberhuette), 0.17 m3/s
(Meisdorf), and 0.43 m?/s (Hausneindorf), indicating robust model quality. An analysis
of water levels below the mean minimum water level reveals RMSE values ranging from
0.07 m at both Silberhuette and Meisdorf gauges to 0.09 m at the Hausneindorf gauge.
Although simulated water levels mirror the pattern of measured data, they frequently
surpass or fall short of actual readings. This discrepancy becomes more pronounced during
medium and high discharge events. However, the model demonstrates good agreement
with measured values during low-flow periods.
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Figure 4. Comparison of modelled and measured discharges and water levels along the Selke.

Figure 5 presents a comparison between the results of the temperature model (red) and
measured water temperatures (black) at three gauge stations along the Selke. The measured
values are only partially available for Silberhuette and Meisdorf, as measurements at
Hausneindorf commenced in 2021. The upper row displays the complete time series, while
the bottom row illustrates a ten-day period between 1 September 2015 and 10 September
2015. This time period represents a low-flow event and serves to demonstrate the correlation
with measured values. The low-flow event of 2018 would be well suited for this purpose;
however, due to the limited availability of measured values during the low-flow event of
2018, the period of 2015 was selected for analysis. For the temperature model the long-term
results show a good alignment with the measured values. It is evident that the model
overestimates the water temperature during winter periods. At the Meisdorf gauge, peak
temperatures are partially overestimated in the summer months (normally under 2 K),
while the highest level of agreement is observed in spring and autumn. Conversely, at the
Silberhuette gauge, the peak temperature in the summer months is underestimated. The
observed daily fluctuation range (up to 10 K per day) in the measured values exceeds that
of the modelled values (up to 5 K per day). A plausible explanation for this discrepancy is
the significant anthropogenic influence, exemplified by the mine water purification plant
on the Uhlenbach river. This facility discharges water at a temperature range of 281 to
283 K throughout the year. Analysis of the Silberhuette gauge yielded an NSE of 0.88 and
an RMSE of 1.61 K. Similarly, the Meisdorf gauge exhibited an NSE of 0.85, corresponding
to an RMSE of 1.96 K.
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Figure 5. Comparison of modelled and measured water temperature along the Selke (upper part:
long-term; bottom part: low-flow period).

Figure 6 shows a longitudinal profile of the temperature gradient along the Selke for
three different scenarios (dates) showing the initial condition and the condition with less
shading. The water temperature varies along the river and is influenced by the tributaries
which are shown as blue vertical lines (dashed blue). The three selected dates represent
distinct scenarios: low-flow, summer, and winter. It can be observed that the highest
temperatures occur during the summer period and do not necessarily coincide with a low-
flow event. The temperature increases along the longitudinal profile of the Selke, which is
typical for creeks and small rivers. In winter, the effect of warming along the river course
is not evident, as temperatures remain relatively constant. The intra-annual fluctuation
range between summer and winter is approximately 15 K. The date 10 September 2018 is
representative of low-flow periods, as low-flow conditions prevailed at that time, and the
lowest discharges typically occur in this period. It is evident that the water temperature of
the Selke during low-flow conditions is significantly influenced by the water temperature
of its tributaries. The confluence of the Roedelbach and Uhlenbach rivers results in a
decrease in water temperature, which can be attributed to anthropogenic influences (mine
water purification plant, Kiliansteich reservoir) on one hand and the naturally cool summer
temperatures of those creeks themselves on the other. To obtain an overview of a typical
summer day, 29 June 2018 was selected, as the peak temperatures for the entire year occur
during the period of June, July and August. The temperature profile is comparable to
that observed during low-flow conditions; however, the cooling effect of the tributaries
is diminished, and the overall temperatures are elevated. The data from 15 January 2018
represent the temperature gradient during winter periods. It can be clearly observed that
temperatures along the river are nearly constant, due to low air temperatures and solar
radiation and that there are thus minor changes in temperature due to heat fluxes. The
Uhlenbach slightly alters the temperature, due to higher winter temperatures resulting
from anthropogenic influence. The longitudinal profiles of the Selke demonstrate that
the model adequately reflects the influence of tributaries. The results of the calculation
for the condition with less shading demonstrate increased temperatures compared with
the initial condition for the summer and low-flow scenarios, which increase along the
longitudinal profile. In winter, hardly any difference is discernible. The course of the
temperature gradient along the longitudinal profile, however, remains predominantly
similar to the initial condition. Nevertheless, it is observable that, particularly in the area
of the confluence of tributaries, there is an overlapping effect and a reduced influence
of shading.
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Figure 6. Longitudinal temperature gradient along the Selke River for different scenarios.

