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Abstract 
  
In the near future, the operating conditions of hydropower plants in the Nordics are expected to change, in 
order complement expansion of intermittent power production such as solar- and wind-power. This in turn 
might increase the amount and frequency of short-term flow regulations events, so called hydropeaking. In 
recent years, hydropower’s effect on local ecosystems has drawn much attention. Especially hydropeaking 
has been shown to affect the ecosystems and induce morphological changes in the reach downstream 
hydropower plants. In order to assess the potential impact of a change in operating conditions, different 
numerical models can be used to examine the downstream reach when subject to potential future operating 
conditions. In-flow parameters, such as depth and velocity, can be predicted by using numerical 
approximations of the Navier-Stokes equations in either one-, two- or three-dimensions. These modeling 
approaches have different advantages and disadvantages. In this work the uncertainties that arise naturally 
from field measurements and numerical modelling, and how it might affect in-flow parameters, specifically 
variables frequently used in ecohydraulics, with special emphasis on 2D models was investigated. The flow in 
a regulated reach was here modelled with the open-source hydrodynamics solver Delft-3D. A stretch of the 
river Umeälven in northern Sweden was modelled based on bathymetry measurements from a multibeam 
sonar. The model was calibrated with measured water levels and validated with ADCP velocity 
measurements. The results show that the model is significantly dependent on the calibrated roughness. 
Additionally, it is shown that 2D models might be insufficient for some ecohydraulical applications. Lastly, a 
discussion on the merits of one-, two and three-dimensional models is presented.  
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1. INTRODUCTION  
 
     As the world is transitioning power production from fossil fuels to more sustainable power production, such 
as wind power or solar power, the role of hydropower is expected to change. Today, in the Nordic countries, 
hydropower is mainly used as base load production and, in Sweden, accounted for 45% of the power 
production in 2020 (Swedish Energy Agency, 2021). In the future, when intermittent power production 
generates a larger fraction of the base load, the operating conditions of hydropower plants will change. Power 
production that is dependent on the current weather conditions, so called intermittent power production, must 
work in tandem with hydropower, which can produce power on demand (HydroFlex, 2021). This means that 
instead of mainly producing electricity for the base load, hydropower production will also have strong 
intermittent components. Sharp changes in hydropower operating conditions, also known as hydropeaking, 
have negative effects on the local ecosystems downstream of the power plant. Increases in bottom shear 
stress and velocities, induced by the hydropeaking events, have been shown to enhance the suspended 
sediment transport in the downstream reach (Vericat et al., 2020). This would result in some erosion problems 
in relation to the local river bank and bed. Hydropeaking has been shown to negatively affect fish populations 
in the downstream reach in many ways, e.g., it changes the spawning behavior of Atlantic salmon (Salmo 
salar) and brown trout (Salmo trutta) (Vollset et al., 2016). Hydropeaking can also delay the smolt run (Bakken 
et al., 2016b) and reduce body growth (Puffer et al., 2017). Dewatering of spawning areas, corresponding to 
hydropeaking events, can cause egg mortality due to exposure of the atmosphere (Casas-Mulet et al., 2015; 
Bakken et al., 2016a).  Physical habitat modelling, using in-flow parameters such as water depth and velocity, 
can be used to investigate the potential influence of changing flow regimes. The governing equations of fluid 
dynamics, i.e., the Navier-Stokes equations, require simplification in order to be feasibly usable in applications 
with length scales on the order of magnitude of river reaches. The most extensive models use three-
dimensional (3D) approaches (Pisaturo et al., 2017). 3D modelling usually fall into one of two categories; 
either Reynolds Averaged Navier-Stokes (RANS) models with turbulence models such as the k-ε or the k-ω 
that model the turbulent kinetic energy and dissipation or Large Eddy Simulation (LES) where the turbulent 
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structures smaller than the mesh is modelled, and the so-called sub-grid modelling is used to close the 
equations (Ferziger et al., 2020). These approaches are often time consuming and computationally expensive 
with regard to large-scale river reach modelling, and they also require careful and troublesome consideration 
during meshing due to the naturally complex river geometries. The Shallow-Water Equations (SWE) are a set 
of equations that are derived from the Navier-Stokes equations; they can either be formulated in two 
dimensions, or further simplified to one dimension. The SWE are derived with the assumption that the depth 
averaged velocity components are representative of the total velocity field. This yields two velocity 
components describing the entire flow in the case of two-dimensional (2D) formulations, in one dimension 
(1D) there is hence only one velocity component.  Historically, the 1D solvers have been used for models 
when length scales on the order of magnitude of river reaches are of interest, due to the comparatively shorter 
amount of computational time required. While 3D models provide a complete view of all in-flow parameters in 
the entire reach, 1D models only compute the flow variables in discrete cross-sections along the reach, which 
in turn leads to interpolation between cross-sections rather than computation. The 2D approach can hence be 
considered as a middle ground between 1D and 3D formulations, where most of the complex computations 
have been neglected, while providing higher spatial resolution than 1D models. Several uncertainties arise 
when collecting input data for hydrodynamic models. The spatial resolution of the bathymetry measurements 
depends on what method has been used to capture the geometry. Additionally, the uncertainty in GPS 
coordinates that arise from poor GPS reception can introduce some errors during the field measurements. 
The aim of this work was to develop, calibrate and validate a 2D hydraulic model and investigate how the 
resulting in-flow parameters was affected by the input uncertainties.  
 

