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Abstract

The role of hydropower is expected to change in the close future in the Nordic
countries. In order to fulfill targets set by the Paris agreement, the reliance
on low emission intermittent power production such as solar and wind power
is likely to increase. This in turn means that the operating conditions of
Nordic hydropower plants are expected to change to balance the volatility
of intermittent power production. Hence, rapid flow fluctuations due to
changes in power demand, so called hydropeaking, is likely to increase in
the future. Hydropeaking is associated with many negative impacts on
the reach downstream of the hydropower plant. It is with this background
that the research consortium HydroFlex was created. One of the aims of
HydroFlex is to investigate the effects of very high frequency hydropeaking
on adjacent river reaches. In this work, several model scenarios involving
high frequency hydropeaking in a bypass reach in the river Umeälven were
investigated. The river dynamics was modeled using the solver Delft3D. By
using LIDAR measurements in the winter, when the reach was mostly dry, it
was possible to capture the bathymetry with high spatial resolution. A 2D
model was then set up using the measured bathymetry and calibrated using
eight pressure sensors placed along the reach. The transient response in the
reach was then compared between the measured depth from the sensors and
the model (Paper A). Once the calibration had been performed, the effects
of an increase in hydropeaking frequency on the downstream reach, could
be investigated. A hysteresis effect in the depth increase-decrease cycle
was observed in both measurements and simulations. Additionally, high
hydropeaking frequency led to a hydraulic stage in the river where steady
state is never achieved (Paper B). This effect, and how it might affect
downstream salmonid spawning areas, was then further investigated. It
was observed that an increase in hydropeaking frequency could reduce the
proportion of potential spawning areas in the downstream reach that would
dry out. Furthermore, a general method of computing dewatering time for
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numerical models was provided. This method was then applied, in tandem
with a stranding model, to investigate how different spill gate closing times
affected salmonids propensity to stranding. The likelihood of stranding
varied between species and life-stage. Moreover, the tendency of stranding
decreased longitudinally downstream (Paper C). The findings of a hydraulic
stage in (Paper B) merited further investigation. By investigating model
scenarios, where the hydropeaking frequency varied between 10 and 80
flow changes per day, four different hydraulic stages that occur in the
reach, were identified. A method of classifying the hydraulic stages was
suggested. The identified hydraulic stages were: the dewatering stage,
the alternating stage, the previously identified dynamic stage and lastly
the uniform stage. The relation between the hydraulic stages and the
hydropeaking frequency were then investigated using Fourier analysis. It
was observed that the hydropeaking frequency is the dominant variable
in the dynamic and uniform stages, while the alternating stage is more
complex. Additionally, the dynamics of the stages could be predicted by
performing a Fourier transform of one increase-decrease cycle. The Fourier
spectrum could also be used as an alternative way of classifying the stage
(Paper D). Numerical methods on their own is not a holistic tool to predict
river flows, they require field measurements for calibration and validation.
In (Paper E) an overview of the methods used in the field in this work is
given. Moreover, a discussion on the limitations of 2D modeling for large
scale river applications is presented.

iv
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Part I.

Summary

1
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Chapter 1

Introduction

1.1. Hydropower in Sweden - Today and Tomorrow

In 2021, the international panel on climate change (IPCC) published the
sixth assessment report on climate change. In the report it is established
that in order to reach the temperature target of 1.5◦C, the global emission
needs to be cut in half by 2030 [1]. The IPCC goes on to underline the
importance of low CO2 emission energy production to reach the emission
targets. In 2017, the Swedish government established that by 2045, the
CO2 emissions should be reduced by 85%, compared to the emission levels
1990 [2]. To achieve this, the dependency on intermittent power production,
such as wind- and solar-power, is expected to increase. The production from
solar- and wind-power plants are, in turn, depending on the local weather
and wind conditions. Another CO2 emission free means of power production
is hydropower. In 2021, hydropower produced approximately 45% of the
electricity in Sweden, see Figure 1.1 [3]. Most of this production is so called
base production, i.e. power production mainly for the instantaneous use by
industries and households. One benefit of hydropower is that it can be used
as a grid stabilizer in times of high or low power demand. For instance,
during night time, when the power demand from regular households is
low, there is often a sharp decline in discharge from hydropower plants. In
Figure 1.2 the discharge from the Stornorrfors hydropower station for the
first 6 months of 2019 has been plotted. The periodic reduction of electricity
demand is apparent in the inset plot. These daily to sub-daily discontinuous
changes in power plant discharge due to a change in power demand are

3
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1.1. Hydropower in Sweden - Today and Tomorrow

referred to as hydropeaking events. Since hydropower production can be
started and stopped on demand, it is likely that the way hydropower plants
in Sweden are operated in the future will be more to work in tandem with
the power production from solar- and wind-power, rather than to mainly
produce base power. As a result, due to the inherent volatility of weather
and wind, these hydropeaking events can be expected to increase in the
future, when a larger part of the total production is dependent on local
weather conditions.

4
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Chapter 1. Introduction

Figure 1.1: Left: Daily average distribution of power production in Sweden
2021. Right: Distribution of total production in Sweden 2021.

Figure 1.2: Discharge from the turbines at the Stornorrfors hydropower plant
in the lower river Umeälven for the first six months of 2019. The first week of
April is magnified in the inset plot. [4]

5
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1.2. On Hydropeaking

1.2. On Hydropeaking

Figure 1.3: Simulation of dewatering in a representative river cross-section in
the Stornorrfors bypass reach when the discharge is reduced from Q = 250 m3/s
to 21 m3/s.

Consider the example in Figure 1.3, where the simulated water level for two
different flows, in a representative cross-section, has been plotted. In the
scenario where the flow is reduced from 250 m3/s to 21 m3/s, a significant
part of the channel would become exposed. Based on the local geometry,
like the cross-section discussed herein, pools can be created locally when
subject to dewatering. As a result, when the flow is rapidly reduced, fish
and invertebrates run the risk of stranding or entrapment [5]. Effects
of dewatering is depending on species and life stage. Juvenile Iberian
barbel (Luciobarbus bocagei) [6] and salmonids [7] are more susceptible
to stranding compared to adult specimen. The occurrence of different
species in the reach affects the likelihood of stranding, e.g. in rivers where
both brown trout (Salmo trutta) and Atlantic salmon (Salmo salar) reside,
brown trout tend to be displaced towards the banks [8] [9]. Additionally, if

6

5847506_Inlaga_Ny.indd   225847506_Inlaga_Ny.indd   22 2023-01-24   13:312023-01-24   13:31



Chapter 1. Introduction

spawning areas become dewatered, the roe is exposed to the atmosphere
and runs the risk of dying [10]. The likelihood of stranding is strongly
related to the dewatering time [11]. The timescale of dewatering events as
a result of hydropeaking are often very fast, as seen by the rapid decrease
in discharge in Figure 1.2. Furthermore, hydropeaking has been shown
to alter the spawning behaviour in salmonids [12] and the timing of the
smolt run [13]. The body growth of juvenile brown trout has been shown
to be negatively affected by hydropeaking [14]. Also, hydropeaking can
also affect the local benthic fauna [15]. Except for the effects on the local
wildlife, hydropeaking can also induce changes in the river geometry due
to the fluctuating velocities and bottom shear stress induced by the rapid
changes in discharge. An increase in bottom shear stress might increase
the suspended sediment in the river, which could deplete the reach of fine
sediments [16]. Furthermore, riverbank stability might get compromised by
the fluctuating water levels [17].

1.3. Future Operating Conditions

The research consortium HydroFlex was funded to achieve scientific and
technical breakthroughs which could enable hydropower with very high
flexibility, i.e. operating conditions that require up to 30 starts and stops
per day [18]. Among the research questions proposed by HydroFlex was
to investigate and, if necessary, mitigate the influence on the downstream
reach when subject to very high frequency hydropeaking. In this work,
scenarios spanning from 12 to 60 hydropeaking events (6 to 30 start and
stops) per day will be investigated. The discharge in the studied scenarios
varies between 50 m3/s and 21 m3/s, which are the two most common flows
in the study reach. The seven model scenarios in question can be seen in
Figure 1.4.

7
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1.4. Objectives and Scope of This Thesis

Figure 1.4: Seven model hydrographs used for the study the downstream influ-
ence due to highly flexible hydropower operating conditions.

1.4. Objectives and Scope of This Thesis

The negative impact on the downstream reach due to hydropeaking is
well documented. With an increase in hydropeaking frequency additional
questions arise. In this work, the main scope is therefore twofold; firstly,
to examine the hydraulics in the downstream reach, when the operating
conditions are modified to include up to 60 flow changes per day. Secondly,
to investigate the potential effects on the downstream ecosystems due
to very high frequency hydropeaking. In order to evaluate these research
questions, numerical modelling and field measurements have been performed
in the river reaches adjacent to the Stornorrfors hydropower plant in Umeå,
Sweden.

8
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Chapter 2

Theory

The principles of fluid dynamics are those of conservation. The governing
equations can all derived by considering conservation of different physical
properties. By applying conservation of mass, momentum and energy we
gain insight in the dynamics of fluid flow on all scales. The conserving
properties must hold at all scales of flow, be it at a microscopic scales,
atmospheric scales or, as in this work, the scale of a river reach. In this
chapter a comprehensive derivation of the governing equations of fluid flow
in rivers will be presented, starting at the fundamentals and finally arriving
at the simplified Shallow Water Equations.

2.1. Reynolds Transport Theorem

A famous result from calculus is the Leibniz rule of integration that allows
us to evaluate the derivative of an integral with variable limits

d

dt

∫ b(t)

a(t)

F (x, t)dx =

∫ b(t)

a(t)

dF (x, t)

dx
dx+

db

dt
F (b, t)− da

dt
F (a, t) (2.1)

where a and b are arbitrary functions and F is the integrand. This method
is also commonly referred to as "differentiating under the integral sign".
We would like to generalize this result to three dimensions, so that it can
be used for conservation properties in three dimensions later on. Let’s use
the definition of the derivative on the left hand side (LHS) in Equation 2.1
on an arbitrary three dimensional control volume (CV) with volume V (t)

9
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2.1. Reynolds Transport Theorem

and corresponding surface area A(t)

d

dt

∫

V (t)

F (x, t)dV = lim
∆t→0

1

∆t

(∫

V (t+∆t)

F (x, t+∆t)dV −
∫

V (t)

F (x, t)dV

)

(2.2)
where V (t + ∆t) is the change in volume at a time ∆t and the volume
difference is

∆V = V (t+∆t)− V (t) → V (t+∆t) = ∆V + V (t). (2.3)

Recall that the Taylor expansion is defined as

f(x) = f(at) +
f ′(at)

1!
(x− at) +

f ′′(at)

2!
(x− at)

2 +O(x3) (2.4)

The first term on the RHS in Equation 2.2 can then be Taylor expanded
∫

V (t+∆t)

F (x, t+∆t)dV =

∫

∆V

F (x, t)dV +∆t

∫

∆V

∂F (x, t)

∂t
dV+

∫

V (t)

F (x, t)dV +∆t

∫

V (t)

∂F (x, t)

∂t
dV +O(∆t2). (2.5)

By truncating terms smaller than O(∆t2) and inserting Equation 2.5 in
Equation 2.2, one of the terms cancel. Furthermore, as ∆V and ∆t → 0,
the integral

∫
∆V

∂F (x,t)
∂t

dV → 0. The remaining expression is then

d

dt

∫

V (t)

F (x, t)dV = lim
∆t→0

1

∆t

(∫

∆V

F (x, t)dV +∆t

∫

V (t)

∂F (x, t)

∂t
dV

)
.

(2.6)
The final step that is required before the limits can be evaluated is to relate
the volume difference ∆V to the surface area A(t). Given a sufficiently
small time step ∆t so that F (x, t+∆t) ≈ F (x, t) then ∆tv · n̂ spans the
corresponding volume difference for an infinitesimal surface area element
dA where n̂ is the surface normal vector and v is the control surface velocity
vector [19]. The integral can then be evaluated as

∫

∆V

F (x, t)dV =

∫

A(t)

F (x, t)∆t(u · n̂)dA (2.7)

Inserting Equation 2.7 into Equation 2.6 and evaluating the limit then
yields

d

dt

∫

V (t)

F (x, t)dV =

∫

V (t)

∂F (x, t)

∂t
dV +

∫

A(t)

F (x, t)(u · n̂)dA. (2.8)

10
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Chapter 2. Theory

If the volume in Equation 2.8 is selected as the material volume and the
control volume is defined as the same volume in space and time, Equation 2.8
is the Reynolds transport theorem (RTT) [20]. If the integral on the LHS in
Equation 2.8 is constant, the expression reduces to

∫

V

∂F (x, t)

∂t
dV +

∫

A

F (x, t)(u · n̂)dA = 0. (2.9)

2.2. The Cauchy Momentum Equations

Newton’s second law of motion state that the change in momentum on a
system is equal to the force acting on it

∂p

∂t
= Ftotal. (2.10)

where p is the momentum vector and Ftotal is the total force acting on
the system. We consider an arbitrary control volume where the total force
Ftotal can be split into two terms

Ftotal = Fbody + Fsurface (2.11)

where Fbody are the sum of the forces acting on the body of the control
volume described by the integral

Fbody =

∫

CV

ρF(x, y, z)dV → ρFdxdydz as CV → 0 (2.12)

where ρ is the density, F are the total external forces acting on the body
and Fsurface are the sum of the forces acting on the control volume faces.
Examples of forces acting on the entire body of the control volume is the
gravitational force and the Coriolis force due to the rotation of the earth.
The surface forces acting on the control volume are the stress forces acting
on each face of the control volume. Consider the stress tensor

σij =



σxx σxy σxz

σxy σyy σyz

σxz σyz σzz


 (2.13)

where σxx, σyy and σzz are the normal stresses and σxy, σxz and σyz are
the shear stresses. Note that the unit of the stress components are [N/m2].
By Taylor expanding (see Equation 2.4) the shear stress contributions and
multiplying with a control volume face area dA for each face we then get

11
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2.2. The Cauchy Momentum Equations

an expression for the surface forces. The surface force in the x-direction
then becomes

Fsurface, x =

(
σxx +

∂σxx

∂x

dx

2
− σxx +

∂σxx

∂x

dx

2
+O((dx)2)

)
dzdy +

(
σxy +

∂σxy

∂y

dy

2
− σxy +

∂σxy

∂y

dy

2
+O((dy)2)

)
dxdz +

(
σxz +

∂σxz

∂z

dz

2
− σxz +

∂σxz

∂z

dz

2
+O((dz)2)

)
dxdy.

(2.14)

By truncating all terms smaller than O((dL)2) (where dL is an arbitrary
spatial dimension) we then arrive at

Fsurface, x =

(
∂σxx

∂x
+

∂σxy

∂y
+

∂σxz

∂z

)
dxdydz. (2.15)

The surface force in the y- and z-directions are derived in a completely
analogous fashion. The change in momentum is equal to the momentum
flux across the faces plus the change of momentum inside the control volume

∂p

∂t
=

∑

out

ṁu−
∑

in

ṁu+

∫

CV

∂(ρu)

∂t
dV (2.16)

where ṁ is the mass flux ([kg/s]) and u is the fluid velocity vector ([m/s]).
For an infinitesimal control volume the internal change in momentum

∫

CV

∂(ρu)

∂t
dV → ∂(ρu)

∂t
dxdydz (2.17)

as dV → 0. Similarly, as for the surface forces, let us just consider the
x-direction for the momentum flux during the derivation. The momentum
flux (ρu) can be Taylor expanded (again Equation 2.4). By truncating
terms smaller than O((dL)2) we have
∑

out, x

ṁu−
∑

in, x

ṁu =

(
ρuu+

∂ρuu

∂x

dx

2

)
dydz −

(
ρuu− ∂ρuu

∂x

dx

2

)
dydz

+

(
ρuv +

∂ρuv

∂y

dy

2

)
dxdz −

(
ρuv − ∂ρuv

∂x

dy

2

)
dxdz

+

(
ρuw +

∂ρuw

∂z

dz

2

)
dxdy −

(
ρuw − ∂ρuw

∂z

dz

2

)
dxdy.

(2.18)

12
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Chapter 2. Theory

Like for the surface force, some terms cancel so that we get
∑

out, x

ṁu−
∑

in, x

ṁu =

(
∂(ρuu)

∂x
+

∂(ρuv)

∂y
+

∂(ρuw)

∂z

)
dxdydz. (2.19)

Inserting Equation 2.15, Equation 2.17 and Equation 2.19 into Equation 2.10
yields

(
∂σxx

∂x
+

∂σxy

∂y
+

∂σxz

∂z

)
dxdydz + ρFx dxdydz =

∂(ρu)

∂t
dxdydz

+

(
∂(ρuu)

∂x
+

∂(ρuv)

∂y
+

∂(ρuw)

∂z

)
dxdydz.

(2.20)

If we also assume that the fluid is incompressible, i.e. ρ is constant, we
arrive at
(
∂σxx

∂x
+

∂σxy

∂y
+

∂σxz

∂z

)
+ ρFx = ρ

(
∂u

∂t
+

(
∂(uu)

∂x
+

∂(uv)

∂y
+

∂(uw)

∂z

))

(2.21)
after canceling all infinitesimals. The parenthesis on the RHS is identified
as the material derivative

Du

Dt
=

∂u

∂t
+ u · ∇u (2.22)

and the parenthesis on the LHS as the divergence. Then, we can finally
write the complete Cauchy momentum equations in vector notation

∇ · σij + ρF = ρ

(
∂u

∂t
+ u · ∇u

)
. (2.23)

2.3. The Continuity Equation

One of the fundamental laws of conservation in fluid dynamics is that of
mass conservation. Consider the RTT for the special case in Equation 2.9,
for the mass of a control volume it becomes

∫

V

∂ρ

∂t
dV +

∫

A

ρ(u · n̂)dA = 0. (2.24)

where ρ is the density. The divergence theorem allows us to transform a
surface integral into a volume integral

∫

A

B · n̂dA =

∫

V

∇ ·BdV (2.25)

13
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2.4. The Navier-Stokes Equation

where B is an arbitrary vector. Applying Equation 2.25 to the surface
integral in Equation 2.24 yields

∫

V

∂ρ

∂t
dV +

∫

V

∇ · (ρu)dV = 0. (2.26)

Collecting both terms under the same integral sign then results in
∫

V

∂ρ

∂t
+∇ · (ρu)dV = 0. (2.27)

Since this relation has to be true for any control volume, the integrand has
to be zero

∂ρ

∂t
+∇ · (ρu) = 0. (2.28)

This is the general continuity equation for compressible flow. If then
incompressible flow is assumed, the expression reduces to

∇ · u = 0. (2.29)

2.4. The Navier-Stokes Equation

At this point we find ourselves in a situation where we have nine unknown
components (six stress components and three velocity components) and just
four equations (three momentum equations and the continuity equation). If
the flow is dependent on temperature, an equation for the energy balance
must also be introduced. In order to move forward, we need to make
assumptions about the stresses. Firstly, the total stress tensor is separated
into two matrices

σij =



−p 0 0
0 −p 0
0 0 −p


+



τxx τxy τxz
τxy τyy τyz
τxz τyz τzz


 (2.30)

where the left matrix is the hydrostatic pressure and the right matrix is
known as the deviatoric stress tensor, τij. The stress that arises from the
movement of the fluid is contained in the deviatoric stress tensor. That
means that a fluid at rest will only have stress contributions from the
hydrostatic pressure. The deviatoric stress tensor is dependent on what
kind of fluid we are working with. There are Newtonian and Non-Newtonian
fluids. A fluid is considered Newtonian if the shear strain rate and shear
stress are linearly related; otherwise it is Non-Newtonian. Examples of
Newtonian fluids are e.g. water and air; an example of a Non-Newtonian

14
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Chapter 2. Theory

fluid is blood. From this point on we will only consider Newtonian fluids.
The deviatoric stress tensor for a Newtonian fluid is

τij = 2µeij (2.31)

where
eij =

1

2

(
∂ui

∂xj

+
∂uj

∂xi

)
(2.32)

is the rate of strain tensor and µ is the dynamic viscosity [21]. The deviatoric
stress tensor then becomes

τij =




2µ∂u
∂x

µ
(

∂u
∂y

+ ∂v
∂x

)
µ
(
∂u
∂z

+ ∂w
∂x

)

µ
(

∂v
∂x

+ ∂u
∂y

)
2µ∂v

∂y
µ
(
∂v
∂z

+ ∂w
∂z

)

µ
(
∂w
∂x

+ ∂u
∂z

)
µ
(

∂w
∂y

+ ∂v
∂z

)
2µ∂w

∂z


 . (2.33)

Like previously, let us just consider the x-direction for now. Inserting
Equation 2.30 and Equation 2.33 into Equation 2.23 yields

∂

∂x

(
2µ

∂u

∂x

)
+

∂

∂y

(
µ

(
∂u

∂y
+

∂v

∂x

))
+

∂

∂z

(
µ

(
∂u

∂z
+

∂w

∂x

))
− ∂p

∂x
+ ρFx =

ρ

(
∂u

∂t
+ u · ∇u

)
.

(2.34)

If the velocity components u, v and w are sufficiently smooth, the order of
derivation doesn’t matter. We allow ourselves to rewrite

2µ
∂2u

∂x2
= µ

∂2u

∂x2
+ µ

∂

∂x

(
∂u

∂x

)
, (2.35)

this allows us to exploit continuity in the next step. Since the partial
derivatives can be evaluated in any order, Equation 2.34 can be rewritten
to

µ

(
∂2u

∂x2
+

∂2u

∂y2
+

∂2u

∂z2

)
+ µ

(
∂

∂x

(
∂u

∂x
+

∂v

∂y
+

∂w

∂z

))
− ∂p

∂x
+ ρFx

= ρ

(
∂u

∂t
+ u · ∇u

)
.

(2.36)

Since the continuity equation (Equation 2.29) says ∇ ·u = 0, Equation 2.36
then reduces to

µ

(
∂2u

∂x2
+

∂2u

∂y2
+

∂2u

∂z2

)
− ∂p

∂x
+ ρFx = ρ

(
∂u

∂t
+ u · ∇u

)
. (2.37)

15
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2.5. The Shallow Water Equations

The derivation for the y- and z-direction are, again, completely analogous to
the derivation in the x-direction. In vector notation, the expression becomes

µ∇2u−∇p+ ρF = ρ

(
∂u

∂t
+ u · ∇u

)
. (2.38)

By dividing with ρ and introducing the kinematic viscosity ν = µ/ρ one
obtains

∂u

∂t
+ u · ∇u = −1

ρ
∇p+ F+ ν∇2u. (2.39)

The momentum equations (Equation 2.39) together with the continuity
equation (Equation 2.29) are known as the Navier-Stokes equations.