The effects of enhanced shading in the upstream and downstream sections of the Selke
are illustrated in Figure 7. Figure 7 presents the difference (deep blue) between the modelled
results for the initial conditions (red) and the scenario with less shading (green). The bottom
row of the plot depicts the difference (blue-grey) between the two conditions. It is evident
that warming occurs across all sections. While the maximum deviation at the Silberhuette
gauge remains approximately 0.41 K, the temperature in the Meisdorf area increases by
up to 1.08 K compared with the initial condition. At the Hausneindorf gauge, however,
the maximum temperature difference is approximately 0.85 K. The minimal increase at the
Silberhuette gauge can be attributed to two factors. Firstly, the upstream section is relatively
short, which results in the effect of reduced shading being less pronounced. The influence
of the two tributaries, Roedelbach and Uhlenbach, which flow into the Selke shortly before
the gauge station, is more significant in determining the temperature development in this
section of the Selke (see Figure 6). The cooling effect of these two tributaries is predominant
compared with other factors, consequently diminishing the impact of increased radiation
due to the less dense shading. The highest warming is observed in the Meisdorf area, which
can be explained by the lack of (cooling) tributaries. In contrast, a lower maximum warming
was observed at the Hausneindorf gauge, which has the longest upstream flow section
compared with the Meisdorf gauge. This can also be explained by the effect of a tributary,
namely the Hauptseegraben, which supplies cooling water. The Hauptseegraben flows
directly upstream of the gauge and has a significant influence on the water temperature. In
addition, the outflow is greater than at the Meisdorf gauge, which is why heating the water
requires a higher energy input, which further reduces the influence of reduced shading.
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Figure 7. Comparison of the model results for the initial condition and increased shading.

3.2. Results for the Elbe

Figure 8 compares the results from the 1D river model with the measured values at
the gauging stations along the Elbe.The results of the hydrodynamic modelling utilizing
the 1D river model of the Middle Elbe demonstrate good agreement with the measured
discharge curve. Moreover, statistical metrics are employed to illustrate the model’s quality.
The NSE value for the modelled discharge at the Lutherstadt-Wittenberg, Aken, Barby,
Magdeburg-Strombruecke, Tangermuende and Wittenberge gauge stations is 0.99. Only
the Neu Darchau gauge station features an NSE value of 0.98. This indicates a strong
correlation between the modelled discharge and the measured discharge. The RMSE,
when considering all discharge values, ranges from 41.34 m?/s at Lutherstadt-Wittenberg
to 128.82 m3/s at Neu Darchau. During the low-flow periods, the deviations decrease
significantly, ranging between 10.06 m3/s at Lutherstadt-Wittenberg and 28.06 m3/s at
Neu Darchau. Given the comparatively high discharges, with mean minimum discharges
of 138 m?/s at the Lutherstadt-Wittenberg gauge and 275 m®/s at the Neu Darchau gauge,
the deviations appear to be tolerable. When solely considering water levels below the mean
minimum water level, the RMSE for the calculated water levels ranges from 0.10 m at the
Magdeburg-Strombruecke gauge to 0.375 m at the Neu Darchau gauge. Nevertheless, the
water levels demonstrate satisfactory concordance, exhibiting minimal deviations at low
flow, and can thus serve as a foundation for modelling the water temperature.
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Figure 8. Comparison of modelled and measured discharges and water levels along the Elbe.