 
2. MATERIALS AND METHOD 
 
2.1 Study Site, Geometry and Elevation Models 
 

       The chosen study site was the lower parts of the river Umeälven in northern Sweden. The study site 
stretched from the tailrace of the Storrnorrfors hydropower plant to downtown Umeå, a reach of ~6 km. The 
bathymetry was measured in the autumn of 2019 using an Unmanned Surface Vehicle (USV) from Maritime 
Robotics (Maritime Robotics, 2021). On the USV, a Norbit iWBHSh multibeam sonar was mounted (Norbit, 
2021). Additionally, the USV was equipped with two RTK GPS antennas which gave high spatial accuracy as 
well as compensated for surface waves. The measurements of the USV were limited to the areas that weren’t 
too shallow (otherwise the vehicle would run aground), which meant that the geometry in the beach zones 
were unmeasured. In order to get a complete geometry, the bathymetry was combined with elevation data 
from the Swedish Surveying Agency (Lantmäteriet). These two datasets were then used to interpolate the 
beach zones in the open-source software QGIS. The resulting geometry for the study site is shown in Figure 
1. 
 

 
Figure 1: Study site in the river Umeälven, northern Sweden. The location of pressure loggers, used for roughness 
calibration, are marked as well as the area where velocity validation measurements were performed. The calibration points 
were named after map features. 1: Grilludden. 2: Kyrkan. 3: Sanddynan. 4: Hamnen. 5: Tegsbron.  

 
2.2 Field Measurements 
 
       To measure the water surface elevation in the study reach, five pressure loggers were placed in 
convenient locations, see Figure 1. One pressure logger was placed at water level so that the atmospheric 
pressure could be measured. The location and elevation of the pressure loggers was measured using a M-
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Tab RTK from L5 Navigation (L5 Navigation, 2021). During field work, it was noticed that the measured 
elevation was within ±0.1 m. By combining the atmospheric pressure data and the elevation of the logger, it 
was possible to compute the water surface elevation, see Figure 2. The flow velocity was measured using an 
Acoustic Doppler Current Profiler (ADCP) of model RiverPro mounted on a radio-controlled USV of type Z-
Boat 1800, both devices were provided by Teledyne Marine (Teledyne Marine, 2021). The ADCP measured 
three velocity components in the water column under the USV. The location of the velocity measurements was 
chosen for its convenience (accessible by car and limited human contact), see the red box in Figure 1. All 
measurements, except for the mapped bathymetry, took place in June 2021.  
 