2.5. The Shallow Water Equations

z = h(x, y)

z = η(x, y, t)

z

y
x

Figure 2.1: Coordinate system used in the derivation of the shallow water
equations.

Consider the geometry of a simplified river in Figure 2.1. The river
bathymetry h(x, y) varies throughout the reach and the location of the water
surface η is a function of space and time. We assume that the viscous forces
can be expressed as a body force Fν ; further, we assume that the Coriolis
force can be neglected, which is often the case for river applications [22]

16
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Chapter 2. Theory

and that the gravitational force is the only remaining body force, so that
F = g + Fν . Then the governing equations reduce to

{
∂u
∂t

+ u · ∇u = −1
ρ
∇p+ F

∇ · u = 0.
(2.40)

There are a couple of boundary conditions for this simplified model; firstly,
the pressure at the water surface is the same as the atmospheric pressure,
i.e.

p(x, y, η, t) = patmosphere (2.41)

and is therefore negligible compared to the pressure in the water column.
Secondly, the kinematic condition at the river bed, i.e. that the bed is
impermeable (no flow in or out of the river bed) so that the flow is tangent
to the boundary

w(h(x, y)) = u
∂h(x, y)

∂x
+ v

∂h(x, y)

∂y
. (2.42)

Lastly, the free surface condition [22]

w(η(x, y, t)) =
Dη

Dt
=

∂η(x, y, t)

∂t
+ u

∂η(x, y, t)

∂x
+ v

∂η(x, y, t)

∂y
. (2.43)

At this point it is advantageous to introduce representative scales for each
of the variables. It is recognized that the longitudinal and spanwise lengths
(≈kilometers) of the reach are much larger than the depth (≈meters) length
scales. We further assume that the velocity scale in the horizontal direction
differs from the scale in the vertical direction. An overview of the dimensions
can be seen in Table 2.1.

Table 2.1: Scales and variables used in derivation of shallow water equations.
Variable x, y z u, v w t p F ρ
Scale L H U W T P F0 ρ0

By inserting the scales into the continuity equation (Equation 2.29)
gives

U

L
,
U

L
,
W

H

for the respective terms. There are three cases that are of interest; firstly
that U

L
� W

H
, secondly U

L
∼ W

H
and lastly that U

L
� W

H
. If we look at the

17
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2.5. The Shallow Water Equations

first case, the implication is that the continuity equation is on the shape

∂u

∂x
+

∂v

∂y
= 0 (2.44)

i.e. that there is no w component. Looking at the scales in the second case
yields

U

L
∼ W

H
=⇒ UH

L
∼ W (2.45)

which then implies that U � W since L � H. Lastly, if U
L

� W
H

, the
continuity equation reduces to

∂w

∂z
= 0, (2.46)

which implies a constant w velocity. Given that there exists a kinematic
boundary condition, this case has to be rejected. This leads us to conclude
that the vertical velocity scale W is negligible compared to the horizontal
velocity scale U . By now inserting the scales from Table 2.1 into the
momentum equations in the x- and y-directions we get

U

T
,
U2

L
,
U2

L
,
�
�
���
0

WU

H
,

P

ρ0L
, F

since U � W , which means that the convective term containing the w
component can be safely neglected in the x- and y-momentum equations.
Similarly, by inserting the scales into the z-momentum equation, all terms
containing the velocity scale W can be neglected

�
�
���
0

W

T
,
�
�

���
0

WU

L
,
�

�
���
0

WU

L
,
�
�
���
0

W 2

H
,

P

ρ0H
, F

which means that the z momentum equation reduces to

0 = −1

ρ

∂p

∂z
+ g (2.47)

since the only body force in the z direction is g (Fν is only in the x- and
y-directions due to size of W ). Integrating in the z-direction results in

p(x, y, η, t)− p(x, y, t) = −ρgη(x, y, t). (2.48)

Recall that the pressure at the water surface is the same as the atmospheric
pressure (Equation 2.41) and is negligible. The expression then reduces to

p(x, y, t) = ρgη(x, y, t) (2.49)

18
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Chapter 2. Theory

which is recognized as the hydrostatic pressure. Inserting the expression for
the hydrostatic pressure into the momentum equations and neglecting the
convective term containing w results in

∂u

∂t
+ u

∂u

∂x
+ v

∂u

∂y
= −g

∂(η(x, y, t))

∂x
+ Fν,x

∂v

∂t
+ u

∂v

∂x
+ v

∂v

∂y
= −g

∂(η(x, y, t))

∂y
+ Fν,y.

(2.50)

If the internal viscosity forces are neglected, the viscous body force Fν is
only a function of the friction between the water and the channel. Let us
now integrate the continuity equation (depth averaging) over the water
column

0 =

∫ η(x,y,t)

h(x,y)

(
∂u

∂x
+

∂v

∂y
+

∂w

∂z

)
dz. (2.51)

By applying the RTT we can rewrite the integral as

0 =

(
∂

∂x

∫ η(x,y,t)

h(x,y)

udz − u|z=η(x,y,t)
∂η(x, y, t)

∂x
− u|z=h(x,y)

∂h(x, y)

∂x

)

+

(
∂

∂y

∫ η(x,y,t)

h(x,y)

vdz − v|z=η(x,y,t)
∂η(x, y, t)

∂y
− v|z=h(x,y)

∂h(x, y)

∂y

)

+
(
w|z=η(x,y,t) + w|z=h(x,y)

)
.

(2.52)

By inserting the boundary conditions (Equation 2.42 and 2.43) some of the
terms cancel out so that the remaining expression is

∂η

∂t
+

∂

∂x
u

∫ η(x,y,t)

h(x,y)

dz +
∂

∂y
v

∫ η(x,y,t)

h(x,y)

dz = 0. (2.53)

Evaluating the integrals then results in

∂η

∂t
+

∂

∂x
u
[
z
]η(x,y,t)
h(x,y)

+
∂

∂y
v
[
z
]η(x,y,t)
h(x,y)

. (2.54)

The final expression is then

∂η

∂t
+

∂

∂x

(
u (η(x, y, t)− h(x, y))

)
+

∂

∂y

(
v (η(x, y, t)− h(x, y))

)
. (2.55)

The two momentum equations (Equations 2.50) and the continuity equation
(Equation 2.55) are the Shallow Water Equations.
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Chapter 3

Field Measurements

In order to reliably model rivers there needs to be significant field work
performed. Measurements to scan the river bathymetry are required to
obtain model geometries. Knowledge about water levels and velocities are
crucial for validation and calibration of numerical models. In this chapter,
the measurement techniques that have been used in the field during this
work will be introduced.

3.1. Study Site

The study site in this work is the river Umeälven in proximity to the
hydropower station Stornorrfors, upstream of Umeå in northern Sweden.
Stornorrfors is a productive power plant and annually produces the most
electricity of all hydropower plants in Sweden [23]. The study site has in this
work been divided into two reaches; the bypass reach and the downstream
reach. The bypass reach is what remains of the original river from the
time before the power plant was built and the downstream reach is the
stretch from the confluence of the bypass reach and the tailrace to the sea.
An overview of the area can be seen in Figure 3.1. In the summer, there
is a minimum discharge of Q = 21 m3/s in the bypass reach, to ensure
the possibility of upstream fish migration. Since the area surrounding the
bypass reach is a popular recreation area, the discharge is often increased to
50 m3/s in the weekends for aesthetic reasons. Additionally, there are some
minor tributaries to the bypass reach with insignificant runoff. The spillways
are located in the most upstream parts of the bypass reach. During winter,
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3.1. Study Site

except for times of spilling, the bypass reach is dry. In the downstream
reach the flow conditions are mainly depending on the operating conditions
of the power plant, although there is also an inflow of discharge from the
bypass reach in the summer.

Figure 3.1: Overview of the area in proximity to the Stornorrfors power plant.

Approximately ten kilometers upstream, the unregulated national river
Vindelälven confluences with the river Umeälven. This means that during
the spring flood, the spillways are often opened due to a lack of storing
capabilities in the upstream reservoir. The discharge in the bypass reach
annually reaches flows higher than 1000 m3/s during the spring flood [24].
Furthermore, the unregulated nature of the river Vindelälven ensures that
there is a flow in the downstream reach all year. Adjacent to the spillways
there is a modern fishway, mainly used for upstream migration of salmonids
such Atlantic salmon and brown trout. Juveniles hatched in the local
hatchery is released yearly into the bypass reach to sustain the salmonid
population in the river Vindelälven [23]. In this work, measurements in the
bypass reach are used to create and validates models used to evaluate the
hydropeaking scenarios discussed in Figure 1.4. To gain further trust in
the field measurements used for the bypass reach, additional measurements
were performed in the downstream reach.
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Chapter 3. Field Measurements

3.2. Water Level Measurements

Geoid

d WSEHgpslpole
Logger

RTK

Figure 3.2: Definitions and schematic of water level measurements with pres-
sure loggers.

Water level measurements were performed in both the bypass reach and
the downstream reach in order to calibrate the numerical models used in
this work. The water level measurements were performed by placing a
pressure logger at suitable places in the respective reaches. The locations
of these loggers have been marked in Figure 3.4 and Figure 3.5. The depth
is obtained by using the hydrostatic pressure relation (seen before in this
work in Equation 2.49). The GPS coordinates and elevation above sea level
of the pressure logger was measured using a real time kinematic (RTK)
GPS pole [25]. It is often convenient to use the water surface elevation
(WSE) when calibrating or validating numerical models. The WSE can be
calculated by the relation

WSE = Hgps − lpole + d (3.1)

where Hgps is the elevation of the RTK GPS unit in meters above sea level
(MASL), lpole is the length of the RTK GPS pole and d is the measured
depth. An overview of a general setup for water level measurements, with
definitions, can be seen in Figure 3.2.
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3.3. Bathymetry Measurements

3.3. Bathymetry Measurements

Figure 3.3: GPS controlled USV with a mounted multibeam sonar during a
measurement campaign in Jokkmokk.

The bathymetry in the study area was measured using two different meth-
ods. Since the bypass reach is mostly dry during the winter months, it
was possible to use drone photogrammetry to get a very high resolution
measurements of the river bed and the surrounding beaches. The spatial
accuracy of the drone photogrammetry was on the order of a decimeter [26].
The absolute position of the drone was then measured using a RTK GPS
pole. From the drone measurements a digital elevation model (DEM) was
created using the open-source software QGIS, which can be seen in Fig-
ure 3.4. In the downstream reach the bathymetry was measured using an
unmanned surface vehicle (USV) from Maritime Robotics [27]. On the USV,
a iWBHSh multibeam sonar from Norbit was mounted [28]. Additionally,
the USV was equipped with two RTK GPS antennas, used for absolute
positioning of the USV as well as compensating for surface waves. A photo
of the USV used for the bathymetry measurements, during a different
measurement campaign, can be seen in Figure 3.3. In order for the USV to
not run aground or get stuck, areas that were too shallow or covered in ice
were neglected. Instead, these areas were included in the DEM by using
elevation data from the Swedish Surveying Agency [29]. By combining these
two datasets, the shallows could be interpolated in QGIS. The resulting
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Chapter 3. Field Measurements

DEM of the downstream reach can be seen in Figure 3.5.

Figure 3.4: DEM of bathymetry in the bypass reach. Black dots corresponds
to the location of water level loggers.

Figure 3.5: DEM of bathymetry in the downstream reach. Black dots corre-
sponds to water level loggers. Red square is the validation area.
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3.4. Water Velocity Measurements

Figure 3.6: Radio controlled USV with a mounted ADCP during field mea-
surements in Umeå.

The flow velocity was measured using a radio controlled USV on which
an Acoustic Doppler Current Profiler (ADCP) from Teledyne Marine was
mounted [30]. The ADCP measured three velocity components in several
cells in the water column under the USV. The number of cells varied from
12 to 48, depending on the depth. The positioning was obtained using a
GPS mounted on top of the USV, in line with the mounted ADCP. In order
to compare the measured and simulated velocity, the velocity components
were depth averaged according to

u =
1

d+ η

∫ η

d

udz (3.2)

where u is a velocity component in a measured cell, η is the water surface
elevation and d is the depth. The magnitude of the depth averaged velocity
vector was then given by

〈u〉 = |u| =
√
u2 + v2 + w2 (3.3)

where u is the depth averaged velocity vector and u, v and w are depth-
averaged velocity components given by Equation 3.2. A comparison of the
measured and simulated depth averaged velocity for two different channel
roughness cases, can be seen in Figure 3.7. The location of the validation
area is highlighted in Figure 3.5.
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Chapter 3. Field Measurements

Figure 3.7: Depth averaged velocity measurements (traces) compared against
the simulated velocity for two Manning numbers; upper: n = 0.014, lower:
n = 0.05.
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Chapter 4

Hydraulic Modelling

Although the Shallow Water equations are indeed a significant simplification
to the Navier-Stokes equations, they are for all intents and purposes still
too complex to provide worthwhile analytical solutions to large scale river
flows. Further numerical approximations are therefore required to gain
insight into the large scale hydrodynamics occurring in rivers. Today, there
exists many commercial solvers for modeling river hydraulics. In this work,
some details of modelling river flows using the open-source solver Delft3D
is discussed.

4.1. Delft3D

The hydraulic models presented in this work were all performed using the
open-source hydrodynamic solver Delft3D [31]. Delft3D uses a curvilinear
mesh formulation of the Shallow Water equations, this means that the
mesh can easily be designed to follow the shape of the river reach. An
example of this can be seen in Figure 4.1, where a curvilinear mesh of
downtown Umeå is visualized. The resulting mesh is then transformed
from the advanced geometry to a perfectly rectangular mesh with quad
elements. This has many numerical advantages like faster convergence and
less numerical diffusion [32]. Delft3D offers several different schemes for
spatial discretization and time integration. In this work the cyclic scheme
is used for spatial discretization [33]. The cyclic scheme is based on the
dissipative reduced phase error scheme [31] and is second order accurate.
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4.2. Flow Resistance and Model Calibration

Figure 4.1: Curvilinear mesh example in downtown Umeå.

For the time integration, an alternating direction implicit scheme de-
scribed by Leendertse et al is used [34–36].

4.2. Flow Resistance and Model Calibration

4.2.1. Manning Number

The flow resistance in a channel is decided by the channel roughness. One
famous flow resistance formulation is

Q = nR
2/3
h S1/2 (4.1)

where Q is the discharge, n is the Manning coefficient, named after Robert
Manning, Rh is the hydraulic radius and S is the slope of the hydraulic
grade line [20]. Equation 4.1, referred to as the Manning equation, is an
empirical formula developed for turbulent flows in rough channels [37]. Even
though the formula is in general not valid for natural channels, such as
rivers, the Manning coefficient is often used to characterize the roughness
of a river bed. The Manning coefficient can be expected to vary between
0.01 (cement channels) and 0.2 (flood plains) [38]. The flow resistance is
directly related to the viscous body force Fν discussed previously. Given the
assumption of negligible internal viscous forces, the wall shear stress (τw) is
the only remaining term that contributes to friction losses. In Delft3D, the
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Chapter 4. Hydraulic Modelling

wall shear stress is modeled using a quadratic friction law

τw = ρg
n2u|u|

3
√
d

(4.2)

where ρ is the density of water, g the gravitational acceleration, n is the
Manning number, d the water depth and u is the depth averaged velocity
vector.

4.2.2. Calibration

Figure 4.2: Parametric sweep of Manning coefficient in the bypass reach dur-
ing steady state flow conditions. The black line corresponds to the measured
water level in each validation point.

By performing simulations and comparing the resulting water levels to
water level measurements observed in the field, one can calibrate the
numerical model in such a way that the difference between the simulated
and measured water level is minimized. In cases where the channel roughness
is not expected to vary, one Manning coefficient might be sufficient for the
entire domain. In other cases, the domain might have to be divided into
subdomains where a representative Manning coefficient can be calibrated
for each subdomain. In this work, the bypass reach was divided and
calibrated in this manner. For an example of this, see Figure 4.2, where a
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4.2. Flow Resistance and Model Calibration

parametric sweep of the Manning coefficient was performed and compared
with measured water levels (for a steady state of Q = 50 m3/s) in the
bypass reach. By then selecting the Manning number that provided the
smallest error in each point a roughness distribution could be obtained. For
the area upstream of the first validation point, the Manning number was
assumed to be 0.05. The resulting roughness distribution can be seen in
Figure 4.3. The operating conditions of the Stornorrfors power plant on
the days of the measurement campaign in the downstream reach can be
seen in Figure 4.4. For the section downstream of the power plant, one
Manning number was sufficient for the entirety of the reach. A time series
of the measured water level and a variety of Manning numbers can be seen
in Figure 4.5. In this case, a Manning number of n = 0.014 was chosen.

Figure 4.3: Calibrated roughness distribution in the bypass reach based on the
outcome of the parametric sweep.
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Chapter 4. Hydraulic Modelling

Figure 4.4: Operating conditions of the Stornorrfors power plant 8th to 11th
of June 2021.

Figure 4.5: Time series comparison between parametric sweep and measured
water level. Grilludden is the point most upstream and Tegsbron most down-
stream, see Figure 3.5 for all locations.
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Chapter 5

River Hydraulics due to High
Frequency Hydropeaking

The contents of this chapter concerns the hydraulics in the bypass reach.
The phenomena discussed herein regards mainly, but is not limited to,
effects due to an increase in hydropeaking frequency.

5.1. Hysteresis in the Increase-Decrease Cycle

Hysteresis is an effect that can occur in non-linear systems. A system that
exhibits hysteresis means that the state of some variable depends on the
history of the system. In this work, such an effect was noticed in what is
herein called the increase-decrease cycle, i.e. where the water level, after
a rapid change in upstream discharge, is allowed to reach the new steady
state. After the new steady state is achieved, another rapid change occurs
so that the previous steady state is again reached, resulting in a cycle. One
cycle is separated into two legs, the decrease leg for when the water level is
decreasing and the increase leg, for when the water level is increasing. The
hydrograph used to study this phenomenon can be seen in Figure 5.1. The
rapid flow change occurs over a time of five minutes in both the increase
and decrease legs and sufficient time is given to allow the reach to attain
the new steady state. The up- or down-ramping corresponded to what was
seen in the public discharge data [24].
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5.1. Hysteresis in the Increase-Decrease Cycle

Figure 5.1: Typical hydrograph for an increase-decrease cycle used to study
the hysteresis in the bypass reach.

The normalized water level has been plotted in the shape of hysteresis
loops in Figure 5.2. Both measured and simulated water level dynamics was
evaluated in different points along the reach. The water surface elevation
was normalized in order to be easily compared in the different points along
the reach. The decrease leg was normalized according to

WSEnorm =
WSE −WSEt=∞

WSEt=0 −WSEt=∞
, (5.1)

and the increase leg was normalized using

WSEnorm =
WSE −WSEt=0

WSEt=∞ −WSEt=0

, (5.2)

where WSEt=∞ is the WSE at the new steady state and WSEt=0 is the
WSE before the flow change.
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Chapter 5. River Hydraulics due to High Frequency Hydropeaking

Figure 5.2: Hysteresis loop in the increase-decrease cycle in four points along
the reach; a) Simulated water surface elevation, b) Measured water surface
elevation.

The time from an initial flow change until a certain water level was
achieved depended on whether the water level was increasing or decreasing.
Consider Figure 5.2, where the normalized water surface elevation has been
plotted for four different locations corresponding to the location of the
pressure loggers in Figure 3.4. The time for the water level to reach, for
example, the halfway point between steady states is faster for the increase
leg of the cycle compared to the decrease leg. This effect is noticed in both
the measurements and the simulation. Overall, the simulations capture
the time of the increase leg reasonably well. However, the decrease leg is
underestimated compared to the measurements. The longitudinal increase
in decrease time is an effect that has been seen in several contemporary
publications [39–41]. The difference in time for the two different legs can
be understood by considering the legs as two different phenomena. It is
likely that the decrease leg is fundamentally three-dimensional. Vertical
mixing effects due to i.e. boulders and rocks in the reach are not taken
into consideration when using 2D models. In contrast, the increase leg is
dominated by the initial positive surge that occurs when there is a rapid
increase in discharge upstream. It is likely that the surge is captured well
by the Shallow Water Equations; which would explain the good agreement
between the measurements and simulations in the increase leg.
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5.2. Hydraulic Stages

5.2. Hydraulic Stages

In this work four different hydraulics stages, that occur given high frequency
hydropeaking, were identified. Since the studied scenarios doesn’t occur
at current day operating conditions, the results discussed in this section
is solely based on numerical models. The scenarios discussed are those
that were introduced in the introduction and can be seen in Figure 1.4.
The model hydrographs span hydropeaking frequencies from 12 to 60 flow
changes per day.

5.2.1. Classification of Hydraulic Stages

Given the scenarios studied herein, the stages dynamic, dewatering, alter-
nating and uniform were identified. In the dynamic stage, the water depth
almost, but never completely, reach steady state, causing the depth to
oscillate approximately sinusoidally. The dewatering stage occurs in nodes
that are laid dry at any point during the scenario. In the case that the
water depth alternates between two steady states, the alternating stage is
occurring. Lastly, at the uniform stage, which can be seen as the limit of
the dynamic stage, the amplitude of the oscillations start to approach a
uniform value. Examples of these stages has been plotted in Figure 5.3 for
a scenario of 44 flow changes per day.
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Chapter 5. River Hydraulics due to High Frequency Hydropeaking

Figure 5.3: Example of hydraulic stages that occur in the bypass reach for
a hydropeaking frequency of 44 flow changes per day; a) Dynamic stage, b)
Dewatering stage, c) Alternating stage, d) Uniform stage with threshold indica-
tion.

The matter of classifying these stages was then rather straight forward:

• Dynamic: Nodes that are within the depth range of 1.01dmin <
d < 0.99dmax for the entire time series, were considered to be in the
dynamic range

• Dewatering : Nodes that during simulation had discontinuous depth
time series were considered to be in the dewatering stage, see Fig-
ure 5.3b.

• Alternating : If a node reached the steady state depth for both Q =
50 m3/s and Q = 21 m3/s, it was considered to be in the alternating
stage.