Water 2025, 17, 1247

16 of 25

Figure 9 compares the results from the water temperature model with the measured
temperatures along the Elbe.The modelling of the water temperature demonstrates favor-
able outcomes along the Elbe. Due to the limited availability of water temperature data,
comparison with measured water temperatures is only feasible to a limited extent. At the
Lutherstadt-Wittenberg gauge, measurement data are available for the years 2015 to 2017.
For this measurement period, the modelled values exhibit an NSE of 0.98 and an RMSE
of 0.96 K. The measurement data at the Magdeburg-Strombruecke gauge span from 1995
to 2015, albeit with significant gaps. The concordance of the modelled data, as indicated
by the NSE, is 0.97, with an RMSE of 1.14 K. The Cumlosen gauge, which can be seen in
Figure 3, has been recording the water temperature of the Elbe since 1997. The NSE is
0.97 and the RMSE is 1.25 K. The most extensive measurement data series is located at the
Schnackenburg gauge. The NSE at this location is 0.95 and the RMSE is 1.59 K.
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Figure 9. Comparison of modelled and measured water temperature along the Elbe.

Figure 10 illustrates the longitudinal temperature profile of the Elbe for various scenar-
ios. The scenarios are similar to the Selke: summer (29 June 2018), low-flow (10 September
2018) and winter (15 January 2018). The blue dashed vertical lines denote the tributaries
considered in temperature modelling, while the dashed orange vertical lines indicate the
points where the hypothetical industry park extracts and discharges water back into the
Elbe. The water temperature in the longitudinal course of the Elbe exhibits a consistent
pattern or slight decrease in both summer and low-flow scenarios. Conversely, during
winter, an increase in temperature is observed along the longitudinal course. The highest
temperatures are recorded in summer, although the difference compared with low-flow
conditions is minimal. The temperature differential between summer and winter is ap-
proximately 20 K. The temperature profile indicates that tributaries exert only a marginal
influence on the water temperature. This phenomenon is attributable to two factors: firstly,
the low water volumes of the tributaries relative to the Elbe discharge, and secondly, the
minimal differences in water temperatures. Only the Havel demonstrates a slight influence.
The influence of the fictitious industry park is clearly discernible. During the winter months,
the influence is minimal and nearly attains the original temperature level shortly after
the discharge. In summer, however, there is an observable increase in temperature at the
discharge point, which remains elevated until the end of the model, at a distance of over
250 km. The phenomenon is more pronounced during periods of low flow. The rise of
the temperature and the deviation from the initial condition are comparable to the trend
observed during the summer scenario; however, the increase is more substantial.
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Figure 10. Longitudinal temperature profile along the Elbe.

Figure 11 presents a comparison between the model results for the initial condition
(red) and the industrial park (green) with the difference (blue-grey) in the bottom row and
the difference over the whole time period in the upper part. To elucidate the influence
on a smaller scale, four points are considered: Herrenkrug_bridge (where the water is
withdrawn), port_entrance_south (where the heated water is discharged back) and the
downstream points port_entrance_north (1000 m) and Autobahn_A2_bridge (5000 m).
These points facilitate a more detailed analysis of the small-scale influence, in contrast to
Figure 10. At the Herrenkrug bridge, no measurable influence is observed, as the only
change is the withdrawal of water from the Elbe. The quantity of water withdrawn alone
does not influence the water temperature to a measurable degree. The water from the
hypothetical industrial park is discharged about 100 m upstream from the port entrance
south site. An increase in water temperature can be observed at this location, with the
maximum difference being 0.70 K. It is noteworthy that the greatest deviations occur dur-
ing low-flow periods, such as those in 2018 and 2019. At the port_entrance_north site,
situated approximately 1000 m downstream from the discharge point, an elevation in
water temperature remains observable. The maximum deviation from the initial condition
is approximately 0.63 K. The Autobahn_A2_bridge site, located approximately 5000 m
downstream of the discharge point, also exhibits an increase in water temperature. The
maximum deviation of approximately 0.63 K is similar when compared with the upstream
observation point. Consequently, the impact of the discharge is detectable over extensive
distances and exerts a substantial influence on downstream areas. As Figure 10 points out,
there is an influence over the whole river downstream from the discharge point. Neverthe-
less, it is evident that the temperature differences along the longitudinal profile diminish,
and the curves converge further. The influence of thermal pollution on watercourses aligns
with the findings of [36].
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Figure 11. Comparison of the model results for the initial condition and industry park.

