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Abstract

Urban flooding is an increasing challenge in Gothenburg, where flood risk is influenced
by river discharge, elevated sea levels and hydraulic regulation. The river Molndalsan
contributes to this risk as it flows through urban areas before discharging into Gota
alv. Future climate change may further increase the risk through rising sea levels and
more intense precipitation.

This thesis investigates flood risk in Molndalsan using a one dimensional hydraulic
model. The study focuses on how water levels respond to different combinations of
river inflow, downstream sea level and regulation by hydraulic structures. An existing
MIKE+ Rivers model was modified to represent the regulating structures at Garda
ddamme and Slussen, and calibration and validation were performed using historical
data. Three river inflow scenarios and three sea level scenarios were combined into
nine steady state simulations. Simulated water levels were evaluated at eight selected
critical locations and compared with local bank levels. In addition, the temporary
storage capacity of the river system was analysed by closing the regulating structures
and allowing the system to fill from a lowered initial level.

The results showed that flood risk varies along the river system and is strongly
influenced by hydraulic regulation. The upstream and central parts of Molndalsan were
primarily affected by river inflow, while the most downstream parts were predominantly
controlled by sea level, and some locations were influenced by both factors. Several
critical locations exceeded their bank levels in the simulated scenarios, and one location
close to Garda fire station was identified as particularly vulnerable.

The study concludes that flood mitigation in Molndalsan should be adapted to the
dominant flood factor in each part of the system. The storage analysis showed that
temporary closure of the regulating structures could provide flood mitigation during
high sea level events, especially under low inflow conditions. Coordinated regulation of
upstream and downstream structures is therefore important for reducing future flood
risk.
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1 Introduction

This chapter introduces the background and purpose of the thesis, followed by the
research questions, overall approach and limitations. Moreover, it presents the flood
risk context in Gothenburg and Mdélndalsan.

1.1 Background

Flooding in urban areas poses a significant threat to society, infrastructure and public
services. Cities are often densely populated and contain extensive critical infrastructure,
which means that flooding can have consequences that extend beyond immediate
physical damage. Transport networks may be disrupted, buildings may be damaged,
and environmental and health risks may arise. The consequences may be particularly
severe in low lying areas where drainage is limited and water can remain for an extended
period [1].

Gothenburg is particularly vulnerable to flooding due to its coastal location, low
elevation and the presence of several watercourses running through the city. Flood risk
can arise from high river discharge, elevated sea levels, intense rainfall, or a combination
of these processes. One of the water systems that contributes to the flood risk is the
river Molndalsan, which flows through urban areas before discharging into the river
Gota alv [1].

The vulnerability of the system became clear during the 2006 flood, when rainfall and
high river discharge, from previous rainfall events, contributed to major flooding in
several parts of Gothenburg. The event caused damage to buildings, roads and public
services, and led to increased focus on coordinated regulation and flood mitigation
measures along Molndalsan [2]. However, flooding related to Mélndalsan has contin-
ued to occur, indicating that flood risk remains an important issue for the city [3].
Additionally, future climate change may further increase flood risk through rising sea
levels and more intense precipitation events [4]. When high sea levels and high river
discharge occur simultaneously, the resulting compound flooding can be particularly
challenging to manage.

This highlights the need to evaluate how Molndalsan responds to different combinations
of sea level and river inflow, and how the existing regulating structures influence water
levels during flood conditions.



1.2 Objectives

The aim of this thesis is to investigate flood risk in Mélndalsan using hydraulic modelling.
The study focuses on how water levels in the river system respond to variations in river
inflow, sea level and regulation by hydraulic structures. The study identifies hydraulic
conditions and locations associated with increased flood impact, and provides a basis
for discussing possible flood mitigation strategies in the study area.

This will be addressed through answering the following questions:

e How does Molndalsan respond to different combinations of river inflow and sea
level?

e Where along the river system may flooding occur under the selected hydraulic
scenarios?

e How can existing and potential regulation strategies contribute to flood mitiga-
tion?

1.3 Research approach

This study was carried out through a combination of literature review, field observa-
tions, data analysis and hydraulic modelling. These steps were used to develop an
understanding of the river system, define relevant model scenarios and evaluate how
water levels in Moélndalsan respond to different combinations of sea level and river
inflow.

Previous studies, reports, maps and the current water permit were reviewed to un-
derstand the study area, previous flood events and the existing regulating structures.
Literature concerning hydraulic modelling, flood risk and compound flooding was also
reviewed to provide a theoretical basis for the study. Particular focus was placed on the
regulating structures at Garda ddmme and Slussen, since these have a major influence
on the hydraulic behaviour of the system.

A field visit was conducted to gain a better understanding of the river system and its
surroundings. Selected parts of the river were inspected, including riverbanks, nearby
land use and hydraulic structures. Observations and photographs from the field visit
were used to support the interpretation of the existing model and to identify locations
that may be vulnerable to flooding.

Historical sea level and river flow data were analysed to define representative boundary
conditions for the hydraulic model. Based on this analysis, sea level and river flow
scenarios were developed and later combined in the simulations. The simulated water
levels were then evaluated at selected critical locations along the river in order to assess
where flooding may occur under different hydraulic conditions.