• Uniform: When nodes where in the range (dmax − dmin) < 0.25(d50 −
d21), i.e, the maximum difference in depth for the node is at most 25%
of the difference in depth compared to the steady states, the nodes
were considered to be in the uniform stage. An example of this range
can be seen in Figure 5.3d.
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5.2.2. Distribution of Hydraulic Stages

To get a distribution of the hydraulic stages in the study reach, the classifi-
cation process described above was then used on all the nodes in the bypass
reach. The resulting distribution of the stages, for each model scenario,
can be seen in Figure 5.4. Additionally, the proportion of each stage, has
been plotted in Figure 5.5. Details about the mesh and which nodes that
qualified for classification is discussed more in detail in Paper D.
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Chapter 5. River Hydraulics due to High Frequency Hydropeaking

Figure 5.4: Distribution of hydraulic stages in the study reach for different
hydropeaking frequencies; a) 12 changes per day, b) 20 changes per day, c) 28
changes per day, d) 36 changes per day, e) 44 changes per day, f) 52 changes
per day, g) 60 changes per day.
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5.2. Hydraulic Stages

Figure 5.5: Proportion of the proposed hydraulic stages as a function of hy-
dropeaking frequency.

In the scenario with 12 flow changes per day, the alternating stage
occurs in the entire study reach, except for the nodes that are subject to
dewatering, which occurs mainly along the river banks, but also in some
shallow zones. When the hydropeaking frequency is increased to 20 flow
changes per day, the dynamic stage is first observed. The proportion of
the dynamic stage increases as the hydropeaking frequency increases and
reaches its’ maximum upstream extent for a hydropeaking frequency of
44 flow changes per day. Upstream of this point, the alternating stage
occurs for all model scenarios. This can be explained by the timescale of
the downramping. In the scenarios herein, the downramping time is five
minutes, it is probable that this point of equilibrium would occur further
upstream if the downramping time was even faster. When the hydropeaking
frequency reaches 44 flow changes per day, the uniform stage is observed
for the first time. The proportion of nodes that are in the dewatering stage
is reduced when the hydropeaking frequency increases, this can be seen in
Figure 5.5. This is due to a decrease in the spanwise extent of the reach,
which occurs as a result of the longitudinal dampening, which was discussed
in the hysteresis section above.
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Chapter 5. River Hydraulics due to High Frequency Hydropeaking

5.2.3. Fourier Analysis of Hydraulic Stages

Figure 5.6: Power spectra for each hydropeaking scenario at four evenly distri-
puted points along the reach; a) Most upstream, b) Second most upstream, c)
Second most downstream, d) Most downstream.

To gain further insight into the dynamics of each hydraulic stage, Fourier
transforms were conducted in four points along the study reach. The
exact location of these points can be seen in Paper D. In Figure 5.6a, the
alternating stage is occurring for all model scenarios. For the remaining
three plots (Figure 5.6b-d), the dynamic and uniform stages also appear.
Naturally, the shape of the spectrum is affected by the hydropeaking scenario
and location. Still there are features that allows us to distinguish which
stage is occurring in the node based on the spectrum. The alternating stage
is perhaps most straightforward; the magnitude of the leading peak (Ω1)
is approximately independent of hydropeaking frequency, see Figure 5.6a.
The leading peak is then also followed by several trailing peaks (i.e. Ω2

and even smaller peaks). The frequency of the leading peak corresponds
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5.2. Hydraulic Stages

to the hydropeaking frequency; for instance Ω1 in Figure 5.6a is located
at 0.022 Hz ≈ 60 flow changes per day. The first trailing peak then
occurs approximately at an integer value multiplied with the hydropeaking
frequency. In point a, this integer corresponds to 3; in points b-d, further
downstream, the integer is approximately 2. There could be many factors
influencing this discrepancy; for instance it is possible there are local
resonance phenomena related to the geometry. Another explanation might
be that there can be wave reflections occurring in a pool shortly downstream
of point a, affecting the dynamics upstream.

Consequently, it is possible to use the shape of the Fourier spectrum as
an alternative way of classifying the hydraulic stages. In the case where
the leading peak is approximately the same for all flow scenarios, the node
is in the alternating stage. When the leading peak is decreasing with an
increase in hydropeaking frequency and there are several peaks apparent,
the node is in the dynamic stage. Lastly, when there is only one, relatively
small peak, the node is in the uniform stage.

Now, lets consider the geometrical Fourier series

f(t) =
a0
2

+
∞∑

k=1

akcos (Ωkt) + bksin (Ωkt) (5.3)

where the Fourier coefficients ak and bk are

an =
2

Tp

∫ Tp

0

f(t)cos (Ωkt) dt (5.4)

and

bk =
2

Tp

∫ Tp

0

f(t)sin (Ωkt) dt (5.5)

where Ω corresponds to the fundamental frequency, which is the hydropeak-
ing frequency in this work, f(t) is an arbitrary function (the depth time
series in a specific node in this case), k is an integer and Tp is the period.
The number of peaks in the Fourier spectra corresponds to how many terms,
in the Fourier series, that are required to recreate the initial time series.
The Fourier series expansion, using k = 2 to k = 5 terms, together with the
simulated depth has been plotted for point 4 (corresponding to Figure 5.6d)
in Figure 5.7. This point is convenient since all stages except dewatering
occurs.
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Chapter 5. River Hydraulics due to High Frequency Hydropeaking

Figure 5.7: Simulated water depth and Fourier series in point 4. The graphs
corresponds different amount of terms used in the Fourier series, up to maxi-
mum of 5 terms; a) 12 flow changes per day, b) 20 flow changes per day, c)
28 flow changes per day, d) 36 flow changes per day, e) 44 flow changes per
day, f) 52 flow changes per day, g) 60 flow changes per day.
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The alternating stage occurs in Figure 5.7a. Using five terms (more
terms than there are peaks in the spectrum) in the Fourier series is not
sufficient to resolve the original depth time series, a lot of the information
is contained in the tail of the spectrum. This indicates that more variables
than the hydropeaking frequency are required to capture the full dynamics
of the depth time series. In Figure 5.7b-e, the dynamic stage is occurring. At
this stage, four terms are sufficient to recreate the initial depth time series.
As was the case in the alternating stage, this is more terms than indicated
from the spectrum. The reason for this is probably due to the hysteresis
described above. Since the decrease leg is longer than the increase leg, the
depth time series is not completely sinusoidal. Which is then reflected in
the amount of terms required in the Fourier series expansion. Lastly, in
Figure 5.7f-g the uniform stage is present. At this stage, the Fourier series
expansion has converged to the depth time series using only two terms, as
predicted by the spectrum. The hysteresis effect noted in the dynamic stage
is not apparent anymore, which means that the Fourier series accurately
recreates the original signal.
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Chapter 6

Possible Influences on the
Downstream Habitats

An increase in hydropeaking frequency is likely to affect the downstream
habitats. In this chapter the influence on potential spawning habitat on
salmonids in the bypass reach is considered. Additionally, the likelihood of
stranding for different life-stages of salmonids is investigated.

6.1. Flora and Fauna in the Study Area

The study area in this work is large and diverse. There is a significant
elevation difference from the dam at the top of the bypass reach to the
sea level, which is the elevation of the downstream reach. The flow regime
varies from sub-critical in the downstream reach, which is rather channel
like (see Figure 3.5), to very fast and super-critical in the rapids that occur
in the bypass reach. It is well established that hydropeaking affects the flora
downstream [42]. A study comparing the local plant life in the regulated
Umeälven river and the unregulated Vindelälven due to sub daily flow
fluctuations was published in 2017 [43]. The study area hosts a vast number
of different birds and fishes. The Umeälven delta, shortly downstream of
the downstream reach in this study, is a protected Natura 2000 area of great
importance to migrating birds [44]. Furthermore, wading birds reside in
shallows immediately downstream of the validation area in Figure 3.5. The
operating conditions discussed in the present work, if implemented, would
likely change the morphodynamics of the delta downstream. Consequently,
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6.2. In-flow Parameters Relevant to Salmonids

this could impact the migrating birds that use the delta. The rapid water
level variations induced by hydropeaking, as discussed in the previous
chapter, could also affect birds that feed along the river banks. It is
therefore probable that an increase in hydropeaking frequency would affect
the local bird life.

Most freshwater fish commonly found in Sweden also reside in the study
area, particularly in the downstream reach, where weak swimmers are not
swept downstream. Common species such as northern pike (Esox lucius) and
European perch (Perca fluviatilis) occur, as well as less common species such
as the European river lamprey (Lampetra fluviatilis) [45]. Furthermore, the
three salmonid species brown trout (Salmo trutta), Alantic salmon (Salmo
salar) and European grayling (Thymallus thymallus) reside in the study
area [46]. While a holistic study of the influence on the adjacent ecosystems
due to an increase in hydropeaking frequency would be of great interest,
we herein limit ourselves to study the three salmonid species mentioned.

6.2. In-flow Parameters Relevant to Salmonids

Hydropeaking has been shown to greatly affect the downstream salmonid
populations. Fish run the risk of stranding each time the flow is decreased.
The spawning behavior and growth has been shown to be altered due to
hydropeaking. The matter of predicting the locations of suitable habitat
for certain fish species using hydraulic modeling is rather straight forward;
by performing field studies and identifying which locations that are used
by the target species, one can conclude which flow conditions are sought
by the individuals. These field studies results in what is referred to as a
habitat suitability index (HSI). The HSI method can be used to model
the habitats of, for instance, Atlantic salmon [47] and Iberian barbel [48].
Similarly, the occurrence of spawning habitats can be modeled using the
same approach; where instead the location of spawning areas have been
investigated. In this work, the analysis is limited to the spawning habitats
of the three salmonid species. A table of the hydraulic spawning conditions
sought by the target species can be seen in Table 6.1.
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Chapter 6. Possible Influences on the Downstream Habitats

Table 6.1: Hydraulic conditions for potential spawning habitats for three
salmonids that reside in the study reach.

European
grayling [49]

Brown
trout [50]

Atlantic
salmon [50]

Optimal depth [m] 0.30-0.50 0.20-0.30 0.25-0.55
Optimal velocity [m/s] 0.23-0.90 0.20-0.50 0.15-0.60

In Figure 6.1, the potential spawning area, predicted by the parameters
in Table 6.1, has been visualized in one part of the bypass reach for two
different steady state discharges. It should be noted that the substrate
size is a parameter that is important for the choice of spawning area. The
substrate size and distribution in the study reach was, however, unknown
at the time of this work. Furthermore, this work mainly focuses on the
hydraulic conditions due to high frequency hydropeaking; the substrate
size would likely be affected by such operating conditions. Additionally,
the velocities predicted by the models herein are depth-averaged. This is
not necessarily an accurate prediction of the flow conditions closer to the
river bed. The results herein can therefore be interpreted as a kind of best
case scenario regarding the magnitude of the potential spawning area of the
three salmonid species. Moreover, there is no known spawning occurring
in the bypass reach at this point. The modeled potential spawning areas
herein are hence only used as a tool to evaluate the influence of future high
frequency hydropeaking on the hydraulic conditions required for spawning,
not a prediction of impact on actual spawning habitats.
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6.2. In-flow Parameters Relevant to Salmonids

Figure 6.1: Example of spawning areas based on the conditions specified in
Table 6.1; a) European grayling, b) brown trout, c) Atlantic salmon.

As was briefly discussed in the introduction of this work, hydropeaking
can also cause rapid dewatering of shallow zones. The likelihood of stranding
is species and life-stage dependent. For instance, Atlantic salmon is less
susceptible to stranding than brown trout [7]. Additionally, European
grayling fry is more sensitive to rapid dewatering compared to European
grayling juveniles [11]. The likelihood of stranding due to either life-stage
or species can be modeled using a stranding index that takes dewatering
rate into consideration. Herein, an ecologic stranding index, suggested by
Swiss legislation [11], was used. Five statuses (very good, good, moderate,
unsatisfactory and bad) were given based on dewatering rate for European
grayling and brown trout. This ecological stranding index was used in all
nodes where dewatering occurred. An overview of the five different statuses
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Chapter 6. Possible Influences on the Downstream Habitats

and which dewatering rate is satisfactory for each life-stage and species can
be seen in Table 6.2.

Table 6.2: Ecologic stranding status index for European grayling and brown
trout [11].

European
grayling

Brown
trout

Status Dewatering
rate [cm/s]

Fry Juveniles Fry Juveniles

Very good <0.2 <1.0 <0.2 <1.5
Good 0.2-0.3 1.0-1.2 0.2-0.3 1.3-1.5
Moderate 0.3-0.4 1.2-2.0 0.3-0.4 3.0-4.5
Unsatisfactory 0.4-0.5 2.0-3.0 0.4-0.5 4.5-6.0
Bad >0.5 >3.0 >0.5 >6.0

6.3. Potential Spawning Habitat as a Function of
Hydropeaking Frequency

The six flow scenarios used herein correspond to a hydropeaking frequency
varying from 12 to 52 flow changes per day (Figure 1.4). The total potential
spawning area was then evaluated every time step (one minute resolution),
for each species. The resulting transient dynamics of the potential spawning
area can be seen in Figure 6.2a. A general algorithm used to compute areas
from Delt3D simulations is described in detail in Paper B. Moreover, by
defining the low water mark (LWM) as the steady state water level for a
discharge of Q = 21 m3/s (which is the minimum flow in the bypass reach),
it is possible to compute the proportion of potential spawning areas that
run the risk of dewatering in the case that the operating conditions are
changed. The corresponding plots can be seen in Figure 6.2b.
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6.3. Potential Spawning Habitat as a Function of Hydropeaking Frequency

Figure 6.2: Transient dynamics of the six hydropeaking scenarios; a) potential
spawning area, b) proportion of potential spawning area above the LWM.
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Chapter 6. Possible Influences on the Downstream Habitats

The range of the potential spawning area varied with the different
hydropeaking frequency scenarios. If we consider Atlantic salmon for the 12
flow changes per day scenario, the potential spawning area varies between
4.5 and 6.5×104 m2. When hydropeaking frequency is increased to 52 flow
changes per day, the upper limit is reduced to 5.5×104 m2. This effect
is also noted for European grayling and brown trout, even though the
magnitude of the potential spawning area for brown trout is drastically
smaller than the other target species. Additionally, it is noted that no
peak coincide for any of the target species. For instance, the maximum
potential spawning area for European grayling occurs several minutes after
that of Atlantic salmon. Hence, there is no hydraulic conditions that are
simultaneously optimal for all target species. Furthermore, the maxima of
the potential spawning area for all target species correlate to a minima in
the discharge (see Figure 1.4). This indicates that the hydraulic conditions
that are produced for a lower discharge is more suitable for spawning
in all target species. The flow scenarios that allow for long periods of
steady state (especially at 21 m3/s) has a significantly higher proportion
of potential spawning area above the low water mark, as is apparent in
Figure 6.2b. For lower hydropeaking frequencies, all target species have
significant proportions of their potential spawning area above the low water
mark. Brown trout, where the proportion of spawning areas above the low
water mark is almost 40% in some scenarios, is specially at a disadvantage.
When the hydropeaking frequency is increased the proportion of potential
spawning area that occurs above the low water mark is reduced for all
target species.

At this point it is fruitful to consider the hydraulic stages defined in
the previous chapter. Recall that for low hydropeaking frequencies, the
alternating stage is dominating the reach. As the hydropeaking frequency
increased, the dynamic and uniform stages became more prominent. Fur-
thermore, when the dynamic and uniform stages were present, the spanwise
extent of the reach was reduced in the lower parts of the reach. For the
higher hydropeaking frequencies, the maximum extent of the reach will
hence be substantially closer to that of the low water mark. This in turn
means that not as much area is dewatered compared to scenarios where
the alternating stage occurs, a stage where the river is allowed to reach its
maximum extent. Additionally, the scenarios where the alternating stage is
dominant (12 and 20 flow changes per day) has a higher maximum potential
spawning area. As the dynamic and uniform stages becomes dominant,
the maximum potential spawning area is reduced. It should be reiterated
that this prediction is only from the hydraulic conditions that arise due to

53

5847506_Inlaga_Ny.indd   695847506_Inlaga_Ny.indd   69 2023-01-24   13:312023-01-24   13:31



6.4. Stranding Status

the high frequency hydropeaking. The behavior of salmonids [12,13] and
Iberian barbel [6] have indeed been shown to be altered due to hydropeaking.
It may then also be the case that fishes, subject to the hydraulic conditions
that arise given very high frequency hydropeaking, could experience changes
in their behavior.

6.4. Stranding Status

Hydropeaking is associated with rapid downramping of the discharge. Pre-
viously herein, the downramping has been limited to a case where the
discharge changes over a five minute time period. Since the risk of stranding
is related to the dewatering rate, see Table 6.2, which in turn is dependent
on the downramping rate, further flow scenarios needs to be taken into
consideration. Four hydrographs with varying downramping times have
been used to examine the influence on the stranding index in the bypass
reach. The hydrographs used have been plotted in Figure 6.3. Before the
downramping, sufficient spin up time was ensured so that the entire study
reach is at steady state. Similarly, the entire reach is allowed to reach
steady state after the downramping. In order to identify the nodes that
were subject to dewatering, the extent of the reach at a steady state of
Q = 50 m3/s and Q = 21 m3/s was identified. By then excluding the
nodes that are wet in both cases, the remaining nodes can be concluded
to be dewatered when the flow is reduced. The dewatering rate was then
calculated in all the nodes that qualified for the four flow scenarios. In order
to have a stable, non-arbitrary way of calculating the dewatering time, the
depth time series was subject to a curve fit using least-squares. The details
of this implementation is presented in Paper C. The ecological stranding
status has been visualized in Figure 6.4 for European grayling and brown
trout fry in the flow scenario described in Figure 6.3a, which is the scenario
with the fastest downramping. This scenario is the most problematic for
fry, which is indeed seen as more than 65% of the reach is in the "bad"
category. Each ecological stranding status index, as a proportion of the
total dewatered area, and how it relates to downramping time, life-stage
and species, can be seen in Figure 6.5.
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Chapter 6. Possible Influences on the Downstream Habitats

Figure 6.3: Hydrographs with different downramping times used to study the
influence of dewatering on the stranding index; a) 1 minute, b) 5 minutes, c)
15 minutes, d) 30 minutes.

Figure 6.4: Stranding status for fry European grayling and brown trout for the
fastest closing time scenario based on the dewatering time in Table 6.2 at select
locations in the study reach.
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6.4. Stranding Status

Figure 6.5: Ecological stranding status as a percentage of the dewatered area
at different downramping times.

It is apparent that the life-stage strongly influences the likelihood of
stranding. Even in the most gentle downramping scenario, more than
50% of the bypass reach is in the "bad" category. In the case of juvenile
European grayling or brown trout, most of the reach is in the "good" or
"very good" category for all downramping scenarios. The nodes that were
in the "bad" or "unsatisfactory" categories occur very far upstream, close to
the inlet of reach. Hence, in most of the bypass reach, juvenile salmonids are
not at great risk of stranding due to the downramping time. On the other
hand, salmonid fry are likely susceptible to stranding in most of the bypass
reach for any downramping speed that is compatible with high frequency
hydropeaking. Furthermore, in the rivers where both Atlantic salmon and
brown trout reside, brown trout tend to be displaced towards the river
banks [8, 9]. Therefore it is likely that the thresholds used herein for brown
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Chapter 6. Possible Influences on the Downstream Habitats

trout are also sufficient for Atlantic salmon. Further, it is possible that fry
are at a reduced risk of stranding if the reach is in the uniform stage, since
the magnitude of the water level fluctuations are reduced. Moreover, while
it would be of interest to implement varying downramping and upramping
rates in tandem with high frequency hydropeaking in a fashion similar to
the flow scenarios in Figure 1.4, it is not likely to affect the downstream
hydraulic dynamics dramatically. Recall that the equilibrium point between
the dynamic and alternating stages occurs quite far upstream for most
flow scenarios discussed previously. A slower closing time is going to push
this point of equilibrium downstream and a faster closing time will pull it
further upstream. Furthermore, down and upramping rates of more than 5
or 15 minutes are likely not compatible with the very high hydropeaking
frequencies discussed in the present work.
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Chapter 7

Conclusions and Future Outlook

The influence of very high frequency hydropeaking on some aspects of the
downstream ecosystems as well as the downstream hydraulics has been
investigated in this work. By performing calibrated numerical simulations
it was possible to predict the river hydraulics given very flexible operating
conditions.

There were several interesting physical phenomena that appeared given
the flow conditions that arose due to high frequency hydropeaking. A hys-
teresis effect was noticed in the increase-decrease cycle and several unique
hydraulic stages were identified as a result of the hydropeaking frequency.
Furthermore, a Fourier analysis provided additional insights into the dynam-
ics of each of the hydraulic stages. The in-flow variables predicted by the
numerical simulations could then be used to model dewatering scenarios and
the location of potential spawning habitats for salmonids in the study reach.
These simulations indicated that, given high frequency hydropeaking, a
smaller proportion of the predicted potential spawning habitats run the risk
of dewatering, compared to lower hydropeaking frequencies. Additionally,
the downramping time studied herein indicates that fry brown trout and
European grayling run a great risk of stranding for any highly flexible
hydropeaking scenario.

The results discussed herein are based on model scenarios that, while
easy to model in simulations, are non-trivial to create in nature. The frame-
work presented here, while extensive, would greatly benefit from validation
data obtained from very high hydropeaking frequency scenarios. Addition-
ally, the scenarios herein are limited to a maximum discharge of 50 m3/s,
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since this was the maximum planned flow in the bypass reach. It would
be of interest to also investigate the effect of higher discharges. Further,
the flow change frequencies in the model scenarios are completely regular.
It is likely that the future operating conditions are not so easily planned
and the actual operating conditions might be more erratic. Although the
behavior of fishes in the study reach is not taken into consideration in this
work, it would be interesting in the future to investigate the influence of
high frequency hydropeaking on the individual fishes. Additionally, it is
probable that hydraulic conditions that arise given the scenarios studied
herein would affect the salmonids choice of spawning areas. Studies that
investigate this should also be performed in the future.

All the numerical models herein are based on 2D assumptions. While
it is very time consuming to perform full scale 3D computational fluid
dynamics (CFD), there are methods where a combination of 2D and 3D
models are used. By identifying areas of interest and resolving these areas
in 3D it is likely that further insights can be achieved. Furthermore, a
method such as data assimilation, which integrates measurements of physical
quantities to calibrate models, would likely increase the accuracy of the
2D model used in this work [51,52]. Recently, it has become increasingly
popular to implement real-time holistic models to predict and optimize
operating conditions, a so called digital twin [53]. A digital twin model
such as this, with several different inputs could prove to be helpful when
planning future operating conditions.