4. Discussion

In the context of holistic low-flow risk management, practicability plays a significant
role, as it encompasses various aspects that necessitate consideration in the modelling
processes. Due to the long-term series of, for example, several hundred years, calculation
time can emerge as a substantial disadvantage of the risk approach. The simulations were
performed on a Lenovo ThinkPad P15s laptop, equipped with an 11th Gen Intel Core
i7-1165G7 processor (4 cores, 2.8 GHz base clock) and 32 GB DDR4 RAM and an NVIDIA
Quadro T500 GPU with 4 GB VRAM. The calculation time for the 1D river model in
LoFloDes was 220 min for the Selke and 1382 min for the Elbe. The subsequent calculation
of the water temperature using HYD-Temp required 110 min for the Selke and 561 min for
the Elbe. A period of 31 years was modelled for both rivers, resulting in a calculation time
of approximately 10.7 min per modelled year for the Selke and approximately 62.7 min per
modelled year for the Elbe. In the context of low-flow risk management with a time series
of, for instance, 100 years, the hydrodynamic analysis without a groundwater model results
in a calculation time of 1070 min for a small river such as the Selke and 6270 min for a large
river such as the Elbe. The computational time enables the execution of multiple model
iterations within a feasible timeframe of several weeks. Although these computational
requirements necessitate a considerable amount of time, the approach remains suitable for
implementation in low-flow risk analysis.

In addition to the aforementioned considerations, the quantity of data required for the
calculation is a significant parameter. In the temperature model we presented, the input
data requirements are contingent upon the desired output. For instance, if the analysis of
consequences necessitates a temporal resolution of 1 h, input data with correspondingly
high precision is essential. Conversely, if only weekly values are required as output, data
with a lower temporal resolution may suffice. Irrespective of the specific requirements,
high-quality data with a high temporal resolution consistently ensure realistic results. The
requisite input data for the presented model comprise data from the one-dimensional river
model and meteorological data. The necessary meteorological parameters, including air
temperature, humidity, global radiation, and wind speed, are available in numerous regions
and are frequently accessible to the public. The shading, which must also be taken into
consideration, can be estimated utilizing various methodologies, such as those described
in Li et al. (2012) [37]. The primary challenge concerning the input data stems from the
measured water temperature data of the river and its tributaries. For small and medium-
sized rivers, there is often limited or no data available. An additional challenge is presented
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by anthropogenic influences from water abstraction or discharges, as there is typically
a lack of available data. However, these challenges exist independently of the model.
Overall, the effort required to obtain and process data for utilizing the developed model
can be classified as moderate. Although alternative models with lower data requirements
are available, this is generally at the expense of the accuracy of the results. Conversely,
the accuracy of the results can be further enhanced by incorporating additional input
parameters, which subsequently increases the data requirements. The model presented
here offers an appropriate balance between data requirements and accuracy of the results.