2.3 Flow Scenario 
    

       The discharge from the Stornorrfors power plant from June 8th -11th has been plotted in Figure 3. The sea 
level in Holmsund, a community close to the river mouth, during the same time period was also plotted in the 
figure. The discharge data were provided by the power plant owner Vattenfall, sea level data is publicly 
available on the Swedish Metrological Institutes website (SMHI, 2021). During this period, the discharge 
varied between 940-1020 m3/s. For discharges of this magnitude, the sea level changes had a negligible 
effect on the water level variations in the study reach. The variations of the water level (Figure 2) were mainly 
correlated to the operating conditions of the power plant (Figure 3). When scenarios of lower discharge 
(approximately 300 m3/s) were modelled, the sea level proved to be the main contributing factor to the water 
level in the reach. 

 

2.4 Numerical Modelling 
 

       The 2D hydraulic model was developed using the open-source solver Delft3D (Deltares, 2022). In 
Delft3D, the SWE were formulated using orthogonal, curvilinear coordinates. The solver used finite differences 
for the spatial discretization and an alternating-direction-implicit method for time integration. After the grid 
convergence was tested, a mesh with 4536 streamwise nodes and 135 spanwise nodes (612360 nodes in 
total) was found to sufficiently resolve the study reach. The bathymetry was based on the measured one, as 
shown in Figure 1. The model was set up using “free-slip” as slip condition, which was the recommended 
setting for large scale hydraulic simulations. Regarding the open boundaries, the upstream boundary was 
specified with the flow discharges, as shown in Figure 3. The downstream boundary was set to the measured 
water level time series in “Tegsbron”, Figure 2.  
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Figure 2: Measured water surface elevation in the five calibration points. See Figure 1 for the location of the points. 

 
Figure 3: Plots for the study site from 8th to 11th of June 2021 Upper: Hydrograph from Stonorrfors powerplant. Lower: 
Water surface elevation of the sea in Holmsund. 
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2.5 Roughness Calibration 
  
       A parametric sweep of the Manning number, n, was performed to decide the most suitable channel 
roughness fit. Due to the uniformity of the bathymetry (see Figure 1), it was deemed reasonable that the 
roughness throughout the reach could be described using just one n value. The Manning number was varied 
from 0.01 to 0.05 with 0.002 increments. The sweep involved the entire flow scenario described in section 2.4. 
To calibrate the model, the measured water surface elevation was compared with the modelled in the five 
locations.  
 
 
3. RESULTS 

 
3.1 Roughness Calibration 
  

In Figure 4, the outcome of the parametric sweep has been plotted in all five calibration points. The modelled 
water surface elevation has been plotted together with the measured. The ± 0.1 m elevation uncertainty from 
the RTK has also been added for comparison. Based on the outcome of the simulations, a Manning number of 
0.014 was chosen to be the most representative of the study reach.  

 

 
Figure 4: Parametric sweep where the n value is swept from 0.01 to 0.02 for the five calibration points. Additionally, a ± 0.1 
m uncertainty has been plotted from the water surface elevation measurements. 

 
3.2 Depth-Averaged Velocity  
 

       Each measured velocity component was averaged according to 
 

U =  
1

𝑑 + 𝜁
𝑢 𝑑𝑧, 

 

where u is a measured velocity component, d is the depth in the current water column, ζ is the water surface 
elevation and z is the coordinate in the depth direction (Deltares, 2021). The velocity components V and W 

(1) 
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are given in a completely analogous fashion. The magnitude of the measured depth averaged velocity is then 
given by 
 

〈u〉 =  𝑈 + 𝑉 + 𝑊 , 
 
where U, V and W are the measured velocity components. In Figure 5 the depth averaged velocity in the 
validation area has been plotted for two different Manning numbers. 

 
Figure 5: Magnitude comparison of measured (traces) and simulated (contours) depth averaged velocity. 〈u〉max 

corresponds to the measured largest depth averaged velocity; Upper: n=0.014. Lower: n=0.05.  

 The magnitude of the simulated depth averaged velocity is underrepresented in the case where n is 
0.014 (Figure 5, upper). Instead, when it is compared with a simulation where n is 0.05, there is a good 
match between the simulated and measured depth averaged velocities (Figure 5, lower). 
  