While the work herein concerns only the river hydraulics due to the
flexible operating conditions, there are also technical aspects in regards
to the turbines that arise. Given the operating conditions studied herein,
turbines are likely to be operated far away from the best efficiency point.
This can cause additional stress on the runner [54] as well as causing vortex
breakdown to occur [55]. Furthermore, the likelihood of scenarios that
require up to 60 flow changes per day is not very high. Indeed, a study
from 2020 suggested that, even in the most extreme scenarios, Stornorrfors
might only be subject to 8 flow changes per day [56].
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ABSTRACT  
 

As intermittent power sources such as solar power and wind power gains traction in Scandinavia it is likely 
that the electricity production will become increasingly dependent on hydro power as a buffer in times of 
power deficit from intermittent power sources due to weather conditions. Rapid changes in hydro power 
demand can rapidly change the flow conditions in proximity to the power plant. This paper aims to model the 
transient behavior and quantify the inherent damping in a dry reach in proximity to the largest hydro power 
plant in Sweden, with respect to production. A two-dimensional model solving the Navier-Stokes equations 
with shallow water approximations was set up using the open-source solver Delft3D. The Manning numbers in 
the reach was calibrated with measured steady state water surface elevation data. The simulation data was 
then validated with transient water level measurements. The results show that it's possible to calibrate the 
Manning numbers using steady state water level measurements. The model also shows that it's possible to 
capture the inherent damping and more transient behavior using Delft3D. The results can be used to better 
model rivers without the need for resolving the upstream reach. The results can also be used for 
ecohydraulical applications where the transient behavior is important 

 

Keywords: Ecohydraulics, Delft3D, Damping, Manning number, Damping  
 
 
 

1 INTRODUCTION  

1.1   Background

 Hydro power is one of the largest sources of electricity in the Scandinavian countries. In Sweden hydro 
power produces approximately 40% of all electricity (Energiföretagen 2018). In recent years as the effects of 
global warming have become more apparent many look to new, renewable sources for energy. Some sources 
that are gaining a lot of traction are solar power, wind power and wave power. In Germany 6.6% of the electricity 
consumption was produced by solar power (Federal Ministry for Economic Affairs and Energy 2018). In 
Denmark wind power accounted for 42% of all energy produced (energinet.dk 2016). All these methods are 
dependent on intermittent weather conditions which can change rapidly. To mitigate this problem people are 
looking to hydro power to serve as a buffer that can be used during times of power deficit from the intermittent 
power production. It is then likely that a change in weather conditions will cause a rapid change in demand in 
hydro power production, this would put additional strain on turbines as well as the up- and downstream river 
reaches. There are many environmental regulations regarding hydro power which needs to be taken into 
consideration when starting and stopping the electricity production, i.e. minimum flow regulations and water 
magazine levels (Miljö och Energidepartementet, 2018). As hydro power becomes more flexible it becomes 
increasingly important to be able to accurately model the flow dynamics in proximity of power plants. How the 
river geometry affects the flow and how it can be used in environmental applications is hence of increasing 
interest. 

1.2 Numerics 

  Two-dimensional modelling for river applications are becoming increasingly popular due to increase in 
available computer power. Two dimensional models have several advantages to more traditional one-
dimensional models; two dimensional models predict the flow in the entire reach, not only in cross-sections and 
takes the bathymetry in the entire reach into consideration when solving the equations of motion. One popular 
solver is the free, open-source solver Delft3D. Delft3D has been used successfully to model several different 
river flows (Williams et al. 2013, Xie et al. 2018) as well as oceanic flows (Horstman et al., 2013). Delft3D solves 
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the two-dimensional Navier-stokes equations with the shallow-water and Boussinesq assumptions with a 
curvilinear grid formulation (Deltares 2014).  

1.3 Study reach 

 The chosen study reach is the Ume river in proximity to the Stornorrfors hydro power plant. Stornorrfors is 
the hydro power plant that produces the most electricity in Sweden (Vattenfall 2019). An overview of the area 
of interest can be seen in Figure 1. During the summer the dry reach is used for upstream fish migration and 
spilling. During weekends the flow is increased for aesthetic reasons. 

 
Figure 1. Ume river area of interest around the Stornorrfors power plant. 

1.4 Previous work 

      Several previous studies around the area of interest have been made. The influence of a guiding 
arm in proximity of the intake of the fish ladder was studied using CFD (Hellström et al, 2016). In the dry 
reach 1D HEC-RAS simulations that have been validated with several water level measurements have 
been made (Andersson and Angele, 2018). CFD simulations in proximity to the turbine outlet as well as 
ADCP measurements in the confluence area have also been performed (Andersson et al, 2012). From 
these previous studies measured geometries are available for a part of the reservoir, the dry reach and 
the confluence. At the time of this study no hydraulic research of the reach downstream has been 
found. 

1.5 Objectives of this study    

      This study aims to continue the previous work in the dry reach (Andersson and Angele, 2018) by creating 
a working two-dimensional model in Delft3D and validating it against data from the previous study as well as 
investigating transient behavior in the study reach. The objectives are  

i. Validate the water levels for steady state when the discharge Q = 50 m3/s 
ii. Investigate the step response when discharge changes from Q = 50 m3/s to 21 m3/s  

These cases represent two different flow scenarios that happens in the dry reach during summer time. 

 2 STUDY REACH AND GEOMETRY 

        The study reach consists of a part of the dry reach downstream of the spillways in proximity to the 
Stornorrfors power plant. The study reach is approximately 6800 meters in length. The channel topography of 
the dry reach was measured using stereo photogrammetry based on pictures captured with a drone that was 
taking photos during winter when the reach is dry. The resolution of the measurements is in the order of one 
decimeter (Andersson and Angele, 2018). A triangular irregular network (TIN) was created for the dry reach. 
Based on the TIN model a curvilinear grid was generated. The bathymetry was then interpolated on the grid. 
In Figure 2a the resulting curvilinear mesh can be seen. The TIN model has been plotted in Figure 2b.  
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Figure 2. Curvilinear mesh generated for simulations and TIN model. 

         Information regarding the mesh used in this study has been tabulated in Table 1. 
 

Table 1. Curvilinear mesh properties. 

  Quantity 
M-direction 1248 

N-direction 45 

Avg. len. M [m] 5.251 

Max. len. M [m] 9.214 

Min. len. M [m] 0.6039 

Std. len. M [m] 4.15E-03 

Avg. len. N [m] 3.306 

Max. len. N [m] 10.95 

Min. len. N [m] 1.333 

Std. len. N [m] 7.03E-03 

Avg orthogonality 2.97E-04 

Max orthogonality 3.72E-02 

Min orthogonality 9.77E-10 

Avg aspect ratio 2.018 

Max aspect ratio 4.095 

Min aspect ratio 1 
      Water level measurements were available in eight points for the steady state case where the discharge is 
50 m3/s. The locations of these points have been plotted in Figure 3. The GPS coordinates of the points and 

 
(a) Curvilinear mesh for dry reach.  

(b) TIN model of dry reach. 
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the water levels have been tabulated in Table 2. The water levels were measured with absolute pressure 
sensors with an of ± 2 centimeters (Andersson and Angele, 2018).  

 

 
Figure 3. Location of water level measurements in the dry reach. 

Table 2. GPS coordinates in SWEREF 99 and water level measurements in MASL. 

  X [m] Y [m]   Water level, Q= 50 m3/s [MASL] 
1 747666 7093310 35.453 

2 747954 7092890 29.514 

3 748178 7092670 29.212 

4 748621 7092180 26.446 

5 748918 7091810 24.007 

6 749691 7091270 18.934 

7 750488 7090120 15.943 

8 751094 7089640 13.67 

3 METHOD 

3.1 Model setup 

  The upstream boundary condition was set to “open boundary” with a total discharge option, the reflection 
parameter α was set to 0. The downstream boundary condition was set to Neumann with a slope of 0.001. The 
latitude of the model was set to 63.826 decimal degrees and the orientation to 20.263 decimal degrees. The 
slip condition was set to “no-slip” and the horizontal eddy viscosity to 1 m2/s. The threshold depth (depths under 
the threshold are considered dry) for the simulations was set to 0.1 m. All simulations were given enough start 
up time so that initial transient effects are not affecting the final result of the simulations. The study reach doesn’t 
include the reach upstream of the small lake, see Figure 3. Since the step change in discharge occurs at the 
spillways far upstream it is important to model the inherent damping of the reach upstream of the model for the 
transient simulations. This was done by calibrating an inlet discharge time series with the water surface elevation 
measurements in point 1. 
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3.2  Parametric sweep 

        The roughness of the dry reach was calibrated through a parametric sweep of uniform Manning numbers 
in the reach. For convenience the Manning number was swept from 0.01 to 0.12. Values from 0.035 to 0.10 of 
the Manning number can be reasonably expected to occur in natural streams for irregular and rough sections 
(Chow, 1959). The simulations that most accurately predicted the measured water level in a measurement 
point was then chosen to be representative for this part of the reach. In the simulations where the best fitting 
Manning number was below 0.035 or above 0.10 the value was set to 0.035 or 0.10 respectively. In Figure 4 
the results of the parametric sweep have been plotted. Each color represents a steady state simulation with a 
uniform Manning number. On the y-axis the difference in water level between the simulated and measured 
levels in each respective validation point has been plotted. On the x-axis the latitude of the validation points 
has been plotted, this roughly corresponds to the streamwise direction. 

 
Figure 4. Water level difference for parametric sweep. 

 Based on these results a roughness distribution in the dry reach was decided. The resulting distribution can 
be seen in Figure 5. The extent of each Manning number was decided by taking approximately half the reach 
to the next validation point upstream and downstream. 

 
Figure 5. Calibrated Manning numbers in the dry reach. 
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4 RESULTS 

4.1 Steady state  

  In Figure 6 the difference between the measured water level and the simulated water level for the calibrated 
roughness has been plotted.  

 
Figure 6. Water level difference for steady state case with discharge Q = 50 m3/s. 

 The largest difference is seen in point 8 where the simulations overpredict the water level elevation by 
0.7355m. The average difference is 0.1896 m and the median difference is -0.055 m.  

4.2 Step response 

  The simulated water surface elevation response in the validation points when the discharge was changed 
from 50 m3/s to 21 m3/s has been plotted in Figure 7. The same figure for the measured water surface elevation 
in the validation points can be seen in Figure 8. In Figure 9 the transient response for both the measured water 
surface elevation and the simulated water surface elevation for points 1 through 4 have been plotted. The 
transient response for points 5 through 8 has been plotted in Figure 10. All water surface levels have been 
normalized according to the formula  

               𝑊𝑊𝑊𝑊𝑊𝑊𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = 𝑊𝑊𝑊𝑊𝑊𝑊 − 𝑊𝑊𝑊𝑊𝑊𝑊𝑡𝑡=∞
𝑊𝑊𝑊𝑊𝑊𝑊𝑡𝑡=∞ − 𝑊𝑊𝑊𝑊𝑊𝑊𝑡𝑡=0

 [1] 

where WSEt=0 is the steady state water surface elevation for Q = 50 m3/s and WSEt=∞ is the steady state water 
surface elevation for Q=21 m3/s in each respective validation point. In Table 3 the time until the first decrease 
in water surface elevation as well as the time until the model reaches the new steady state. The damping is then 
the time it takes from the first decrease in water level until the new steady state is reached (t∞ - t0). 
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Figure 7. Normalized simulated water surface elevation as a function of time in all validation points. 

 

 
Figure 8. Normalized measured water surface elevation as a function of time in all validation points. 
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Figure 9. Transient response in points 1 through 4.  

 
Figure 10. Transient response in points 5 through 8. 

   

Table 3. Transient properties in the study reach. All units are in minutes. 

 Point t0, sim t0, measured t∞, sim t∞, measured Damping sim Damping measured 
1 4 3 61 71 57 68 

2 9 8 69 82 60 74 

3 11 10 75 85 64 75 

4 18 13 84 95 66 82 

5 22 21 96 113 74 92 

6 30 25 110 121 80 96 

7 45 39 143 162 98 123 

8 57 52 171 227 114 175 
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5 DISCUSSION AND CONCLUSIONS 

   The aim of this study was to create a working two-dimensional hydraulic model in Delft3D validated with 
measured steady state water surface elevation levels as well as investigating the transient behavior when 
subject to a step change in discharge. The Delft3D model is able to capture the level of the water surface for 
the steady state reasonably well, looking at Figure 6 we see that all points except point 1 and point 8 are close 
to the measured values. The model is also able to capture the transient response when the discharge changes 
from 50 m3/s to 21 m3/s. Looking at Figure 7 and Figure 8 we see that the shape of the response curves for the 
simulation case and the validation case are similar in shape. This similarity is made clearer when looking at 
each individual validation point, this case can be seen in Figure 9 and Figure 10. The time until a change in 
water surface elevation is noticed is captured by the model, the time until the new steady state is reached is 
also captured, this can be seen in Table 3. The simulated shape of the response in point 1 has a clear 
dependence on the shape of the time series used as inlet condition, this shape is not noticed further 
downstream, see Figure 7. The model tends to underpredict the damping, this is noticed further downstream in 
the reach. Inherent damping is a measurement of how much the upstream reach of the river affects the water 
level dynamics downstream.  Although the model provides reasonable results there are still significant sources 
of error that merit further discussion. The difference in water surface elevation at point 8 can be explained by 
the stereo photogrammetry measurements, point 8 lies in an area of significant ice buildup, hence the 
bathymetry has not been properly resolved in this area. The difference in water surface elevation for point 1 
could possibly be explained by inlet effects that Delft3D fails to resolve. One possibility is that there is a 
difference in reference height for the photogrammetry measurements and the actual height, this would cause 
wrong channel bed elevations in the bathymetry. In the previous study, the existence of a pool in proximity to 
the inlet of the model was identified as one of the possible reasons for the error. The large difference in water 
surface elevations was observed for the three points closest to the inlet, with the two-dimensional model 
proposed in this article the effect seems to be limited to only the most upstream point (Andersson and Angele, 
2018). The underprediction of the damping could be explained by the lack of resolution of the bathymetry due 
to ice buildup. Other studies that have been using Delft3D for modelling also highlight the importance of 
investigating the dependence of the vertical eddy viscosity (Williams, et al. 2013). This has not been done in 
the current work. Due to lack in computational resources no simulations with larger meshes have been possible. 
The results of this study will be used in future work where the reach downstream of the confluence will be 
modelled. The results allow us to properly model the dynamics of the dry reach without having to resolve the 
reach. 
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Abstract: The operating conditions of Nordic hydropower plants are expected to change in the
coming years to work more in conjunction with intermittent power production, causing more
frequent hydropeaking events. Hydropeaking has been shown to be detrimental to wildlife in the
river reaches downstream of hydropower plants. In this work, we investigate how different possible
future hydropeaking scenarios affect the water surface elevation dynamics in a bypass reach in
the Ume River in northern Sweden. The river dynamics has been modeled using the open-source
solver Delft3D. The numerical model was validated and calibrated with water-surface-elevation
measurements. A hysteresis effect on the water surface elevation, varying with the downstream
distance from the spillways, was seen in both the simulated and the measured data. Increasing the
hydropeaking rate is shown to dampen the variation in water surface elevation and wetted area in
the most downstream parts of the reach, which could have positive effects on habitat and bed stability
compared to slower rates in that region.

Keywords: inherent damping; hydropeaking; river dynamics; hydraulic modeling; delft3d

1. Introduction

When the Paris Agreement was signed in 2016, most of the world committed to reducing carbon
dioxide emissions in order to keep global warming temperatures below two degrees Celsius compared
to preindustrial levels [1]. In response, the governments of the Nordic countries have declared
different emission goals in the coming decades. The Swedish government has pledged to have net
zero greenhouse gas emissions by 2045 [2]. Similarly, the greenhouse gas emissions are to be reduced
by 50% in Norway by 2030 [3]. In Finland, the goal is to cut emissions with 39% by 2030 in comparison
with the emissions in 2005 [4]. On a larger scale, the European Council aims to cut at least 40% of the
greenhouse gas emissions compared to 1990 as well as have 32% renewable energy [5]. The share of
renewable energy production increased from 9.6% to 18.9% between the years 2004 and 2018 and is
expected to increase more in the coming years [6]. Most of the renewable energy produced in Europe
is either hydropower (mainly the Nordic countries) or intermittent power sources such as wind power
and solar power [6]. Currently, the further integration of the Norwegian and Swedish power grids
with mainland Europe is being planned [7]. One of the grid integration projects that is already on
going is The North Sea Link, connecting the Norwegian and British power grids, which is expected
to be finished in 2021 [8]. The nature of hydropower makes it convenient to store energy in times of
favorable conditions for intermittent power production. When the weather changes and the conditions
become less favorable, hydropower can be used as a complement to stabilize the power grid. In order
for this to be achievable on a European scale, the role of Nordic hydropower is expected to change to
be more aligned with the power production needs of mainland Europe rather than producing power

Water 2020, 12, 1585; doi:10.3390/w12061585 www.mdpi.com/journal/water

5847506_Inlaga_Ny.indd   995847506_Inlaga_Ny.indd   99 2023-01-24   13:312023-01-24   13:31



Water 2020, 12, 1585 2 of 17

mainly for consumption in the Nordic countries. This in turn will affect the operating conditions in
Nordic hydropower plants, causing more hydropeaking events and rapidly fluctuating water levels. It
was with this background that the HydroFlex consortium was established with an overarching goal
of researching scenarios with as many as 30 starts and stops per day [9]. It is well established that
hydropeaking can be detrimental to downstream river reaches. Diurnal flow patterns downstream of
hydropower plants increase the stranding of macroinvertebrates as well as reducing the species richness
of benthic macroinvertebrates [10]. The negative impacts of hydropeaking on different fish species
have been investigated all across the globe. Studies in Norway—both in a laboratory environment as
well as in a river—have been performed, investigating the factors causing stranding for Atlantic salmon
(Salmo salar) and brown trout (Salmo trutta) during rapid dewatering [11,12]. Temperature, season, and
lighting conditions were found to impact the stranding rate [11]. The stranding of juvenile brown trout
was minimized when the rate of water level change was reduced from >60 cm/h to <10 cm/h [12].
In the USA, a study showed that a more stable flow regime led to greater abundance of rainbow trout
(Oncorhynchus mykiss) [13]. Hydropeaking was shown to decrease the Composite Suitability Index
and the Weighted Suitable Area for pale chub (Zacco platypus) in South Korea [14]. Hydropeaking
also affects the river margin erosion as well as the river morphology [15]. Hydropeaking could also
negatively affect human safety [16]. There are ways of reducing the impact of hydropeaking. The most
obvious is to change the operating conditions to reduce the number of hydropeaking events [17].
Another approach is to modify the structure around the tailrace. One approach that has been suggested
is to divert some of the discharge during hydropeaking before the tailrace and to gradually introduce it
to the main river downstream [18]. It has also been suggested that discharge water can be temporarily
stored in an Air Cushion Underground Reservoir (ACUR) and gradually released into the tailrace in
times of no hydropeaking [9,19]. An additional approach could be to use the inherent inertia in the river
to reduce the impact of hydropeaking in some stretches of a river. The delay due to inherent inertia
in water-surface elevation as a function of distance from the tailrace has been documented [20,21].
In this study, the open-source hydrodynamics solver Delft3D is used for modeling the flow in the
river. Delft3D has been used for a wide variety of hydrodynamic problems such as morphodynamics
in a tidal river [22], braided river flows [23], and tidal dynamics in a mangrove creek catchment [24].
The aim of the work presented here is to investigate different hydropeaking-frequency scenarios in a
bypass reach in the Ume River in northern Sweden as well as studying the transient dynamics in the
reach including the hysteresis for the water-surface elevation (WSE) and the wetted area.

2. Theory

2.1. Governing Physics

The governing equations of all fluid dynamics are the Navier–Stokes equations.
The incompressible Navier–Stokes equations consists of three momentum equations

∂u
∂t

+ (u · ∇)u = −∇p
ρ

+ F + ν∇2u, (1)

and one continuity equation
∇ · u = 0, (2)

where u is the velocity vector, p is the total pressure, ρ is the density of the fluid, F is the sum of
body forces on the system, and ν is the kinematic viscosity [25]. The Navier–Stokes equations are a
nonlinear set of partial differential equations that pose difficulties when solved numerically. The nature
of turbulence is such that all length scales in the flow needs to be resolved. This is problematic when,
as in rivers, the length scales can be on the order of magnitude of tenths of kilometers. Most commonly
in computational fluid dynamics (CFD) the turbulence is modeled using Reynolds averaging. Many
of the most commonly used turbulence models, such as k-ε, SST, and RSM are based on this method.
Another approach is to model the smaller length scales using subgrid models and resolving the larger
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scales, as is done in LES approaches [26]. Both these methods are often too computationally demanding
for large scale river simulations. One way to simplify the Navier–Stokes equations is by deriving the
two-dimensional Shallow-Water Equations (SWEs) by assuming that the pressure is almost hydrostatic
and that the horizontal length scales are significantly larger than the depth length scales [27]. The SWEs
contain two momentum equations and one continuity equation

∂u
∂t

+ u
∂u
∂x

+ v
∂u
∂y

= −g
∂ζ

∂x
+ Fx, (3)

∂v
∂t

+ u
∂v
∂x

+ v
∂v
∂y

= −g
∂ζ

∂y
+ Fy, (4)

∂ζ

∂t
+

∂(hu)
∂x

+
∂(hv)

∂y
= 0, (5)

where Fx and Fy are the x and y components of the body forces on the system, g is the gravitational
acceleration, h is the depth, and ζ is the displacement of the water surface.