The results of the temperature modelling demonstrate strong correspondence with the
measured values for both the Selke and Elbe rivers. The overestimation of water tempera-
ture in the winter months, observed in both rivers, is noteworthy. However, given the focus
on low-flow periods, which typically occur in summer and autumn, this discrepancy is not
of significant concern. The NSE, which quantifies the agreement, and the RMSE, which
describes the deviations, are utilized to evaluate the model. The correspondence between
the modelled and measured values is highly satisfactory on both rivers, as evidenced by
the NSE on the Selke ranging between 0.85 and 0.88, and on the Elbe between 0.95 and
0.98. In the field of hydrological modelling, an NSE between 0.7 and 0.9 is considered
good, which indicates the close agreement between modelled and measured values [38].
The mean deviation, as measured by the RMSE, is also low, with values between 0.96 and
1.59 K for the Elbe and 1.61 to 1.96 K for the Selke. In the context of water temperature
modelling, RMSEs below 2 are considered indicative of good model performance [39,40].
The developed model demonstrates the capability of simulating diverse rivers ranging
from creeks, such as the Selke, to large rivers, such as the Elbe. Consequently, the model
fulfils the requirement of low-flow risk management to be applicable to water bodies of
diverse types and dimensions. It is also feasible for modeling climate change aspects. Fur-
thermore, the model underwent evaluation to assess its capacity to simulate anthropogenic
influences, altered circumstances and potential mitigation measures. The results indicate
that the impact of altered circumstances is quantifiable, for both rivers. The influence
of anthropogenic discharges was effectively demonstrated through the modelling of a
hypothetical industrial park. The model accurately represented the extensive influence that
such discharges exert on other water bodies. The findings align with the results of other
studies, such as [41,42], although the influence of the discharge depends on numerous
factors. It can be concluded that the model effectively depicts altered circumstances and
therefore also potential mitigation measures.

The application of a one-dimensional temperature model for large rivers such as
the Elbe is subject to debate, as complete mixing does not invariably occur in larger
water bodies [43]. It is established that thermal plumes form over distances of several
kilometers before mixing occurs. Such phenomena cannot be adequately represented with
one-dimensional modelling and necessitate the utilization of a two-dimensional model. This
contrasts with the significantly higher computational requirements for a two-dimensional
calculation. Despite the detailed results, the relevance in relation to low-flow risk must be
critically examined. Two-dimensional modelling appears to be justified only in the context
of a detailed analysis of a specific river section, whereas the results of a one-dimensional
model are deemed sufficient for a large-scale, long-term analysis as within the low-flow
risk analysis.

The results of the model demonstrate the variations in the modelling of different
rivers. For instance, shading does not exert a significant influence on the Elbe due to its
width, as only a minimal portion of the water surface would be shaded even with dense
riparian vegetation. While the tributaries of the Elbe exhibit comparable temperatures,
the tributaries of the Selke are crucial for determining the water temperature in the Selke
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itself. The Selke is predominantly influenced by the temperatures of its tributaries and the
extent of shading, whereas the air temperature exerts the greatest influence on the water
temperature in the Elbe. Markovic et al. (2013) [34] put the influence of air temperature on
water temperature at 80% in their study. Although the results may not be applicable to all
bodies of water, it can be concluded that factors influencing the modelling of small and
medium-sized bodies of water differ from those affecting large rivers. This conclusion is
also reached by van Vliet et al. (2012) [44].

Further research on water temperature modelling for low-flow conditions should
focus on several key areas. First, improving the representation of groundwater—surface
water interactions and their impacts on stream temperatures during low-flow periods
is needed. This could involve coupling temperature models with more sophisticated
groundwater models.

5. Conclusions

The low-flow events of recent years have elucidated the consequences of low-water
conditions. It has become evident that the implications of low water are frequently not
attributable to complete desiccation of the water body, but rather to an interaction between
low discharge rates and a (resulting) deterioration in water quality. A parameter of central
importance in this context is water temperature, as it significantly influences both ecological
and economic water users. To address the consequences of elevated water temperatures
during low-flow conditions, a low-flow risk management strategy can be established.
This approach utilizes a holistic methodology, which considers all aspects from origin
(weather /hydrology) through expression (hydrodynamic) to consequences. A component
of the hydrodynamic analysis is a model for determining water temperature. This study
developed and evaluated a water temperature model optimized to integrate into low-flow
risk analysis.

The developed model is a one-dimensional water temperature model using unidirec-
tional coupling to the 1D river model. The developed temperature model demonstrates high
performance in simulating water temperatures for both small rivers (Selke) and large rivers
(Elbe), with NSE values ranging from 0.85 to 0.98 and RMSE values of 0.96 to 1.96 K. The
model effectively represents anthropogenic influences, altered circumstances and potential
mitigation measures, such as a change in riparian shading or industrial discharges.