 
4. DISCUSSION AND CONCLUSIONS 
 

       The parametric sweep of the Manning number provided several solutions within the uncertainty of the 
measured water surface elevation. The solution that was consistently closest to the measured values, a 
Manning number of 0.014, was chosen. This is less than the minimum Manning number of 0.025 suggested 
by Chow (1959) for major streams (top width at flood stage > 100 ft). The bathymetry of the study reach is 
channel-like which could indicate that Manning numbers, corresponding to channels in Chow (1959), could 
better describe the roughness in the reach. However, due to the uncertainty in the elevation of the pressure 
loggers, it is almost impossible to decisively say which Manning number is the most suitable. For the most 
upstream calibration point (Grilludden), the difference in water surface elevation is ~0.3 m for the cases where 
the Manning number is 0.01 and 0.02 respectively. At Hamnen, the most downstream calibration point that 
wasn’t used as a boundary condition, the difference in water surface elevation is closer to 0.1 m. There is a 
trend that the more upstream parts of the reach have a greater dependence on the local roughness 
coefficient, compared to the downstream parts. Possibly, this is due to the chosen boundary condition, which 
decides the water level in the downstream parts of the river. Another explanation could be that the flow 
structures are more complex in the upstream parts of the reach, which is something not captured by the 2D. 
Figure 4 also shows the difficulties in deciding the Manning number in a reach. It is conceivable that one could 

(2) 
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create a perfectly calibrated model, given many calibration points. However, due to natural uncertainties that 
arise from measurements, any model that uses water level measurements will be arbitrary to some degree. In 
general, smaller Manning numbers lead to lower water surface elevations which in turn, due to continuity, 
leads to faster water velocities. This is clearly seen in Figure 5, for a Manning number of 0.014, the simulated 
depth averaged velocity magnitude is much larger than the measured one. When compared to a Manning 
number of 0.05, the depth averaged velocities are comparable. It is also noticed that the extent of the river is 
increased for the larger Manning number. In physical habitat models, where in-flow parameters such as water 
depth, water velocity and substrate size are often used as input data, this uncertainty in depth or velocity can 
drastically alter the outcome of the prediction from such modelling approaches. The optimal depth range for 
spawning European grayling (Thymallus thymallus) was found to be 0.30-0.50 m in the river Indalsälven in 
Sweden (Gönzi, 1989). If the hydraulic model, due to uncertainty in roughness calibration, over- or under-
predicts the extent of the river; the physical habitat model could for instance, predict erroneous spawning 
locations. In the same work, Gönzi (1989) reported the optimal velocity for spawning European grayling to be 
0.23-0.90 m/s; if the velocity is overestimated it could also give erroneous predictions on the location of 
potential spawning areas. Probably, 2D (and 1D) models are unable to accurately resolve the scales and 
turbulence properties of the flow, leading to an overprediction of water velocities. In fluid dynamics, the span 
of relevant length scales can vary from several kilometers (for instance in atmospheric flows) all the way down 
to the Kolmogorov length scales, which are on the order of magnitude of micrometers. In this work the 
smallest resolved length scales in the model are approximately one meter, which is not enough to resolve 
local flow phenomena (e.g., wakes behind rocks). A 3D model, using for instance LES, should be able to 
model the subgrid energy dispersion, which in turn would reduce the modelled velocities. Additionally, 3D 
models also give a prediction of the flow field in all three spatial dimensions, which means that depth 
averaging is no longer necessary. This will likely produce more accurate input data for physical habitat 
modelling. Other variables that are often used in hydraulics, such as wall shear stress, are also more 
accurately predicted using 3D approaches with turbulence models. Additionally, in order to resolve fine scale 
objects in the reach, such as boulders that might be used by native fauna, the resolution of the mesh should 
be very fine, which is often required for 3D models. When choosing a modelling approach, it is important to 
understand what the outcome should be. If the study is regarding large-scale variables, such as the total 
dewatered area during certain operating conditions, 2D models can be sufficient. 3D models are 
recommended if accurate predictions are required, for instance in applications where the bottom shear stress 
is used. For study reaches spanning hundreds of kilometers, 2D models (or 3D models for that matter) are not 
computationally feasible with current day technology. In these scenarios, 1D models can be used. 
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