2.2. Implementations in Delft3D

2.2.1. Physics

In Delft3D, the SWEs are formulated in orthogonal curvilinear coordinates. The continuity
equation is

∂ζ

∂t
+

1√
Gξ

√
Gη

∂
(
(d + ζ)Uξ

)

∂ξ
+

1√
Gξ

√
Gη

∂
(
(d + ζ)Uη

)

∂η
= (d + ζ)Q, (6)

where Gξ and Gη are transformation coefficients between curvilinear and orthogonal coordinates, d
is the depth, Uξ and Uη are the depth-averaged velocities in the respective direction, and Q is the
contribution per unit area due to the discharge or withdrawal of water, precipitation, and evaporation.
The momentum equations in ξ and η directions are then

∂Uξ

∂t
+

Uξ√
Gξ

∂Uξ

∂ξ
+

Uη√
Gη

∂Uξ

∂η
−

U2
η√

Gξ

√
Gη

∂
√

Gη

∂ξ
+

UξUη√
Gξ

√
Gη

∂
√

Gξ

∂η
− f Uη = − Pξ

ρ
√

Gξ
+ Fη + Mη (7)

and

∂Uη

∂t
+

Uξ√
Gξ

∂Uη

∂ξ
+

Uη√
Gη

∂Uη

∂η
−

U2
ξ√

Gξ

√
Gη

∂
√

Gξ

∂η
+

UξUη√
Gξ

√
Gη

∂
√

Gξ

∂ξ
+ f Uξ = − Pη

ρ
√

Gη
+ Fξ + Mξ , (8)

where Pη and Pξ are pressure gradients, Fξ and Fη are unbalanced horizontal Reynolds stresses, Mξ

and Mη are contributions due to external sources of momentum, and f is the Coriolis parameter. [28]

2.2.2. Numerics

Delft3D uses finite differences as its method of discretization. Furthermore, the mesh is staggered.
Staggered grids have advantages when solving the SWEs—such as, the boundary conditions are easier
to implement and that staggered grids have also been shown to reduce oscillations in the water level.
The solver is using an alternating-direction-implicit (ADI) method for the time integration. In each
time step, the nonlinear terms in the momentum equations are linearized and solved iteratively in
order to ensure continuity in each timestep. All discretizations are at least second-order-accurate. [28]

2.3. Richardson Extrapolation

In 1911, Richardson suggested an approach to quantify the numerical errors that arise from
discretizing partial differential equations [29]. In his seminal paper, he specifically applied it to stresses
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on a masonry dam, but the method can be used for any numerical approach. By evaluating some
variable on several meshes of varying size one can find an approximate grid-independent value [26,30].
The first step is to define a representative grid size for at least three different meshes. There are many
ways to define the representative grid size, one possible definition for two-dimensional grids is

h =

[
1

Nx Ny

]1/2
, (9)

where Nx is the number of nodes in the X direction and Ny is the number of nodes in the Y direction.
The next step is to perform simulations on the chosen grids and extract a representative variable of
choice φ. Then, the variables r32 = h3/h2, r21 = h2/h1, ε32 = φ3 − φ2 and ε21 = φ2 − φ1 are defined.
Now, the apparent order of the solution can be computed with the implicit equation

1
r21

∣∣∣∣∣ln
∣∣∣∣
ε32

ε21

∣∣∣∣+ ln

(
rp

21 − s
rp

32 − s

)∣∣∣∣∣− p = 0, (10)

where p is the apparent order and

s = sign
(

ε32

ε21

)
. (11)

Then, the extrapolated grid-independent value can be expressed as

φext =
rp

21φ1 − φ2

rp
21 − 1

. (12)

3. Materials and Methods

3.1. Study Site

The chosen study site is the bypass reach at the Stornorrfors hydropower plant in the Ume River.
Stornorrfors is the hydropower plant that, on average, produces the most electricity annually in
Sweden [31]. During summer, there is a minimum flow in the reach of 21 m3/s for upstream fish
migration, during weekends the flow in the reach is increased to 50 m3/s for aesthetic reasons. In the
winter, the reach is mostly dry. The spillways and the fishway spill into the most upstream part of the
study reach, the bypass joins the tailrace of the power plant shortly downstream of the study reach, see
Figure 1. The reach between the spillways and the confluence is approximately 7-km-long. The entirety
of the Ume River is regulated, while the Vindel River—a tributary to the Ume River that merges a
couple of kilometers upstream of the study reach—is not regulated. During the spring flood, it is
therefore common that spilling occurs in the bypass reach. It would be inaccurate to describe the flow
conditions in the study reach as hydropeaked since the discharge in the reach is not necessarily related
to the power production of the power plant. The study reach is however subject to rapid changes
in discharge, partly during the spring flood and partly during the weekly increase and decrease
in discharge.

3.2. Bathymetry and Depth Measurements

The bathymetry of the study reach was measured during winter when most of the reach is dry.
This makes it possible to measure the bathymetry with drone stereo photogrammetry. This method
has spatial accuracy on the order of a decimeter. Along the reach, eight pressure loggers (divers) were
positioned, their position in the reach can be seen in Figure 1. The water-level measurements were
performed from mid-May to mid-July in the summer of 2017. The placement of the divers in the reach
was partly decided based on accessibility to the reach and partly by variation of cross-section shape,
hence the sparser placement in the central parts of the reach (points 5–7). The GPS coordinates of the
divers can be seen in [20]. The temporal resolution of the divers is one minute. The uncertainty of the
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water-level measurements is 2 cm [32]. The absolute positioning for both the photogrammetry and the
divers was measured with a GPS pole [32]. The data collected from the drone measurements were then
processed in ArcGIS to create a Digital Elevation Model (DEM), the model is reported in Figure 2a.
In Figure 2b a typical increase–decrease cycle for each validation point is plotted. Only the periods
of increase and decrease have been taken into consideration, hence, the long periods of intermediate
steady states were discarded. There are some abnormalities in the DEM due to ice build-up at the time
of measurements, these can be seen as deep holes in the DEM in Figure 2a. The deepest hole reaches
−8 [MASL] and occurs close to validation point 7.

Figure 1. (a) Position of Stornorrfors in Sweden. (b) Key locations in the study reach and the extent of
the numerical model.

Figure 2. Field measurements in the study reach: (a) Digital elevation model of the study reach in
meters above sea level (MASL). (b) Water-surface elevation (WSE) in all eight validation points during
a typical increase–decrease scenario.
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3.3. Scenarios

3.3.1. Hysteresis Scenarios

Hysteresis is an effect that occurs for some nonlinear systems. In systems where hysteresis occurs,
the function value is dependent on the history of the system; in this case, it is whether the water
level is increasing or decreasing [33]. Hysteresis occurs for many hydrological variables such as river
discharge, solute concentration, and suspended sediment concentration [34]. Hysteresis also occurs in
discharge rating curves in rivers [35]. Two simulations were performed to investigate the hysteresis
effect on the WSE. The WSE was considered in two legs, one where the WSE is decreasing and one
where it is increasing. In the first case, the discharge was reduced from 50 m3/s to 21 m3/s in 5 min.
In the second case, the discharge was increased from 21 m3/s to 50 m3/s in 5 min. In both simulations,
a steady state was ensured both before and after the change in discharge.

3.3.2. Hydropeaking Scenarios

Six hydropeaking scenarios with different inlet discharge conditions were considered, see Figure 3.
The scenarios each span six hours and consider different possible start and stop schemes. The scenarios
correspond to a change in discharge 10, 20, 30, 40, 50, and 60 times per day, and the flow changes
were evenly distributed throughout the day. The corresponding opening and closing times were
five minutes in all scenarios, since this was observed to be the most common in the public discharge
data [36]. In the calibration and the mesh study, the scenario is a constant discharge of 50 m3/s.

Figure 3. Hydrograph for the six different scenarios under consideration: (a) 10 flow changes per day.
(b) 20 flow changes per day. (c) 30 flow changes per day. (d) 40 flow changes per day. (e) 50 flow
changes per day. (f) 60 flow changes per day.
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3.4. Calibration

The roughness of the model was calibrated by performing a parametric sweep of the Manning
number for a steady-state discharge of 50 m3/s. The Manning number was swept from 0.03 s/m1/3 to
0.1 s/m1/3, which corresponds to the extreme values of the Manning number in natural channels [37].
In each of the simulations, the Manning number was kept constant in the entire reach. This approach
has been used with success in other studies [38]. It is assumed that the reach in proximity of the
validation points are of the same roughness to the validation point. By comparing the simulated water
levels to the measured diver data, it was then possible to find the Manning number that produced
the smallest error [20]. The calibrated WSE is plotted against the measured WSE in Figure 4. Relevant
statistics can be seen in Table 1. The Pearson correlation of 0.9995 obtained in this study is comparable
to the ones obtained in [21,38]. The corresponding Manning number distribution can be seen in
Figure 4.

Figure 4. Outcome of calibration in the study reach. (a) Correlation plot between validation data and
simulated WSE. (b) Manning number distribution obtained from calibration.

Table 1. Statistics regarding the calibration of the model.

Property Value

Maximum error 0.74 [m]
Minimum error 0.02 [m]
Median error 0.08 [m]
Standard deviation 0.304 [m]
Pearson correlation 0.9995

3.5. Model Setup

Three boundary conditions are required, one for the upstream inlet of the reach, one for the
downstream outlet, and one for the slip behavior of the wall. The upstream condition was set
to “total discharge”, where the hydrographs in Figure 3 were used. For the mesh study, the total
discharge was set to 50 m3/s. At the downstream boundary, the condition was set to “Neumann”
with a value of 0.001 for the water surface. The slip condition was set to “free slip”, which for large
scale hydrodynamic simulations, is a reasonable assumption [28]. Both boundaries had a reflection
parameter of 0. The bathymetry seen in Figure 2 was interpolated on all the meshes using the QUICKIN
interpolation tool [39]. The threshold depth was set to 0.1 m and the advection scheme used was
“cyclic”, which is the standard advection scheme in Delft3D. The Manning roughness formula was
chosen with a roughness file, the distribution can be seen in Figure 4. A timestep of t = 0.005 minutes
proved to be sufficient to obtain stable solutions.
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3.6. Wetted Area Calculation

The wetted area is not a variable that can be exported natively from Delft3D. Instead, a method to
compute the wetted area was implemented. Each time the area was calculated, the WSE was exported
as a 400-DPI image. The 400-DPI images proved to be sufficiently resolved. Afterwards, the number of
pixels that contained any data was counted. For each mesh, the extent of the X and Y coordinates were
extracted. With these variables, it was possible to compute the wetted area as

Awetted =
Nr. of active pixels
Nr. of total pixels

Atotal , (13)

where Atotal is the total area spanned by the square defined as

Atotal = (Xmax − Xmin)(Ymax − Ymin), (14)

where Xmax and Xmin is the maximum and minimum extent of the X coordinate respectively, and Ymax

and Ymin are the respective maximum and minimum extents of the Y coordinate. The black borders in
Figure 5 correspond to Atotal .

Figure 5. The 400-DPI image files generated for Awetted calculation in the mesh study. The black borders
correspond to Atotal . (a) Coarse mesh. (b) Less-fine mesh. (c) Finer mesh. (d) Finest mesh.

3.7. Mesh Study

Four different meshes of varying sizes were used for the mesh study. The meshes are denoted
as coarse, less-fine, finer, finest. A table of the mesh properties can be seen in Table 2. By studying
Figure 5, it is apparent that the coarse mesh does not properly capture the complexity of the bathymetry.
This is especially noticeable in the most upstream and downstream parts of the reach where there
are significant rapids. This in turn means that coarser grids will overestimate the wetted area.
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As the grid is refined, it is noticed that more of the bathymetry is captured and the wetted area
decreases. The resulting wetted areas are tabulated in Table 3 along with the results of the Richardson
extrapolation. The Richardson extrapolated value was obtained using the three finest meshes and
solving Equation (12) using the Scientific Python optimization module [40].

Table 2. Mesh properties for the four different meshes used in the study. Representative size is defined
in Equation (9).

Grid Nx Ny Nr. of Elements Representative Size [1/m]

Coarse 521 26 13546 0.0086
Less-Fine 1040 74 76960 0.0036
Finer 2078 218 453004 0.0015
Finest 4154 218 905572 0.0011

Table 3. Wetted area for all meshes and Richardson extrapolated area. Error is given in percentage of
the Richardson extrapolated value.

Grid Awetted [m2] Error

Coarse 863897 +26.10%
Less-Fine 724442 +5.71%
Finer 746164 +8.88%
Finest 733532 +7.03%
Richardson Extrapolation 685334 -
Standard Deviation 0.304

The mesh with the smallest error turned out to be the less-fine mesh. However, there is uncertainty
in how well this mesh resolves the bathymetry. By studying the area for the finer and finest meshes, it
is apparent that the features are similar—both the shape of the contour as well as the size of Awetted.
This is not necessarily true for the less-fine mesh. For this reason, the “finer” grid was chosen, since this
grid provided similar accuracy to the finest grid.

4. Results And Discussion

4.1. WSE Hysteresis

The WSE hysteresis response is plotted in Figure 6. Measures of time for the simulations and the
measurements for each leg have been tabulated in Table 4. In order for each loop to be comparable in
each validation point, the WSE was normalized according to

WSEnorm =
WSE − WSEt=∞

WSEt=0 − WSEt=∞
, (15)

for the leg where the WSE is decreasing and

WSEnorm =
WSE − WSEt=0

WSEt=∞ − WSEt=0
, (16)

for the leg where the WSE is increasing. WSEt=0 is the steady state WSE at t = 0, and WSEt=∞

is the steady state WSE once the new steady state is obtained in each respective validation point.
The new steady state was considered as reached when the WSE reached 99% of WSEt=0 and WSEt=∞,
respectively.
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Figure 6. Hysteresis loop for WSEnorm in validation points 1, 3, 5, and 7, given the measured scenarios
in Figure 2 and the simulated scenarios described in Section 3.3.1. (a) Simulated hysteresis loop.
The arrows indicate the direction of the process. (b) Measured hysteresis loop.

Table 4. Time for each leg of the hysteresis loop for WSEnorm obtained from Figure 6. The time it takes
for the WSE to reach the new steady state is referred to as increase time and decrease time. All units of
time are in minutes.

Validation Point
Simulated Measured

WSE Increase Time WSE Decrease Time WSE Increase Time WSE Decrease Time

Point 1 29 44 32 69
Point 3 33 56 35 79
Point 5 35 69 36 88
Point 7 62 99 51 109

The general shape of the hysteresis loops are similar for both the simulated and the measured cases.
It is apparent that there is a dampening dispersion effect on both the increase time leg and the decrease
time leg, this is seen in both the measured and the simulated responses in Figure 6. The manifestation
of the dampening is an increase in time for each leg and the effect is magnified with downstream
coordinate, as can be seen in Table 4. The simulated increase time predicts the measured time accurately
for points 1, 3, and 5. The discrepancy at point 7 could be due to poor geometry data in proximity to
that point, see Figures 1 and 2. The decrease time leg appears to have a systematic delay for each point.
No change in the hysteresis was seen when simulations with horizontal LES or “no-slip” conditions
were used. There are a couple of possible explanations for this difference. At least seven tributaries of
varying size connect to the reach, the inflow of these tributaries were not taken into consideration when
modeling. The weather conditions during the measurements were not taken into consideration, hence,
evaporation effects and precipitation were not taken into account. Furthermore, there is uncertainty in
how fast the closing and opening time of the spillway gate is. Another explanation could be that the
decrease time leg is fundamentally three-dimensional in nature and is therefore not properly represented
by two-dimensional models. Vertical mixing effects caused by scattered rocks and other stochastic
elements in the reach could be important to resolve to get the full picture and capture all dynamic
effects of this leg [41]. In contrast, the increase time leg is dominated by the initial positive surge caused
by the upstream increase in discharge, whose behavior is more readily captured using SWE.

4.2. WSE Dynamics with Different Scenarios

The WSE in points 1, 2, 3, and 4, given the hydrograph scenarios in Figure 3, have been plotted
in Figures 7 and 8. Similarly, the WSE for the points 5, 6, 7, and 8 can be seen in Figures 9 and 10. It
is apparent that the number of flow changes per day greatly impacts the transient dynamics in the
reach. For the case with 10 flow changes per day, it is observed that the WSE reaches the steady state
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corresponding to Q = 50 m3/s and 21 m3/s in all validation points, see Figures 7 and 9. Similarly for
the 20 flow changes per day case, we see that the respective steady state is reached in all validation
points except point 8. In this point, there is a state of continuous dynamical change where the WSE
never reaches any resemblance of steady state. This effect is noticed for all scenarios except the case
of 10 changes per day. For the case of 20 flow changes per day this point of continuous dynamics
occurs somewhere between point 7 and point 8. Analogously, this point is between point 5 and point 6
for the 30 flow changes case, see Figure 9. For the case of 40 flow changes per day, the point occurs
between point 3 and point 4, see Figure 8. Further, for the 50 and 60 flow changes per day cases, it
occurs somewhere upstream of point 1. For the points 5–8 for the 40, 50, and 60 flow changes per
day cases (Figure 10), the hysteresis behavior seen in Figures 7 and 9 is no longer observed, rather,
the WSE appears to oscillate sinusoidally. One explanation for this behavior could be that the time
scales become comparable or smaller than the decrease time and increase time legs seen in Table 4. It
is also noticed that in some cases the steady state for the increasing leg will be reached but not for
decreasing leg; for instance, see the case with 40 changes per day in Figure 8. This phenomena can also
be explained by the timescales of each respective leg. Furthermore, as the number of flow changes
per day approaches ∞, the WSE appears to approach the mean of the steady states. This convergence
occurs faster for the more-downstream coordinates which can be seen in Figure 10. The cross-section
where continuous dynamics is first observed for the five cases where it occurs have been plotted in
Figure 11. For the 50 and 60 flow changes per day cases, this point is in close proximity to each other
upstream of point 1. Since the width of the river in the lower parts would be reduced given the more
frequent scenarios, it would likely affect the erosion and the morphology of the river.

Figure 7. WSE for the points 1, 2, 3, and 4 given the flow scenarios with 10, 20, and 30 flow changes per
day. (a) Validation point 1. (b) Validation point 2. (c) Validation point 3. (d) Validation point 4.

5847506_Inlaga_Ny.indd   1095847506_Inlaga_Ny.indd   109 2023-01-24   13:312023-01-24   13:31



Water 2020, 12, 1585 12 of 17

Figure 8. WSE for the points 1, 2, 3, and 4 given the flow scenarios with 40, 50, and 60 flow changes per
day. (a) Validation point 1. (b) Validation point 2. (c) Validation point 3. (d) Validation point 4.

Figure 9. WSE for the points 5, 6, 7, and 8 given the flow scenarios with 10, 20, and 30 flow changes per
day. (a) Validation point 1. (b) Validation point 2. (c) Validation point 3. (d) Validation point 4.
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Figure 10. WSE for the points 5, 6, 7, and 8 given the flow scenarios with 40, 50, and 60 flow changes
per day. (a) Validation point 5. (b) Validation point 6. (c) Validation point 7. (d) Validation point 8.

Figure 11. Cross-section corresponding to the most upstream observation of continuous dynamics for
the five different scenarios where it occurs. The legend is in flow changes per day.

4.3. Awetted Dynamics for the Different Scenarios

The wetted area is computed each minute for all six scenarios using the methodology described
in Section 3.6. The outcome has been plotted in Figure 12. The shape of all plots is directly related to
the number of flow changes, see Figure 3. Awetted for 10 flow changes per day stands out from the rest,
the maximum is significantly higher and the minimum is significantly lower than the rest of the plots.
The remaining plots initially follow the same trajectory as the 10 flow changes per day cases, Awetted
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diverges when the first change in discharge for each respective case happens. The 60, 50, 40, and 30
flow changes per day cases all increase for a short period of time before all begin to decrease. After this
initial behavior, these cases begins to oscillate. This initial behavior is not observed for the 20 flow
changes per day case, which appears to begin oscillating as soon as the first change in discharge occurs.
Further, all cases except the 10 flow changes per day case appears to reach approximately the same
maximum in the oscillating phase. This is not true for the minimum, except for the 30 and 40 flow
changes per day cases, there is a clear difference where the 20 flow changes per day case has the lowest
minimum and the 60 flow changes per day case has the highest minimum. Since the free-surface width
in any cross-section in the reach is a function of the WSE, Awetted is also a function of the WSE. This
reasoning in conjunction with Figures 7–10 gives us insights into the behavior of the local wetted area.
For instance, the local wetted area in proximity to point 8 is likely not subject to dramatic fluctuations
since the WSE oscillations are small. Conversely, in the vicinity around point 1, it is more likely to be
large variations in local wetted area.

Figure 12. Total wetted area dynamics for the six different scenarios. The legend is in flow changes
per day.

5. Conclusions

The aim of this study was to investigate the dynamics in the study reach when subject to different
possible future hydropeaking scenarios. The SWE are able to accurately resolve the increase leg but not
the decrease leg, as seen in Table 4. With this in mind, there are still valuable insights that can be
gathered using the SWE to model transient river flows, taking the underestimated WSE damping
into consideration. The WSE dynamics are dramatically affected by both the distance downstream of
the spillways (Figure 6) as well as the frequency of the flow changes (Figures 7–10). With increasing
frequency, the WSE and the wetted area far downstream are less affected by the rapid changes in
discharge. If scenarios similar to the ones described in this work become more common in the future,
then it is likely to be more detrimental to the habitats closer to the spillways rather than the habitats
further downstream. It is possible that the habitats located further downstream will become more
stable given more-frequent flow changes. Another consequence would be that the width of the river
would be reduced, especially in the downstream parts, which could affect the erosion and morphology
in the reach.
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H I G H L I G H T S

• Hydrodynamic scenarios with very
high hydropeaking frequencies were
modeled.

• A general method of computing
dewatering time for any numerical
model was provided.

• Higher hydropeaking frequencies had
smaller amounts of potential spawning
areas.

• High frequencies lowered the por-
tion of potential spawning area at
risk of dewatering.
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Hydropower plant operating conditions are expected to change to be more in tandem with intermittent power
production so as to meet the requirements of the Paris Agreement, which in turn may negatively impact ecolog-
ical conditions downstream of the hydropower plants. The current study investigates how highly flexible hydro-
power operating conditions may impact several salmonid species (European grayling, Atlantic salmon and
brown trout) in the River Umeälven, a major river in northern Sweden; specifically, how changes in
hydropeaking frequency may affect the area of the downstream watercourse that is hydraulically suitable for
spawning (potential spawning area) and how changes in spill gate closing time may affect the propensity to
stranding. River hydrodynamics were modeled using the open-source solver Delft3D, with a range of
hydropeaking frequencies (from 10 to 60 starts and stops per day) and a range of spill gate closing times from
(1–30min). Increasing the hydropeaking frequency caused a reduction in potential spawning area, but also a re-
duction in dewatering of potential spawning area at low flows. Increasing spill gate closing time caused a de-
crease in propensity to stranding. Effects were dependent on both species and life-stage, and declined
longitudinally with distance downstream from the spillway outlet. The modelling approach used here provides
an effective method for predicting likely outcomes of flexible hydropower operating conditions, taking into ac-
count fish species and life-stages present and watercourse characteristics.

© 2021 Published by Elsevier B.V.