Water temperature in rivers is influenced by multiple factors, with river size playing a
pivotal role in determining the predominant influences. In smaller rivers, such as the Selke,
tributaries and shading exert a more significant impact on water temperature. Conversely,
in larger rivers, like the Elbe, air temperature emerges as the primary determinant of water
temperature. This knowledge is essential in terms of the desired broad applicability in the
context of low-flow risk management. The selection of an appropriate modelling approach
is contingent upon the specific requirements of the analysis. A one-dimensional model
offers an optimal balance between accuracy and computational efficiency, rendering it
suitable for long-term risk assessments. However, for detailed examinations of specific river
sections, a two-dimensional modelling approach may be more appropriate. A challenge of
low-flow risk management is to obtain enough data, which is often difficult. Therefore, it is
noteworthy that water temperature modelling faces challenges related to data availability,
particularly concerning water temperatures of tributaries and anthropogenic influences.
Notwithstanding these challenges, the model’s computational efficiency, requiring 3.5-18
(with 1D river model 10-63) minutes per modelled year, facilitates practical implementation
in low-flow risk analysis over extended periods.

The realistic modelling of water temperature is a central aspect of low-flow risk
analysis, as it is utilized in various analyses. While temperature modelling is executed
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in the hydrodynamic analysis, the results are employed as input data for the analysis of
consequences. Considering the consequences of elevated water temperatures for ecology,
as well as socio-economic water users, the significance of temperature modelling in risk
analysis becomes evident.

In conclusion, the developed temperature model fulfills the requirements for inte-
gration into holistic low-flow risk management frameworks. It provides a valuable tool
for assessing temperature-related impacts and evaluating mitigation strategies across di-
verse river systems. Future research should focus on improving the representation of
groundwater—-surface water interactions and on further validating the model across a wider
range of river types and climate conditions.
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Appendix A

The subsequent section provides a comprehensive explanation of the methodology
employed in calculating the heat fluxes.

The heat fluxes at the bed of the watercourse are represented by the parameter @pe;.
For the calculation, the approach of [27] was selected.

Pbed = kpea X [Trea — Taw), (A1)

where Tp,; [K] represents the temperature of the riverbed, T, [K] denotes the water temper-
ature, and ky,; [W m~2 K~1] characterizes the thermal conductivity of the bed material.
Convection heat flux, which is often referred to as sensible heat flux, describes the
energy transfer at the water—air interface resulting from heat exchange due to temperature
differentials between the two media. In this context, the temperature gradient is repre-
sented by the Bowen ratio, which functions as a proportionality constant between the
convection flux and the evaporation flux at the air-water interface. Consequently, this ratio
is contingent upon the temperatures of both the stream and the air, as well as the vapor
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pressure [45]. The Bowen ratio is represented in the following equation from [28], using the
factors excluding @evs:

T — Ty
Pc = Peva X 0.00061 x P, x M/ (AZ)
(es* — ea*)
egx = 6.1275 x 6(237.3+Tw,c), (A3)
ear = €5 X H, (A4)

where P, [mbar] represents atmospheric pressure, Ty, [K] denotes water temperature, and
T,y [K] signifies air temperature. The saturation vapor pressure e+ [-] and the prevailing
vapor pressure ¢,+ [-] are calculated utilizing T, [°C] and humidity H [-].

As water molecules in the liquid phase acquire thermal and kinetic energy, they
overcome intermolecular forces and transition to the vapor phase. A low vapor pressure in
the atmosphere above the water body facilitates the retention of more water molecules in the
gaseous state, while high vapor pressure increases molecular collisions, thereby reducing
evaporation. When the air reaches its saturation vapor pressure, evaporation ceases, and
condensation may occur, resulting in the transfer of heat back to the water. The latent heat
of vaporization plays a pivotal role in this process, and evaporation constitutes the primary
mechanism by which streams dissipate heat, thereby influencing water temperature. Precise
estimation of evaporation flux is essential for simulating heat dissipation in streams. In the
presented model, the equations from [26] were utilized to assess latent heat flux.