1. Introduction

To fulfill goals set in the Paris Agreement (UNFCCC, 2016), increased
dependence on intermittent power production from solar-, wind- and
wave-power is expected in the coming years. Consequent changes
may therefore be required in the operating conditions of current
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hydropower plants so that they operate more in tandemwith intermit-
tent power production requirements, and future operating conditions
may require increased flexibility (HydroFlex, 2020) to account for larger
shifts in local weather conditions. This flexibility may necessitate in-
creased occurrence of hydropeaking and hydrofibrilation in water-
courses. Hydropeaking, the discontinuous release of water from a
storage basin to generate energy to satisfy peaks in demand, causes
rapid changes in water level downstream of turbines, causing either
rapid up- or down-ramping of the turbines (Moreira et al., 2019).
Hydrofibrillationmay also be initiated in run-of-the-river power plants,
resulting in flow fluctuations of similar frequency to those of
hydropeaking but with smaller magnitude (Greimel et al., 2015).

Hydropeaking may have significant effects on watercourses.
Increases in velocities and bottom shear stress related to rapidly fluctu-
ating discharge may increase suspended sediment, which in turn can
deplete the downstream reach of fine sediments (Vericat et al., 2020).
Additionally, rapid flow fluctuations can reduce riverbank stability
(Mohammed-Ali et al., 2020). Hydropeaking may negatively impact
fish populations (McKinney et al., 2001) by altering spawning behavior
(Vollset et al., 2016), reducing body growth (Flodmark et al., 2004;
Puffer et al., 2017), and delaying the timing of the smolt run (Bakken
et al., 2016b). Dewatering during low flows in the hydropeaking cycle
may cause mortality due to egg desiccation in dewatered redds
(Casas-Mulet et al., 2015; Bakken et al., 2016a) and suffocation of juve-
niles stranded in dewatered areas (Saltveit et al., 2001, 2020). A sharp
decrease in discharge causes rapid dewatering of beach zones which is
associated with stranding and entrapment of salmonids (Saltveit et al.,
2001; Halleraker et al., 2003), and may be a critical problem for fry
and juveniles (Moreira et al., 2019) which have limited dispersive abil-
ity. Effects of dewatering are species-specific (Saltveit et al., 2001;
Halleraker et al., 2003) and depend on species interactions. In rivers
where brown trout (Salmo trutta) coexist with Atlantic salmon (Salmo
salar), brown trout tend to reside closer to the river banks compared
to rivers when they are the only salmonid species present (Bremset
and Berg, 1999; Bremset and Heggenes, 2001; Berg et al., 2014), and
are especially exposed to rapid dewatering of beaches.

Physical habitat simulationmodellingmay be used as an investigative
andpredictive tool formodelling the spatial distribution offishwithin riv-
ers with respect to habitat characteristics. This approach has previously
been applied to model potential spawning habitats, both in Atlantic
salmon in the River Dee, Scotland (Moir et al., 2005) and in chinook
salmon (Oncorhynchus tshawytscha) in the Merced River and the Lower
American rivers in California, USA (Gallagher and Gard, 1999). Research
on instream flow-velocity and flow-depth requirement necessary for sal-
monid spawning (e.g. (Louhi et al., 2008; Gönczi, 1989)) may be inte-
grated with hydrodynamic modelling to predict how hydropeaking
regimesmay influence the available habitat with suitable flow conditions
for spawning. Likewise, research on flow condition requirements for fry
and juveniles may be integrated with hydrodynamic modelling to deter-
mine parts of the watercourse susceptible to stranding.

The research consortium HydroFlex (HydroFlex, 2020) was created
to provide scientific and technological breakthroughs enabling hydro-
power to operate with very high flexibility to utilize the full power
and storage capability. One of the goals was to investigate and mitigate
the potential environmental impact due to increased hydropeaking fre-
quency, involving multiple hydropeaking events per day. The impact of
very high frequent hydropeaking on the spawning habitats down-
stream reach is at the time of writing this paper, not well understood.
Increasing the frequency of hydropeaking affects downstream reaches
by directly impacting the amplitude and frequency of variation in
downstream discharge, but also constrains the spill gate closing time
(high frequencies necessitate short closing times) to also affect the
rate of change of discharge. In this study, a general modelling approach
was developed to assess potential impacts of highly flexible hydro-
power operating conditions on selected salmonid fish species. Informa-
tion on optimal flow conditions for several species and two stages (fry

and juveniles) of salmonids provided from literature was combined
with hydraulic predictions of flow conditions in a watercourse sub-
jected to hydropeaking, to determine how flexible operating conditions,
involving changes in hydropeaking frequency and spill gate closing
time, could affect the total area that was hydraulically suitable for
spawning (defined here as potential spawning area) and the likelihood
of fish avoiding stranding in the bypass reach downstream of a hydro-
power dam.

2. Materials and methods

2.1. Study site

The study was carried out in the bypass reach of the Stornorrfors hy-
dropower plant in the river Umeälven in northern Sweden (Fig. 1).
Stornorrfors is the plant in Sweden with the highest annual electricity
production (Vattenfall, 2020). The adjacent bypass reach is used for
both spilling during flooding or turbine downtime and as a passage for
upstream fish migration. In winter, the reach becomes nearly dewatered,
potentially resulting in mortality of resident fish. During the summer the
discharge usually varies between 21 m3/s and 50 m3/s. The discharge of
21 m3/s is equivalent to that through the fish ladder at the top of the by-
pass, which is used for fish migration past the dam in the summer. The
discharge is then often increased to 50 m3/s for aesthetic reasons during
weekends. The discharge from the spillways annually exceeds
1000 m3/s (Länsstyrelsen i Norrbotten, 2017).

Several fish species are present in the reach during summer. Fresh-
water species such as pike (Esox lucius) and perch (Perca fluviatilis)
likely enter the reach via downstream displacement during spilling or
downstream migration from tributaries. The reach is also used for up-
streammigration by salmonids such as brown trout andAtlantic salmon
(Vattenfall, 2020), and the reach and its tributaries may also be used by
spawning salmonids. In summer, three salmonid species reside in the
reach; European grayling (Thymallus thymallus), brown trout and Atlan-
tic salmon. Locally hatched juveniles are released annually into the
reach to sustain the valuable fish populations in the protected, unregu-
lated River Vindelälven, which confluences with the River Umeälven
10 km upstream of Stornorrfors (Vattenfall, 2020).

2.2. Modelling reach hydrodynamics

Reach hydrodynamics were modeled using the Delft3d modelling
suite (Deltares, 2021). Reach bathymetry was created from a Digital
Elevation Model derived from drone photogrammetry (accuracy
≈0.1m) conducted duringwinterwhen the reachwasmostly dewatered
(Angele and Andersson, 2018) (Fig. 2a). The transient hydraulics of the
river were solved in 2D using the Shallow Water Equations (SWE),
which are derived from the fundamental Navier-Stokes equations by as-
suming hydrostatic pressure, and that the horizontal length scales are sig-
nificantly larger than the vertical length scales (Cushman-Roisin and
Beckers, 2011). The Manning number (see Fig. 2b) was calibrated for
the steady state hydraulic simulations (Q=21m3/s and 50m3/s) and dy-
namic hydraulic conditions were validated (Burman et al., 2019, 2020)
using measurements of water level made with eight pressure sensors in
the reach in summer 2017 (placements shown in Fig. 1). Delft3D uses
curvi-linear finite differences for the spatial discretization and an
alternating-direction-implicit (ADI) method for the integration in time
(Deltares, 2014). A previous study (Burman et al., 2020) concluded that
a mesh of approximately 453,000 nodes was sufficient to resolve the
reach. Themodel requires three boundary conditions; one upstream con-
dition, one downstream condition and one wall condition. The upstream
condition was set to the hydrographs in Fig. 3 for each study case. The
downstream condition was set to a Neumann condition with a slope of
thewater surface of 0.001. Thewall conditionwas set to free-slip; the rec-
ommendedboundary condition for large scale hydrodynamic simulations
in Delft3D (Deltares, 2014).
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2.3. Flow scenarios

The influence of implementing flexible operating regimes on the
downstream water level and depth-averaged velocity due to an increase
in hydropeaking frequency was examined by, firstly, varying the
hydropeaking frequency (number offlowchangesper day), and secondly,
varying the closing time of the spill gate. The effect of hydropeaking fre-
quency was studied using hydrographs that corresponded to 10, 20, 30,
40, 50 and 60 flow changes per day (see Fig. 3a). This many flow changes
per day is not planned within the reach, but is rather a target benchmark
for a flexible future power plant (HydroFlex, 2020), so prediction of its ef-
fect is warranted. The closing time and ramp up time for these
hydrographs was set to 5 min, which was the average time observed in
the reach (Länsstyrelsen i Norrbotten, 2017). The effect of the spill gate
closing time was studied by operating with closing times of 1, 5, 15 and
30 min (see Fig. 3b). All simulations had a sufficient spin-up time of 1 h
to achieve steady state for a 50 m3/s discharge before any flow changes
was applied. Following the flow change, each simulation was run suffi-
ciently long to ensure that steady state was achieved in the entire reach
for a 21 m3/s discharge.

2.4. Effect of flexible operating conditions on potential spawning area and
ecological stranding status

2.4.1. Potential spawning area
The distribution of potential spawning area was predicted based

on modeled hydraulic conditions (depth and velocity) throughout

the watercourse for the six hydropeaking frequency scenarios. Opti-
mal hydraulic conditions for spawning (see Table 1) were first ob-
tained from the literature: optimal depth and velocity ranges for
spawning of European grayling were derived from the findings of
Gönczi (1989), whereas those for Atlantic salmon and brown trout
were derived from those of Louhi et al. (2008). The distributions of
the optimal spawning area, based on these hydraulic conditions,
for the three species were then predicted across the watercourse
as a function of the operating conditions using the hydrographs in
Fig. 3b. The lowest extent of the water level, i.e. the low-water
mark (LWM), was computed for a steady state case with a discharge
of 21 m3/s. The potential spawning area that was above the LWM
was then identified as potential spawning locations in risk of
dewatering.

Longitudinal effects of hydropeaking frequency on potential
spawning area were determined by examining differences among
six representative study zones downstream of the spillway outlet
(see Fig. 1). Each zone covered approximately the same distance
(≈1.1–1.2 km), with placement chosen so that transitions between
contiguous zones did not occur in rapids. By computing the area of
the potential spawning area (Table 1) in each time step for each spe-
cies, the transient effect on the local potential spawning areas in each
respective zone was determined for the six hydropeaking flow sce-
narios (see Fig. 3a). Similarly, the area of the potential spawning
areas that ran the risk of dewatering (i.e. potential spawning areas
above the LWM) was computed for the six study zones for the six
flow scenarios (see Fig. 3b).

Fig. 1. Overview of the bypass reach of the Stornorrfors hydropower plant, River Umeälven, Sweden. Boxes in white correspond to the zones used in the analysis of longitudinal effects.
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Fig. 2. (a) DEM obtained from photogrammetry measurements; (b) calibrated Manning number distribution obtained from validation with water-level measurements.
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Fig. 3.Hydrographs used in this study: (a) hydrographs used for investigating the effect of hydropeaking frequency; (b) hydrographs used for investigating the effect of spill gate
closing time.
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2.5. Ecological stranding status

Dewatering time for each nodewas defined as the time from the ini-
tial decrease in water surface elevation until the time when the node
had been dewatered. The decrease in water level as a function of time
was approximately captured with the function

WSE f itðtÞ ¼
WSEmax

WSEmax − WSEminð Þe − t − θð Þ=τð Þ þWSEmin

�
, t < θ
, t ≥ θ

ð1Þ

whereWSEmax is thewater surface elevation (WSE) before the decrease,
WSEmin is the WSE after the decrease (or the elevation of the bathyme-
try in that node if the node is dewatered), θ is a time-lag coefficient and
τ is a coefficient describing the shape of the decrease event. The curvefit
for the four parameterswas optimized using a least-squares approach in
the Scientific Python optimize package (Scipy.org, 2020). The initial de-
crease was then defined as the first time where WSEfit was less than
WSEfit(t=0). This method allowed estimation of a dewatering time
(tdewatering) both for situations when there was a near-monotonic de-
cline in WSE with time (Fig. 4a) and for situations (typically in faster
flower areas) when there was a more erratic decline in WSE with time
(Fig. 4b). However, curve-fitting required at least four observations,
meaning that it could not be applied to nodes where dewatering oc-
curred over a shorter time period than 4min (the simulation producing
one observation per minute). Nodes with this conditionwere discarded
from further analysis. The dewatering velocity was then computed as

udewatering ¼ WSEmax − WSEmin

tdewatering
: ð2Þ

When the discharge was reduced from 50m3/s to 21 m3/s, a total of
23,849 nodes were dewatered. In each of these nodes, the resulting
dewatering velocity udewatering was then compared to the thresholds in
Table 1 and the resulting ecological status for the different life stages
of the fish was calculated.

All locations within the watercourse were classified into a species-
specific ecological stranding status based on the dewatering velocity
(rate of reduction in water depth, cm/min) (see Table 1). This status
represented the likelihood offish avoiding strandingduringdewatering.
Ecological stranding status for juvenile grayling and juvenile brown
trout were obtained from Swiss legislation core indicator “stranding
thresholds” (Moreira et al., 2019). These assign an ecological status
quality (very good, good, moderate, unsatisfactory and bad) that is de-
pendent on the rate of dewatering, with higher status being associated
with lower dewatering velocities.

3. Results

3.1. Effect of hydropeaking frequency on potential spawning area

Potential spawning area for the three fish species varied in concur-
rence with variation in flow conditions during the hydropeaking cycle
(Fig. 5a). The range of this variation was negatively related to the
hydropeaking frequency. For example, a low hydropeaking frequency
(10 flow changes per day) caused the potential spawning area for
European grayling and Atlantic salmon to vary between 4.5 and
6.5×104 m2; a high hydropeaking frequency (60 flow changes per
day) reduced the intra-cycle variation in potential spawning area for
these species to between 4.5 and 5.5×104 m2. Effects were species-
specific; firstly, the potential spawning area for brown trout was signif-
icantly lower than for the other two species. Secondly, the maximum
potential spawning area for the different species never coincided. For
example, the maximum potential spawning area for European grayling
occurred several minutes after that for Atlantic salmon.

The proportion of potential spawning area that was above the LWM,
and that would be dewatered at the lowest water level, was greatest for
brown trout, followed by Atlantic salmon and then European grayling
(see Fig. 5b). The amount of potential spawning area that was above
the LWM decreased with an increase in hydropeaking frequency. A
maximum of ≈40% of brown trout potential spawning area was above

Table 1
Hydraulic conditions for potential spawning habitat and ecological stranding status.

European
grayling

Brown trout Atlantic
salmon

Potential spawning habitat
Optimal
depth

Range [m] 0.30–0.50a 0.20–0.30b 0.25–0.55b

Optimal
velocity

Range [m/s] 0.23–0.90a 0.20–0.50b 0.15–0.60b

Ecological stranding statusc

Dewatering
rate [cm/s]

Fry Juveniles Fry Juveniles

Very good <0.2 <1.0 <0.2 <1.5
Good 0.2–0.3 1.0–1.2 0.2–0.3 1.3–1.5
Moderate 0.3–0.4 1.2–2.0 0.3–0.4 3.0–4.5
Unsatisfactory 0.4–0.5 2.0–3.0 0.4–0.5 4.5–6.0
Bad >0.5 >3.0 >0.5 >6.0

a (Gönczi, 1989).
b (Louhi et al., 2008).
c (Moreira et al., 2019).

Fig. 4. Examples of decline in water surface elevation with corresponding curve fits:
(a) near-monotonic decline; (b) erratic decline.
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the LWM with 10 flow changes per day, whereas a maximum of ≈25%
of this potential spawning area was above the LWM with 60 flow
changes per day. For the simulation with 60 flow changes per day,
very little European grayling or Atlantic salmon potential spawning
area was above the LWM.

The dynamics of the potential spawning area strongly depended on
the distance downstream from the spillway outlet (Fig. 6). The hydrau-
lic dynamics in the study reach depended on the hydropeaking fre-
quency (Table 2). For a frequency of 10 flow changes per day (Fig. 6a)
the dynamics in the reach mainly experienced steady state conditions,

Fig. 5. Transient dynamics of the six hydropeaking scenarios: (a) potential spawning area; (b) proportion of potential spawning area above the LWM.

A.J. Burman, R.D. Hedger, J.G.I. Hellström et al. Science of the Total Environment 796 (2021) 148999

7

5847506_Inlaga_Ny.indd   1255847506_Inlaga_Ny.indd   125 2023-01-24   13:312023-01-24   13:31



associated with discharges fluctuating between 21 and 50 m3/s. When
the hydropeaking frequency increased, the study reach started to ex-
hibit a state of continuous dynamics (see Burman et al., 2020). This
state of continuous dynamics, involving a sinusoidally oscillating poten-
tial spawning area, was observed for zones 2–5 for a frequency of 60
flow changes per day (Fig. 6b). The amplitude of this oscillation tended
to decrease with increasing distance from the spillway outlet.

The low hydropeaking frequency scenarios that caused mainly
steady state conditions tended to have more maximum potential
spawning area above the LWM than the high hydropeaking frequency
scenarios that caused continuous dynamics (Table 3). Longitudinal ef-
fects were also apparent. In zone 1–3 a much greater amount of poten-
tial spawning areas occurred above the LWM for a hydropeaking
frequency of 10 flow changes per day (Fig. 7a) than for one of 60 flow

Fig. 6. Transient dynamics of potential spawning area in each zone: (a) hydropeaking frequency = 10 flow changes per day; (b) hydropeaking frequency = 60 flow changes per day.
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changes per day (Fig. 7b). In zone 1, a significant proportion of the po-
tential spawning area appeared above the LWM in all hydropeaking sce-
narios except for that with 60 flow changes per day. In zone 2, there
were considerable amounts of potential spawning area above the
LWM for 10, 20 and 30 flow changes per day. In zone 3 there were
only notable potential spawning areas above the LWM for the 10 flow
changes per day case. Downstream of zone 3, hydropeaking frequency
had little effect, with only negligible amounts of potential spawning
area being above the LWM.

3.2. Effect of closing time on ecological stranding status

The ecological stranding status of areas that became dewatered at
the LWM increasedwith an increase in closing time (Fig. 8). An increase
in closing time from 1 min to 30 min caused a relative increase in the
area that had very good ecological stranding status of 11% for
European grayling and brown trout fry, 33% for European grayling juve-
niles, and 19% for brown trout juveniles. Ecological stranding status
strongly depended on life-stage. More than 50% of the dewatered area
had a bad ecological stranding status for fry, whereas more than 69%
of the dewatered area had a very good status for the juvenile stage, re-
gardless of closing time (Fig. 8). Ecological stranding status also

depended on species, with brown trout juveniles having better status
than European grayling juveniles. For example, 100% of the dewatered
area had a very good status for brown trout parr with a closing time of
30 min, whereas ≈93% of the dewatered area for European grayling
had the same status.

Dewatered areas that experienced high dewatering velocities, indic-
ative of a bad ecological stranding status, were found near the river
banks throughout most of the watercourse. Dewatered areas that expe-
rienced lower dewatering velocities, indicative of a moderate to very
good ecological stranding status, were mainly further downstream in
the watercourse. A 30 min closing time caused a small increase in the
dewatered area that experienced lowdewatering velocity in the smaller
rapids, close to the central parts of the study reach. However, closing
time had little effect on ecological stranding status in the rapid
Baggböleforsen section, where the inherent damping of the reach was
so substantial that any sharp water level decrease was dispersed.

4. Discussion

This study has shown that hydropower operating conditions
(hydropeaking frequency and spill gate closing time) have strong impli-
cations for hydraulic conditions that can sustain fishes in hydropower

Table 2
Potential spawning area (m2) in each zone; maximum and minimum values for the three target species for all hydropeaking scenarios.

Potential spawning area ×104 [m2] 10 flow changes
per day

20 flow changes
per day

30 flow changes
per day

40 flow changes
per day

50 flow changes
per day

60 flow changes
per day

Max Min Max Min Max Min Max Min Max Min Max Min

Zone 1 European grayling 1.01 0.91 1.01 0.91 1.01 0.91 1.01 0.91 1.01 0.91 1.01 0.96
Brown trout 0.61 0.49 0.61 0.49 0.61 0.49 0.61 0.49 0.61 0.49 0.62 0.50
Atlantic salmon 1.18 0.92 1.18 0.92 1.18 0.92 1.18 0.92 1.18 0.92 1.18 0.92

Zone 2 European grayling 0.74 0.41 0.74 0.41 0.72 0.41 0.72 0.41 0.68 0.41 0.67 0.42
Brown trout 0.13 0.05 0.13 0.05 0.12 0.04 0.12 0.04 0.11 0.05 0.11 0.05
Atlantic salmon 0.67 0.36 0.67 0.36 0.56 0.36 0.65 0.36 0.65 0.36 0.62 0.37

Zone 3 European grayling 0.89 0.42 0.89 0.42 0.86 0.41 0.83 0.43 0.80 0.43 0.74 0.43
Brown trout 0.13 0.05 0.13 0.05 0.13 0.05 0.12 0.05 0.12 0.06 0.11 0.06
Atlantic salmon 0.56 0.27 0.56 0.27 0.54 0.26 0.52 0.28 0.50 0.28 0.47 0.29

Zone 4 European grayling 0.45 0.30 0.45 0.30 0.44 0.31 0.43 0.31 0.41 0.31 0.40 0.32
Brown trout 0.09 0.05 0.09 0.05 0.08 0.05 0.08 0.04 0.08 0.05 0.08 0.05
Atlantic salmon 0.58 0.37 0.58 0.37 0.56 0.38 0.54 0.37 0.52 0.37 0.51 0.38

Zone 5 European grayling 0.42 0.25 0.40 0.25 0.40 0.25 0.40 0.25 0.38 0.26 0.38 0.27
Brown trout 0.07 0.04 0.07 0.04 0.07 0.04 0.07 0.04 0.06 0.05 0.07 0.05
Atlantic salmon 0.53 0.31 0.52 0.31 0.49 0.31 0.48 0.32 0.48 0.33 0.48 0.34

Zone 6 European grayling 0.48 0.07 0.41 0.06 0.22 0.05 0.14 0.06 0.11 0.07 0.10 0.07
Brown trout 0.02 <0.01 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Atlantic salmon 0.37 0.14 0.33 0.14 0.27 0.13 0.20 0.13 0.17 0.14 0.16 0.13

Table 3
Maximum potential spawning area (m2) above the LWM for the three target species for all hydropeaking scenarios. >LWM denotes the area above the low-water mark.

Potential spawning
area >LWM [m2]

10 flow changes
per day

20 flow changes
per day

30 flow changes
per day

40 flow changes
per day

50 flow changes
per day

60 flow changes
per day

Zone 1 European grayling 2200 2200 2200 1524 502 127
Brown trout 920 920 920 822 1067 5
Atlantic salmon 2768 2768 2768 2077 662 239

Zone 2 European grayling 765 765 912 29 0 0
Brown trout 502 502 527 20 7 0
Atlantic salmon 1191 1191 1396 63 13 0

Zone 3 European grayling 536 0 112 0 0 5
Brown trout 387 231 337 0 0 268
Atlantic salmon 870 137 387 0 0 290

Zone 4 European grayling 48 0 0 0 0 0
Brown trout 48 0 12 0 10 22
Atlantic salmon 78 0 0 0 0 33

Zone 5 European grayling 0 0 0 0 0 0
Brown trout 0 0 0 65 18 0
Atlantic salmon 0 0 0 0 0 0

Zone 6 European grayling 0 0 0 0 0 0
Brown trout 0 0 0 0 0 0
Atlantic salmon 0 0 0 0 0 0
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tailraces, in terms of hydraulics suitable for spawning and hydraulics
suitable for avoiding stranding. In the studied reach, potential spawning
area was strongly dependent on the hydropeaking frequency: an in-
crease in hydropeaking frequency caused a reduction in variation of

potential spawning area during the hydropeaking cycle, and also caused
a reduction in the amount of potential spawning area that was suscep-
tible to dewatering during low flows. Ecological stranding status in-
creased with an increase in spill gate closing time. Effects of changes

Fig. 7. Transient dynamics of proportion of potential spawning area above the LWM in each zone: (a) hydropeaking frequency=10 flow changes per day; (b) hydropeaking frequency=
60 flow changes per day.
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in operating conditions were highly dependent on distance down-
stream from the spillway outlet. With increasing distance downstream,
there was a reduction in the proportion of the potential spawning area
and there was an increase in ecological stranding status.

4.1. Effect of operating conditions on potential spawning area

Potential spawning area varied temporally throughout the
hydropeaking cycle, corresponding to the changing hydraulics, but the
average potential spawning area and the magnitude of temporal varia-
tion decreased with an increase in hydropeaking frequency. Potential
spawning area for all three species varied most when the hydropeaking
frequency was lowest (10 flow changes per day), reaching a maximum
for a steady state discharge of 21m3/s and aminimum for a steady state
discharge of 50 m3/s. Steady state hydraulics were less frequently ob-
served with an increase in hydropeaking frequency, which led to a re-
duction in average potential spawning area and a reduction in the
temporal variation in spawning area throughout the hydropeaking
cycle. The reduction in potential spawning area with an increase in
hydropeaking frequency suggests that flexible hydropower operating
regimes, allowing for a high frequency of hydropeaking, could have neg-
ative effects on the ability of salmonids to find suitable spawning habi-
tats by reducing the area of the river that is hydraulically suitable for
spawning. Salmonids respond rapidly to changing flow conditions
with regard to spawning (Vollset et al., 2016) so a low hydropeaking
frequency would allow for maximum opportunity to select spawning
sites when flow conditions are optimal.

Conversely, the proportion of potential spawning area that was sub-
ject to dewatering at minimum discharge decreased with an increase in
hydropeaking frequency. In the low hydropeaking frequency scenarios,
where steady state conditions were observed, the entire reach returned
to the LWMatQ=21m3/s, causing a significant proportion of the poten-
tial spawning area to be dewatered. As the hydropeaking frequency in-
creased, a larger proportion of the study reach exhibited continuous
dynamics due to the inherent damping in the river, which in turn
meant that a smaller proportion of the potential spawning area was
dewatered. Flexible operating conditions with a high frequency of
flow changes can therefore potentially be beneficial in terms of

providinghydraulically suitable spawning areas that are less susceptible
to dewatering during low flows. Areas that may be hydraulically suit-
able for spawning will be less productive in terms of producing future
salmonid cohorts if they are subsequently dewatered at low flows be-
cause dewatering of the spawning redds may lead to mortality of eggs
and pre-emergent alevins (Becker et al., 1986; Casas-Mulet et al.,
2015). It has been suggested that stableflow conditions should bemain-
tained during spawning to minimize dewatering (Hayes et al., 2019).
The modelling approach used in this study, however, suggests that
very frequent flow variations can actually lead to a reduction in
dewatering via initiating continuous hydrodynamics, so a very high
hydropeaking frequency regime may potentially have some benefit.

The effect of dewatering of spawning redds on egg and pre-
emergent alevin mortality will depend on the length for which they
are dewatered as both stages show some resistance to temporary
dewatering in salmonids (Becker et al., 1986). Thus the shorter
dewatering period associated with a greater hydropeaking frequency
may further aid the survival of egg and pre-emergent alevin stages,
even if they are in (briefly) dewatered redds during short periods of
low flows. The effect of hydropeaking on potential spawning area and
the proportion of this area that was dewatered at low flows decreased
with downstream distance from the spillway outlet. Average potential
spawning area was greatest nearer to the spillway outlet (zone 1), and
declined with distance downstream from the outlet. However, the pro-
portion of potential spawning area thatwas dewatered at low flowswas
also greatest nearer to the outlet, thus suggesting the potential for
dewatering of spawning redds will be greatest nearer the outlet. This
dampening of hydropeaking effects with distance downstream from
the source of changes in flow has been identified in previous studies
(Hauer et al., 2017; Šilinis et al., 2020) but the rate of dampening de-
pends on the watercourse properties. The advantage of the modelling
approach used in the current study is that effects can be predicted in ad-
vance according to characteristics of the bypass reach.

4.2. Effect of spill gate closing time on ecological stranding status

Spill gate closing time had a large effect on ecological stranding sta-
tus. Increasing spill gate closing time increased ecological stranding

Fig. 8.Ecological stranding status indicator as a percentage of the total dewatered area for European grayling and brown trout fry, European grayling juveniles and brown trout juveniles for
different spill gate closing times.
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status for both species and both stages. Thus, our modelling results
suggest that hydropeaking regimes should maximize closing time
where possible. Life-stage had the largest effect on stranding status:
50% of the reach was still in the bad category for European grayling
and brown trout fry for the longest spill gate closing time (30 min)
whereas >90% was in the very good category for juveniles of these
species. Thus, it is necessary to consider all life-stages when evaluat-
ing effects of stranding on salmonid populations. There may be situ-
ations where juveniles are relatively unaffected by stranding, but if
fry are prone to stranding, negative impacts on the population may
still be apparent because reduced fry abundance leads to reduced ju-
venile recruitment.

Ecological stranding changed longitudinally along the river, with
a tendency for better ecological stranding status with increasing
downstream distance from the spillway outlet. This was because of
a dampening of the rate of change of water level throughout the
hydropeaking cycle with increasing downstream distance, some-
thing that is consistent with previous studies (Hauer et al., 2017;
Šilinis et al., 2020). In the parts of the reach where the difference be-
tween high and lowwater was negligible, such as along downstream
riverbanks, the risk of stranding was minimal. It is likely that salmo-
nid juveniles could be exposed to highly flexible operating condi-
tions without stranding in the more downstream parts of the reach
due to the effect of closing time on stranding being localized to
areas near the outlet.

4.3. Additional influences on salmonids within hydropeaked rivers

Potential spawning area was characterized in this study from hy-
draulic properties alone. In reality, the availability of suitable substrates
plays a key role in the selection of spawning sites by salmonids (Milner
et al., 2003; Louhi et al., 2008) and it is likely that the area of actual
spawning habitat used by salmonids will be much smaller than that
which is hydraulically suitable. However, data on substrate characteris-
ticsmaynot always be readily available for large river systemswith high
discharges, turbid waters and deep channels. In such circumstances, a
modelling approach to assess potential spawning area based on hydrau-
lic properties alone represents a simple solution to estimate the effect of
hydropeaking frequency on relative changes in spawning area. In cir-
cumstances when the substrate composition has been mapped, infor-
mation from predicted hydraulic properties can be integrated with
substratemaps, to identifywhich patches of suitable substrate have sat-
isfactory hydraulic conditions. For example, a patch of spawning gravel
maybe suitable for spawning in part of thewatercourse far downstream
from the outlet where effects of hydropeaking on hydraulics have
largely dissipated but a similar patch may be unsuitable for spawning
in a part of the watercourse nearer to the spillway outlet, where
hydropeaking effects are greater.

The species and life-stages of the fish present have a large effect on
susceptibility to stranding. In the current study reach, the stranding
risk of grayling and brown trout juveniles was low regardless of closing
times, and since the Atlantic salmon is less sensitive to dewatering than
brown trout (Halleraker et al., 2003), it is likely that Atlantic salmon
would fare better. However, species also have different risks of exposure
to varying flows, related to their life-history at the earlier fry life stage.
Brown trout and Atlantic salmon fry are much more dependent on the
habitat and will hide in the substrate, while European grayling fry
enter the water column and starts to swim earlier, making them more
prone to risk of varying water flows (Auer et al., 2017). The current
study used equivalent relationships for estimating stranding statuses
of European grayling and brown trout, but better quantification of dif-
ference between the two species would allow better prediction of
stranding effects in the bypass reach. Furthermore, it would be of inter-
est in the future to study species other than salmonids. For example, the
European river lamprey (Lampetra fluviatilis), a species that inhabits the
study reach, is known to be negatively affected by the occurrence of

hydropower plants (Moser et al., 2002). Additionally, the circadian
and seasonal behavior of the species will affect the susceptibility to
stranding (Halleraker et al., 2003; Auer et al., 2017; Puffer et al., 2017).
Again, better quantification of these effects would allow for better pre-
diction in future studies.

The current study has focused on how flexible operating regimes can
affect salmonid populations via influencing spawning potential and the
likelihood of stranding. Hydropeaking regimesmay, however, affectfish
populations in other ways. The behavior of migrating salmonids is af-
fected by hydrodynamics (Silva et al., 2020),which in turn is dependent
on hydropeaking regime. Therefore, hydropeakingmay affectmigratory
movements (Jones and Petreman, 2015; Vehanen et al., 2020).
Hydropeaking may also initiate heat-stress in salmonids from associ-
ated thermopeaking (Feng et al., 2018) and increase suspended sedi-
ments (Greimel et al., 2015) which may affect fish behavior and cause
direct physiological stress (Kjelland et al., 2015). The modelling
approach used in the current study predicts hydraulic properties such
as velocity and heat fields, so is useful for evaluating effects of
hydropeaking on migration and possible heat stress. It may also be
extended to give predictions on suspended sediment density in situa-
tions where there is sufficient validatory data, enabling examination of
turbidity effects on fishes.

5. Conclusions

This study shows how flexible operating conditions (hydropeaking
frequency and gate closing time) can affect the potential spawning
area and the stranding risk for salmonids downstream of hydropower
spillways. In the watercourse studied, the potential spawning area
that was susceptible to dewatering during low flows decreased with
an increase in hydropeaking frequency. Very high hydropeaking fre-
quencies, by causing a constant steady-state water level further down-
stream from the spillway outlet, may therefore potentially lead to less
dewatering of salmonid redds. The stranding risk for fry and juveniles,
however, increased with a decrease in spill gate closing time. In order
for the status to be very good in the entire reach for the fry stage, the
closing time would have to be longer than 30 min. Such a closing time
would not be compatible with more flexible operating conditions, in-
volving a high hydropeaking frequency. It may therefore be necessary
to strike a balance in operating conditions to support salmonids at dif-
ferent ontological stages: ensuring that flow conditions lead to a situa-
tion where both, the dewatering of potential spawning area is
minimized, and the stranding risk of juveniles is minimized. It is also
necessary to consider how the effect of spillway flow conditions on po-
tential spawning area and stranding risk change with distance down-
stream from the spillway. In the watercourse studied, effects of flow
frequency changes were localized to the upstream part of the water-
course nearer to the spillway, whereas areas with very good ecological
stranding status were found in the more downstream part of the
watercourse.
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Abstract

Hydropower is an important tool in the struggle for low-emission power production.

In the Nordic countries, hydropower operating conditions are expected to change

and work more in conjunction with intermittent power production. This in turn might

increase the amount of hydropeaking events in the reaches downstream of hydro-

power plants. The current work investigates the influence of highly flexible, high-

frequency hydropeaking on the hydrodynamics in the downstream reach. By quanti-

fying four different dynamic stages in the study reach, the influence of the hydro-

peaking frequencies was investigated in the bypass reach of the Stornorrfors

hydropower plant in the river Umeälven in northern Sweden. The hydrodynamics in

the study reach were numerically modelled using the open source solver Delft3D.

Eight different highly flexible future hydropeaking scenarios, varying from 12 to

60 flow changes per day, were considered. A method for identifying four hydropeak-

ing stages—dewatering, dynamic, alternating and uniform —was introduced. The hydro-

peaking frequency directly decided the stage in most of the study reach.

Furthermore, a Fourier analysis showed a significant difference between the stages

and their corresponding power spectra. The classification of stages put forward in

this work provides a novel, simple method to investigate the hydrodynamics due to

hydropeaking in a river reach.

K E YWORD S

delft3d, Fourier analysis, hydraulic stage, hydropeaking, hydropeaking frequency

1 | INTRODUCTION

In the sixth assessment report on climate change, released by the

international panel on climate change (IPCC) in 2022, it is established

that the world can reach the temperature target of 1.5�C by cutting

emissions in half by 2030 (Climate Change 2021—The Physical Sci-

ence Basis, 2021). The IPCC goes on to underline the importance of

low-emission energy production to reach the emission targets. Hydro-

power holds a key role in the struggle to combat climate change. On

its own, hydropower is a significant power producer with low-to-

negligible greenhouse gas emissions. Additionally, the ability to store

water at high altitudes and produce power at will serves as an

important complement to the growing intermittent power production,

for example, solar power and wind power, which are dependent on

local weather conditions for power production. Hence, the future of

hydropower is 2-fold; in regions with undeveloped hydropower

potential, hydropower may prove a valuable base load in the transition

from non-renewable energy, while in regions of significant intermit-

tent power production, it will serve more as a grid stabilizer, that is,

power production can be started and stopped based on the demand

and the local weather conditions. In the case of Nordic countries,

hydropower is mainly used as base production. However, the role of

hydropower is expected to be realigned to be used as a complement

to the increasing wind- and solar-power developments
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(Regeringen, 2019; Regjeringen, 2020). As a result, rapid changes in

power plant discharge, also called hydropeaking events, are expected

to increase. With this background,the research consortium HydroFlex

was started. The aim of HydroFlex was to develop technologies, for

instance, a Francis turbine runner (Joy, Raisee, & Cervantes, 2022; Tri-

vedi, Iliev, & Dahlhaug, 2020), permitting very flexible hydropower

production while simultaneously investigating how an increase in

hydropeaking frequency might affect the hydraulics in the down-

stream reaches. The scenarios of interest included as many as 60 flow

changes (30 starts and stops) per day (HydroFlex, 2022).

Hydropeaking is associated with many consequences on the sur-

rounding local environment. Rapidly varying discharge is associated

with variable bottom shear stress and water velocities. An increase

in bottom shear stress might increase the amount of suspended sedi-

ment in the reach, which could deplete the downstream reach of fine

sediments (Vericat, Ville, Palau-Ibars, & Batalla, 2020) and add stress

to local benthic fauna (Salmaso, Servanzi, Crosa, Quadroni, &

Espa, 2021). With rapid flow fluctuations, riverbank stability might

get compromised (Mohammed-Ali, Mendoza, & Holmes, 2020). Addi-

tionally, hydropeaking has been shown to greatly affect local fish

populations (McKinney, Speas, Rogers, & Persons, 2001). The

spawning behaviour (Vollset, Skoglund, Wiers, & Barlaup, 2016) and

the timing of the smolt run (Bakken et al., 2016) have been shown to

be affected by hydropeaking; the body growth has also been shown

to be negatively affected (Flodmark, Vøllestad, & Forseth, 2004;

Puffer, Berg, Einum, Saltveit, & Forseth, 2017). Furthermore, with an

increase in hydropeaking frequency, events such as the dewatering

of shallows or flushing is likely to increase (Bakken, Forseth,

et al., 2016). Dewatering of redds may lead to the desiccation of

eggs, which can result in the death of the eggs (Bakken, King, &

Alfredsen, 2016; Casas-Mulet, Saltveit, & Alfredsen, 2015). Likewise,

dewatering of shallows is associated with stranding, and hence suf-

focation, of juveniles (Saltveit, Brabrand, Juárez, Stickler, &

Dønnum, 2020; Saltveit, Halleraker, Arnekleiv, & Harby, 2001) as

well as entrapment of salmonids (Halleraker et al., 2003). Moreover,

in rivers where both Atlantic salmon (Salmo salar) and brown trout

(Salmo trutta) coexist, Atlantic salmon tend to inhabit the deeper

areas, displacing the brown trout to the shallows (Berg, Bremset,

Puffer, & Hanssen, 2014; Bremset & Berg, 1999; Bremset &

Heggenes, 2001). As a result, brown trout are at increased stranding

and entrapment risk. Hydropeaking was shown to increase move-

ment in Atlantic salmon parr (Boavida, Harby, Clarke, &

Heggenes, 2017). Considerable losses in the benthic population due

to a single hydropeaking event were reported (Bruno, Maiolini, Car-

olli, & Silveri, 2010). A review of hydropeakings' influence on riverine

plants was published in 2018 (Bejarano, Jansson, & Nilsson, 2018)

and the impact on plants due to sub-daily flow fluctuations was stud-

ied in the rivers Umeälven and Vindelälven (Bejarano, Sordo-Ward,

Alonso, & Nilsson, 2017). Hydropeaking can also induce thermal

waves in the downstream reach, a phenomenon referred to as ther-

mopeaking (Zolezzi, Siviglia, Toffolon, & Maiolini, 2011). Thermo-

peaking has been shown to alter the timing of the salmon run in a

Norwegian river (Bakken, King, & Alfredsen, 2016).

Given the future scenarios discussed in this work, that is, a signifi-

cant increase in daily hydropeaking events, the time between hydro-

peaking events, also called hydropeaking frequency, could prove to be

important for the downstream hydrodynamics. The hydrodynamics of

hydropeaking has been researched broadly in recent years. For

instance, hydropeakings' effect on the dewatering of beaches was

investigated using two-dimensional (2D) modelling (Burman, Hedger,

Hellström, Andersson, & Sundt-Hansen, 2021; Juárez, Adeva-Bustos,

Alfredsen, & Dønnum, 2019). Additionally, the magnitude of down-

stream vertical ramping velocities due to hydropeaking was investi-

gated through 1D modelling in several river reaches in Austria (Hauer,

Holzapfel, Leitner, & Graf, 2017). A Lagrangian approach to identify

hydropeaking waves from discharge data was presented (Greimel

et al., 2022). A recent work shows the need to further investigate the

influence on the downstream reach for high-frequency hydropeaking.

The risk of dewatering for potential salmonid spawning habitat was

reduced for high-frequency hydropeaking (Burman et al., 2021). Fur-

thermore, the magnitude of the water level variation reduced as the

hydropeaking frequency increased (Burman, Andersson, Hellström, &

Angele, 2020), indicating that very high-frequency hydropeaking

might reduce dewatering in the downstream parts of the reach.

Hence, it is of interest to further investigate the role of hydropeaking

frequency and how it affects the hydrodynamics in the downstream

reach. In this study, a calibrated numerical 2D model was used to pre-

dict the water depth dynamics in a bypassed reach when subject to

the proposed scenarios corresponding to hydropeaking frequencies of

up to 60 flow changes per day. The purpose of the study is hence

2-fold; first, to identify and quantify hydraulic stages that occur in the

study reach due to the high-frequency hydropeaking. Second, to

investigate the dynamics of the proposed hydraulic stages as a func-

tion of the hydropeaking frequency, using Fourier analysis.

2 | MATERIALS AND METHODS

2.1 | Study site

The chosen study site was the bypass reach in Stonorrfors, a reach

measuring approximately 7 km in distance, in the river Umeälven,

upstream of Umeå in northern Sweden. The hydropower plant in Stor-

norrfors is on average the most productive power plant in Sweden

annually (Vattenfall, 2020). The catchment area is 26,568 km2

(SMHI, 2022) and the mean annual flow through the power plant is

445 m3/s (Vattenfall, 2019). However, the operating conditions of the

power plant do not affect the flow conditions in the bypass reach;

except for cases when spilling is required (i.e., during the spring flood

or turbine maintenance). The spillways of the dam lead into the

bypass reach. In the winter months, the reach is mostly laid dry and

only used in case of emergency spilling. In the summer months, a mini-

mum flow of 21 m3/s is maintained through the fish ladder, which is

used for the upstream migration of fish. Since the area around the

bypass reach is a popular recreational area, the flow is often increased

to 50 m3/s in the weekends by partially opening one of the spillways.

2 BURMAN ET AL.
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In the river Umeälven, the spring flood occurs in late May to early

June. During the spring flood, the discharge annually reaches flow

rates exceeding 1000 m3/s (Länsstyrelsen i Norrbotten, 2017). The

fish ladder is mainly used by upstream migrating salmonids (Atlantic

salmon and brown trout) as they migrate to the unregulated river Vin-

delälven, a protected national river with significant ecological value,

which confluences with the river Umeälven approximately 10-km

upstream of the dam (Vattenfall, 2020). To sustain the salmonid popu-

lations in the river Vindelälven, locally hatched juveniles are released

into the reach yearly. An overview of the study reach in the proximity

of Stornorrfors can be seen in Figure 1. The water level dynamics of

the study reach was calibrated and validated for a hydropeaking cycle

of 21 m3/s ! 50 m3/s ! 21 m3/s with a 5-min flow change time in a

previous study (Burman et al., 2020). The well-defined flow conditions

as well as validation data from previous work (Andersson et al., 2012;

Angele & Andersson, 2018; Burman et al., 2020) performed in the

reach made it a suitable study site.