Qeva = —Pw X Lg X E, (Ab)

Lp = 1000 x (2501.4 + T) = 1, (A6)

E= Pw X zgquo(rs +7) C;JI; >><< pLa:rxXrgiss —_f— ')6/3) ’ (A7)
4100 x e

e 0

N 245 _ (A9)

= 0.54 X 0y + 0.5

Finally, @eu, is the product of the density of water p;, [kg m~3], the latent heat of
evaporation L and the open water evaporation rate E [ms~!]. Other parameters utilized
are aerodynamic resistance r, [s m~!]; slope of vapor pressure for current temperature s
[kPa K~1]; or [W m 2], which is the sum of radiation fluxes; specific heat capacity of air c;,
[J kg—1 K1 density of air p,;, [kg m~3]; psychrometric constant y [kPa K~!]; and wind
velocity vy, [m s~ 1]. The saturation vapor pressure, as well as prevailing vapor pressure,
is calculated utilizing Equation (A3) but using T,;, [K] instead of Ty, [°C].

Longwave radiation contains three different radiations: atmospheric longwave radia-
tion, back radiation (from water surface) and land cover longwave radiation. The following
equations are from [26,29]

Prw = Patw T Prei+ Psrps (A10)

Patw = 0.96 X Vts X eqpm X 0 x To, (A11)
Qreiw = 0.96 X (1 — vts) X €qpm X 0 X Tfir, (A12)
P51 = —0.96 x 0 x T4, (A13)

€atm = 1.1 X B. +0.094 X \/e,, (A14)
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The longwave radiation heat fluxes are the sum of atmospheric longwave heat flux
Patw [W m~2], landcover longwave heat flux ¢, [W m~2] and back radiation from the
water column @, [W m~2]. Consequently, the view-to-sky coefficient vts [-] is requisite, as
it quantifies the density of vegetation and facilitates the determination of weights between
atmospheric and land cover heat fluxes. The emissivity of the atmosphere €4, [-] and the
Brunt coefficient B, [-] are shown in (A14).

Solar radiation is categorized into two components: direct solar radiation and diffusive
solar radiation. The heat fluxes resulting from solar radiation are calculated using the
adapted equation from [26]:

Ps = (1 - Df) X ((Pdirect + (Pdiffusive)r (A15)
Pdirect = SF X (1 - Ddiffusive) X Qgr, (A16)
Pdif fusive = Ddiffusive X Qgr, (A17)

The solar heat fluxes ¢; [W m~2] are determined by calculating the fraction of radiation
that directly heats the water. This is calculated by subtracting the fraction that warms
the riverbed Dy [-] from one and multiplying it by the sum of direct @gjrec; [W m~2] and
diffuse @gigsive [W m 2] heat fluxes. To determine the relative contributions of diffuse and
direct solar radiation, the factor Dyigsive [-] is utilized and applied to the measured global
radiation ¢g, [W m~2]. For direct solar radiation, the extent of shading must be considered
by employing the shadow factor sr [-].

Table Al provides an overview of the parameters utilized.

Table A1l. Parameters of the water temperature model.

Parameter Symbol Unit Value
Range
Density of water Pw kg m3 1000
Heat capacity of water Cw ] kg_1 K1 4195
Density of air Pair kgm™3 1.2
Heat capacity of air Cair ] kg{1 K1 1015
Water level wsp m 0-25
Heat transfer coefficient kped Wm2K! 3-52
Air pressure P, mbar 1013
Humidity H - 0-1
Psychrometric constant % kPa K~! 0.67
Wind velocity Vwind ms~! 0-150
View-to-sky coefficient vts - 0-1
Stefan—-Boltzmann constant o Wm2K! 567x1078
Brunt coefficient Bc - 0.6-0.7
Fraction of radiation which reaches the streambed Dy Y% 0-1
Shadow factor Sp - 0-1
Fraction of diffusive solar radiation Diusive - 0-1
Air temperature T air K 250-315
Water temperature Ty K 273-310
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