2.2 | Hydropeaking scenarios

The study reach is technically not subject to hydropeaking, since the

flow conditions in the bypass reach are not necessarily related to the

power production of the power plant. However, rapid flow fluctuations

still occur up to 10 times per week with current-day operating condi-

tions (Länsstyrelsen i Norrbotten, 2022). Seven model scenarios of

varying hydropeaking frequencies, ranging from 12 to 60 flow changes

per day, were investigated. The discharge varied between 50 and

21 m3/s, which were the two most common discharges that occur in

the reach in the summer. The corresponding hydrographs that were

used can be seen in Figure 2. Each scenario spanned a period of 6 h. A

sufficient spin-up time was used so that the steady state corresponding

to 50 m3/s was reached before the first flow change occurred. Each

flow change took 5 min (increase or decrease) since this was the most

observed flow change time in the public discharge data, which had a

temporal resolution of 1 min (Länsstyrelsen i Norrbotten, 2017). These

hydropeaking events per day is not planned in the reach currently, but

is rather a benchmark put forward by HydroFlex for a future flexible

hydropower plant (HydroFlex, 2022). Hence predicting the effects of

such high frequent hydropeaking is of interest.

2.3 | Numerical modelling

The hydrodynamics was modeled using the open-source solver Delft3D

(Deltares, 2014). Delft3D solves the equations governing all fluid

dynamics, the Navier–Stokes equations, by making some assumptions.

First, the Navier–Stokes equations are depth averaged so that only

two, depth averaged, velocity components are solved for. Second, the

Boussinesq approximation, that is, the assumption of approximately

constant density is applied (density effects are in general not important

in river flows). Lastly, it is assumed that the horizontal length scales are

much larger than the water depth length scales, which is often the case

in large scale river simulations. By applying these assumptions, the

Navier–Stokes equations reduce to shallow water equations (SWE)

(Cushman-Roisin & Beckers, 2011). Delft3D uses curvilinear finite dif-

ferences to discretize the SWE in space and an alternating-direction

implicit method to step in time. The model was set up using a calibrated

F IGURE 1 Bathymetry and model extent of the study reach in
the river Umeälven in proximity of the Stornorrfors hydropower plant.
Hydraulic stage examples were plotted in blue, red points correspond
to the location where Fourier transforms were performed. [Color
figure can be viewed at wileyonlinelibrary.com]

F IGURE 2 The seven different hydrographs used in the study
with hydropeaking frequency varying from 12 to 60 flow changes
per day.
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bathymetry presented in Burman et al. (2020); in the study, the depth

was measured in eight points along the reach; afterward the Manning

number, in proximity to each measurement point, was chosen in such a

way that the water depth error was minimized. The model required

three boundary conditions; one upstream, one downstream and one

wall condition. In each simulation, the upstream condition was set to

one of the corresponding hydrographs in Figure 2. The wall condition

was set to free slip, the recommended boundary condition for large-

scale simulations. Finally, the downstream condition was a Neumann

condition with a slope of the water surface set to 0.001. The advantage

of using the Neumann condition was that no information on the down-

stream water level was required. Furthermore, a threshold depth of

0.1 m was used, that is, when the water depth was less than 0.1 m, the

node was considered to be above the water line. In a previous work

(Burman et al., 2020; Burman, Andersson, & Hellström, 2019), Richard-

son extrapolation indicated that a mesh of approximately 450,000

nodes proved sufficient to provide a mesh independent solution and

was hence used in this work.

2.4 | Classifcation of hydraulic stages

The water depth dynamics in the reach was separated into four differ-

ent hydraulic stages; a dynamic stage, a dewatering stage, an alternating

stage and a uniform stage. In the dynamic stage, the depth oscillated

approximately sinusoidally, but never reached the steady state for

either 50 m3/s or 21 m3/s. The “dewatering” stage was observed in

nodes where the depth time series was discontinuous, that is, during

the flow decrease, the node dried out. In the alternating stage, the

depth achieved the steady state for both the 50 and 21 m3/s before a

new flow change occurred. Finally, the uniform stage was observed in

downstream parts of the reach where the difference in maximum and

minimum depth was low, that is, the depth is approaching a uniform

value. In Figure 3, examples corresponding to each different stage can

be seen for the case of 60 flow changes per day. The matter of classify-

ing the stage in each node was rather straight forward:

• Dynamic: Nodes that are within the depth range of

1:01dmin < d<0:99dmax for the entire time series, were considered

to be in the dynamic range.

• Dewatering: During simulation, nodes that had discontinuous depth

time series were considered to be in the dewatering stage, see

Figure 3b.

• Alternating: If a node reached the steady state depth for both

Q = 50 m3/s and Q = 21 m3/s, it was considered to be in the

steady stage.

• Uniform: When the nodes where in the range

dmax �dmin <0:25 d50�d21ð Þ, that is, the maximum difference in

depth in the node is 25% of the difference in depth for the steady

states, the nodes were considered to be in the uniform stage.

For a node to be considered for classification, the node had to

have a non-constant depth during the cycle, this was done to remove

puddles that formed during initialization of the simulation. These

nodes would otherwise have been classified as uniform. Due to the

hysteresis of the increase–decrease cycle, that is, the depth decrease

time is longer than the depth increase time, there exists an edge case

where a node will reach steady state for the Q = 50 m3/s flow and

not reach the Q = 21 m3/s steady state (Burman et al., 2020). These

nodes were considered to be in the “dynamic” stage. Furthermore,

the cutoff threshold of 25% for the uniform state was deemed rea-

sonable for this study. This threshold should be chosen based on the

characteristics of each individual study reach.

2.5 | Fourier analysis

A Fourier series is the expansion of a periodic function using an

orthogonal base of sine and cosine functions. Assuming that a func-

tion has a period T, then the geometric Fourier series is

f tð Þ¼ a0
2
þ
X∞

n¼1

an cos Ωntð Þþbn sin Ωntð Þ ð1Þ

where the Fourier coefficients an and bn are

an ¼2
T

ðT
0
f tð Þcos Ωntð Þdt ð2Þ

and

bn ¼ 2
T

ðT
0
f tð Þsin Ωntð Þdt ð3Þ

F IGURE 3 Examples of the four stages that occur in the study
reach for a hydropeaking frequency of 44 flow changes per day. The
dashed line corresponds to the depth for a steady state of 50 and
21 m3/s; except for the dewatering stage, where the node was dry for
a steady state of 21 m3/s. (a) Dynamic stage (example point 2);
(b) Dewatering stage (example point 3); (c) Alternating stage (example
point 1); (d) Uniform stage (example point 4).
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respectively, n is an integer and Ω¼2π=T is known as the fundamen-

tal frequency. The fundamental frequency in this work is the hydro-

peaking frequency and f tð Þ is the simulated depth time series.

It is possible to estimate the power spectrum of the signal by

using the square of the magnitude of the Fourier transform. This

allowed us to identify which frequencies, that is, sinusoidal base func-

tions, that made up the original signal. By considering the simulated

depth time series and identifying which frequencies that made up the

signal (through the Fourier transform), it was possible to gain insight

into the hydrodynamics of the suggested hydraulic stages. By

F IGURE 4 Distribution of hydraulic
stages in the study reach for different
hydropeaking frequencies. (a) 12 flow
changes per day; (b) 20 flow changes per
day; (c) 28 flow changes per day; (d) 36 flow
changes per day; (e) 44 flow changes per
day; (f) 52 flow changes per day; (g) 60 flow
changes per day. [Color figure can be
viewed at wileyonlinelibrary.com]

BURMAN ET AL. 5

 15351467, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/rra.4098 by Lulea Tekniska U

niversitet, W
iley O

nline Library on [08/01/2023]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License

5847506_Inlaga_Ny.indd   1395847506_Inlaga_Ny.indd   139 2023-01-24   13:312023-01-24   13:31



analyzing how many terms of the Fourier series (Equation 1) that was

required to recreate the original depth time series, it was possible to

quantify the relative impact of the hydropeaking frequency on the

suggested hydraulic stages. In this work, the fast Fourier transform

(FFT) pack provided by the SciPy package was used (Scipy.org, 2022).

By then identifying how many peaks occurred, as well as the corre-

sponding frequency, it was possible to recreate the temporal signal

using Equation (1).

3 | RESULTS

3.1 | Distribution of hydraulic stages as a function
of hydropeaking frequency

Each node that qualified for classification went through the process

described in the method for each of the hydrographs in Figure 2. In

order to aid visualization, each state was then given a color; green for

the dynamic stage, red for the dewatering state, blue for the alternating

stage and yellow for the uniform stage. The resulting spatial distribu-

tion of the stages for all hydropeaking frequencies can be seen in

Figure 4. For the hydrograph corresponding to 12 flow changes per

day (Figure 4a), the alternating stage occurs in all nodes except for the

nodes where dewatering occurs (which is predominantly along the

beaches or in shallow parts of the reach), that is, steady state is

achieved in all nodes. As the hydropeaking frequency was increased,

the dynamic stage became more prominent. In Figure 4b, approxi-

mately a quarter of the reach consists of the dynamic stage. This

increasing trend is then continued in Figure 4c,d.

When the hydropeaking frequency then increased to 44 flow

changes per day, the dynamic stage approximately reached example

point 1 marked in Figure 1. The extent of the dynamic stage did not

increase appreciably when the hydropeaking frequency was 52 or

60 flow changes per day (Figure 4e,f). Furthermore, for a hydropeak-

ing frequency of 44, the uniform stage can be seen for the first time in

the lower parts of the reach. The uniform extent increased slightly

upstream with an increase in hydropeaking frequency. In Figure 5, the

state as a proportion of the total wetted area for every hydropeaking

scenario has been plotted. The proportion of the dewatering stage

decreases as the hydropeaking frequency increases. Moreover, it is

seen that the alternating stage becomes approximately constant for

hydropeaking frequencies higher than 44 flow changes per day. The

proportion of the dynamic stage is largest for the scenario of 44 flow

changes per day. For higher hydropeaking frequencies, nodes in the

lower parts of the reach that were in the dynamic range for low fre-

quencies, pass over the threshold to the uniform range.

3.2 | Fourier analysis

The simulated water depth time series were Fourier transformed in

four points along the study reach, for each model scenario. The Fou-

rier points were chosen in such a way that all hydraulic stages, except

dewatering, were represented; the longitudinal distribution can be

seen in Figure 1. The resulting power spectra in each point can be

seen in Figure 6. The most upstream point (Figure 6a), was in a loca-

tion were the alternating stage occurred for all hydropeaking scenar-

ios. The remaining points (Figure 6b–d) were, except for low

hydropeaking frequencies, in the dynamic or uniform stage. The power

spectra are dependent on the location and the stage. All spectra show

a dominant peak roughly corresponding to the hydropeaking fre-

quency (since the flow change occurs over five minutes, this shifts the

peak). In point 1, there are prominent peaks for all scenarios correlat-

ing to approximately Ω2 ≈3�Ω1, where Ω1 is the first dominant peak

and Ω2 is the first trailing peak, which is then followed by a tail of

smaller peaks. Looking at the location of Ω1 (denoted in Figure 6a) for

60 flow changes per day in point 1, it can be seen that

Ω1 ¼0:022Hz≈60 flow changes per day, this relation holds for all

dominant peaks. Additionally, the magnitude of the first peak is com-

parable in size for all scenarios. Continuing, for the remaining points,

where the alternating stage occurs only for low frequencies, the mag-

nitude of all peaks are reduced with increasing hydropeaking fre-

quency. There are still smaller peaks trailing the initial dominant peak,

which become insignificant for higher hydropeaking frequencies. Fur-

thermore, the first trailing peak for Figure 6b–d roughly corresponds

to Ω2 ≈2�Ω1.

The geometric Fourier series in Fourier point 4, for the all model

scenarios, have been plotted in Figure 7. All suggested stages, except

for dewatering, occur in Fourier point 4 at different model scenarios.

The alternating stage is observed in Figure 7a. A Fourier expansion

including five terms is only approximately able to capture the behav-

iour. It is seen that all the plotted Fourier expansions fail to predict

the rise and fall time of the depth. This trend is also seen in Figure 7b,

where the point is in the dynamic stage; the Fourier expansion corre-

sponding to n¼2 and n¼3 also fail to predict the rise and fall dynam-

ics. However, for the expansions corresponding to higher n, the

F IGURE 5 Hydraulic stages as a percentage of the total wetted
area in the study reach for the investigated hydropeaking scenarios
[Color figure can be viewed at wileyonlinelibrary.com]
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dynamics is more accurate. In Figures 7c–e, Fourier point 4 is in the

dynamic stage. In this stage, the Fourier expansion converges on the

simulated depth using three terms. The uniform stage is apparent in

Figures 7f,g. Here, an expansion containing only two terms is suffi-

cient to converge on the simulated depth dynamics.

4 | DISCUSSION

Intermittent power production is expected to increase in the Nordics,

as a result hydropower operating conditions are likely to include more

hydropeaking events. While operating conditions relying on very high

hydropeaking frequencies is today not something that occurs as a

function of power demand; the effect it might have on the down-

stream reach is still of interest when planning future operating condi-

tions and hydropower infrastructure. The aim of this study was to

identify and quantify hydraulic stages that could arise in a reach

downstream due to very high hydropeaking frequency operating con-

ditions as well as investigating the relationship between the hydraulic

stages and the hydropeaking frequency.

The 2D numerical simulations to model the water depth dynamics

in the study reach, for seven model scenarios, where performed.

Classification of four hydraulic stages were then suggested based on

the simulated dynamics of the water depth. Spatial distribution of the

stages (Figure 4) and the proportion of each hydraulic stage (Figure 5)

varied with the model scenarios. Additionally, the Fourier analysis pro-

vided a useful tool to understand the role of the hydropeaking fre-

quency on the water depth dynamics and the distribution of hydraulic

stages in the model scenarios.

4.1 | Distribution of hydraulic stages as a function
hydropeaking frequency

The distribution of the hydraulic stages in the study reach, expectedly,

varied substantially with the seven different model scenarios. The

alternating stage is dominating in the reach for lower hydropeaking

frequencies due to the timescales of the increase–decrease events in

these scenarios. The flow changes occur with sufficient delay to allow

steady state to occur in the entire reach. The dynamic stage arise in

the study reach as the hydropeaking frequency increases. The time-

scale of an increase–decrease cycle is now longer than the timescale

of the model scenario, which in turn means that steady state is never

reached. There is an equilibrium point between the alternating and

F IGURE 6 Power spectra for each hydropeaking scenario at Fourier analysis points along the study reach, see Figure 1. Example of dominant
peak noted as Ω1 and first leading peak as Ω2. (a) Point 1; (b) Point 2; (c) Point 3; (d) Point 4
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F IGURE 7 Simulated water depth dynamics and Fourier series in Fourier point 4. The graphs corresponds to the number of terms used in the
Fourier expansion (Equation 1), up to maximum off terms. (a) 12 flow changes per day; (b) 20 flow changes per day; (c) 28 flow changes per day;
(d) 36 flow changes per day; (e) 44 flow changes per day; (f) 52 flow changes per day; (g) 60 flow changes per day. [Color figure can be viewed at
wileyonlinelibrary.com]
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dynamic stage, which occurs close to example point 1. Upstream of

this point, the alternating stage will always occur for this flow change

time. If the flow change time changes, so will the point of equilibrium.

For instance, if the flow change time is slower, the point of equilib-

rium could occur downstream of the small pool. This might cause

retention effects that could affect the wider distribution of the

hydraulic stages. In this work, a threshold of 25% was deemed as a

reasonable definition of the uniform stage. In other reaches or rivers,

for instance where the water levels are only marginally affected by

the operating conditions, this threshold might be unreasonable and

such a classification should take local circumstances into

consideration.

There is a trend that the proportion of the wetted area in the

dewatering stage is decreasing with an increase in hydropeaking fre-

quency. This is due to a decrease in the spanwise extent of the reach,

which occurs as a result of the longitudinal dampening in the reach;

an effect which is well documented in the literature (Greimel

et al., 2022; Hauer, Schober, & Habersack, 2013; Juárez et al., 2019).

This in turn means that the dewatering is inherently connected with

the dynamic or uniform stages. An increase in hydraulic stages that

never reach steady state, reduces the proportion of the dewatering

stage in the reach. A reduction of the proportion of dewatering stage

could aid in avoiding stranding events or dewatering of redds. It is,

however, likely that the increase in hydropeaking frequency would

have additional negative impacts due hydropeaking as described in

that is, Flodmark et al. (2004); Bakken, Forseth, et al. (2016); Vollset

et al. (2016). Additionally, hydrofibrilation, a phenomena mainly

caused by run-of-the-river plants, is similar to hydropeaking in fre-

quency but smaller in magnitude (Greimel et al., 2015). The uniform

stage in this work could hence be described as a version of hydrofibri-

lation. The effect of hydrofibrilation on the downstream reach is a

topic that requires additional research. The model scenarios in this

work only investigate the influence on the hydropeaking frequency, it

would be of great interest to also investigate how different baseflows

affects the suggested hydraulic stages. For instance, if Figure 2 had a

maximum of 100 m3/s, it is possible that the time it would take to

reach each steady state would be longer. This could mean that a larger

proportion of the reach would be in the dynamic stage. Furthermore,

all the simulations performed in this work are based on assumptions

leading to 2D models. The complex fluid dynamics in a river reach are

inherently 3D and 3D effects such as turbulence are certainly relevant

to the hydraulics of the study reach but not included in 2D models

(Pisaturo et al., 2017). Although field measurements of the water

depth dynamics are difficult to obtain due to the nature of the model

scenarios, it would be of great interest to perform such measurements

to validate the water depth dynamics of this study.

4.2 | Fourier analysis

Based on the number of peaks in the power spectrum, one would

expect that the amount of Fourier coefficients required to resolve the

water depth time series would be more for the alternating than for the

dynamic stage. An example of this can be seen when looking at the

power spectrum for Fourier point 4 (Figure 6d). For 44 flow changes

per day in Figure 6d, it can be assumed that a Fourier series with two

coefficients will converge on the simulated response. This is also

observed in Figure 7. In the case of 12 flow changes per day, when

the point is in the alternating stage, the power spectrum indicates that

more Fourier coefficients needs to be considered in the expansion,

which is also seen in Figure 7a.

The power spectra that contained more peaks also required

more coefficients to have a good fit. Due to the hysteresis in the

increase–decrease event (Burman et al., 2020), the shape of the

depth time series is not completely sinusoidal in the dynamic stage,

this is reflected in the amount of Fourier coefficients required to

recover the original signal in Figure 7b,c. The dynamics in the uniform

stage can be completely recovered using a Fourier series expansion

of the hydropeaking frequency, using as many coefficients as the

spectra indicates. However, the alternating and dynamic stage

requires more coefficients than the spectra would indicate to cap-

ture the depth dynamics. This indicates that the dynamics is depen-

dent on additional effects and variables than the hydropeaking

frequency in these stages. Which can be expected based on the trail-

ing peaks in the Fourier transform. One such effect, the hysteresis in

the increase–decrease cycle causes, likely adds additional spikes to

the spectrum. The hysteresis in turn depends on 3D effects, such as

turbulence, as well as longitudinal distance from the spillways

(Burman et al., 2020).

Additionally, it is seen that the shift in frequency for the first trail-

ing peak (Ω2) differs between Fourier point 1 and the remaining

points. This difference may be due to several reasons. It is possible

that in point 1, hydropeaking waves are being reflected from the pool,

which occurs shortly downstream of Fourier point 1. Another part of

the explanation could be that the local geometry plays an

important part.

Regarding the classification of the hydraulic stages; it could prove

fruitful to look at the power spectra to obtain a less arbitrary way of

classification. Consider Figure 6a, where the magnitude of Ω1 is

approximately independent of the hydropeaking frequency; this could

be taken as an indication that the node is in the alternating stage.

When the magnitude of the leading peak becomes dependent on the

hydropeaking frequency (Figure 6b–d), the node is either in the

dynamic or uniform stage. One way to distinguish these two stages

would be to count the number of peaks in the spectrum. For instance,

in point 4 (Figure 6d), the spectra corresponding to the uniform stage

only contain the leading peak Ω1.

Lastly, even though HydroFlex have suggested scenarios corre-

sponding to up to 60 flow changes per day, it is very unlikely that such

extreme hydropeaking frequencies will occur in the Nordics. A study

investigating future European energy scenarios concluded that, in the

most extreme scenario, the Stornorrfors power plant might only be

subject to hydropeaking frequencies of 6 flow changes per day (Wirtz,

Siemonsmeier, Schönefeld, & Moser, 2020).
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5 | CONCLUSIONS

As the role of hydropower is expected to change to incorporate more

flexible power production, it is of interest to investigate how such

flexibility, in terms of increased hydropeaking frequency, affects the

reach downstream of such operating conditions. By performing 2D

simulations of seven model scenarios, four different hydraulic stages

that occur in the study reach were quantified. The spatial distribution

of the hydraulic stages varied substantially with the hydropeaking fre-

quency. With an increase in hydropeaking frequency, the proportion

of the study reach in the dynamic stage increased while the alternating

stage decreased. For the scenarios with the most extreme hydropeak-

ing frequencies, the uniform stage is apparent in the lower parts of the

reach, this stage is also related to a decrease in proportion of dewater-

ing. A Fourier analysis gave further insights into the dynamics of the

different hydraulic stages. After a Fourier transform, the alternating

stage showed several prominent peaks, where the leading peak (Ω1)

corresponded to the hydropeaking frequency and the trailing peak

(Ω2) approximately coincided with an integer multiple of the hydro-

peaking frequency. In the dynamic stage, only two prominent peaks

were observed and the magnitude of the peaks reduced with increas-

ing hydropeaking frequency. In the downstream parts of the reach,

the Ω2 peak disappeared, which indicated that the uniform state was

occurring. These features observed in the Fourier transform could

form an alternative, less arbitrary, method of defining the hydraulic

stages in the reach. The Fourier analysis also showed that the dynam-

ics of uniform stage can be completely characterized by the hydro-

peaking frequency. Future research regarding the influence of

hydropeaking frequency should take into consideration model scenar-

ios of varying discharge. Moreover, a study investigating the sug-

gested hydraulic stages in a another study reach subject to different

flow conditions would be crucial for additional understanding. Addi-

tionally, large scale 3D CFD simulations might provide valuable

insights into the fluid dynamics that are lost using 2D methods. Fur-

thermore, the results presented in this work is based on validation

data for specifically one depth increase–decrease cycle (Burman

et al., 2020). In the future, it would be important to apply the method-

ology suggested herein on a reach where the hydropeaking frequency

allows for such analysis. This would highlight the broader applicability

of the methods suggested in this work.
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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.  

 
Keywords: Numerical Modelling; ADCP, Field Measurements, Pressure Loggers; Ecohydraulics 

 
 

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

𝑑𝑑 𝑑 𝑑𝑑
� 𝑢𝑢 𝑑𝑑𝑢𝑢

�

�
, 

 

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〉 =  �𝑈𝑈� + 𝑉𝑉� + 𝑊𝑊�, 
 
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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