1.4 Limitations

The study involves the following limitations:

e Rainfall and stormwater runoff entering the river within the urban area are
not included. The analysis only considers the defined upstream inflows to the
modelled river system.

e Flooding is defined as overtopping of the river banks. A simplified representation
of flow paths on urban surfaces is included in the model, but flow is only calculated
in one direction along the river. Flood paths perpendicular to the river cannot
be described, and overland structures such as buildings are not included.

e The simulations are based on selected representative steady state scenarios rather
than historical events.

e The river channel is assumed to be free from debris, vegetation blockage, branches
or other objects that could obstruct the flow.

e Existing hydraulic structures are assumed to remain functional and maintain their
original hydraulic capacity during the simulations. Structural damage, blockage
or failure is not considered.

e The regulating structures at Garda damme and Slussen are represented in the
hydraulic model, but some details of their operation are generalised.

e Waves from the sea are neglected, including wind induced waves and standing
waves.






2 Flood risk in Gothenburg
and along Molndalsan

This section presents the background relevant to flood risk in Gothenburg and Molndalsan.
It describes the impacts of urban flooding, the local conditions that make Gothenburg
vulnerable, historical flood events, and implemented mitigation measures. Finally,
future flood impact and mitigation measures related to climate change are discussed.

2.1 Urban flood risk

Urban flooding can affect cities in several ways. Beyond direct damage to buildings
and infrastructure, flood events may disrupt essential services, transport systems and
emergency response. If healthcare facilities or emergency services are affected, the
ability to respond to emergencies may be reduced, which can put human lives at risk.
Flooded roads and transport networks may also limit mobility within and to the city,
which can interrupt the transport of goods and lead to economic losses or shortages of
essential supplies [1].

Flood events can also create environmental and health risks. Floodwaters may spread
pollutants from contaminated land, which can affect surrounding ecosystems and impact
sources of drinking water. In addition, wastewater collection and treatment may be
disrupted, which can further threaten environmental quality and public health [1].

Another challenge associated with flooding is that accumulated water may remain in
low-lying areas for a long time, particularly where drainage by gravitational flow is
limited. This can prolong the impacts and increase the damage. Flood events may also
destabilize slopes and increase the risk of landslides [1].

2.2 Flood risk in Gothenburg

The potential consequences of flooding in Gothenburg are significant, as the city is
Sweden’s second largest city and has a large population, extensive critical infrastructure,
public services, and ecologically important areas that support local plant and animal
life. This includes major roads, national railway lines, hospitals, schools, fire stations
and industrial areas [1].

A report focusing on Moélndalsan concluded that a flow corresponding to a 50 year
return period would flood a fire station, a contaminated area, cultural heritage and
two schools. A 100 year return period flow would additionally affect another school,
major roads and railways, as well as the collection and treatment of wastewater [5].



A second report, which investigated flood impacts across the whole city of Gothenburg
rather than only Molndalsan, found that an extreme flood event could affect approxim-
ately 3 400 residents, 1 500 workplaces, 21 500 employees, in addition to several public
services. The analysed event represented a worst case scenario in which snowmelt,
precipitation and elevated water levels occurred simultaneously [1].

2.3 The 2006 flood event

In December 2006, Gothenburg experienced one of its most severe floods in the past 30
years. The autumn and winter that year were particularly rainy, which led to elevated
river levels. When additional heavy rainfall occurred while river levels were already
high, major flooding developed in several parts of the city [2].

The river discharge during the event corresponded to a return period of up to 50 years.
The flood damaged multiple buildings and roads, affecting both private individuals
and public services [2], including a hospital and a fire station [6].

2.4 Flood mitigation measures after 2006

At the time of the 2006 flood, there was no coordinated regulation of flow in Mdlndalsan,
meaning all five regulating structures along the river had different owners and were op-
erated according to separate rules. Following the flood, a collaboration was established
between the three municipalities through which Mélndalsan flows, that is Gothenburg,
Mélndal and Hérryda [7].

The aim of the collaboration was to reduce the risk of both floods and droughts in a
sustainable and cost efficient way. This was achieved through the development of a
coordinated control strategy and updated water regulations, together with a technical
approach that included analysis of historical and present flows as well as forecasts of
flow conditions [7].

Other measures implemented after the 2006 flood included dredging and removal of
vegetation, replacement of the existing gate structures at Slussen, reconstruction of
the gate at Garda ddmme, and in some locations widening and deepening of the river
channel to increase the hydraulic capacity.

The current regulation strategy aims to even out the flow by releasing water from the
downstream lakes Stensjon and Radasjon when heavy rainfall or high sea levels are
forecast, thereby increasing the available water storage capacity in the lakes [7].



2.5 Recent flooding events

Despite the mitigation measures implemented after the 2006 flood, flood events related
to Molndalsan have continued to occur with varying severity. Flooding of Molndalsan
was reported again in 2008, followed by a flash flood in 2010 [8]. Heavy rainfall in 2011
caused flooding that disrupted infrastructure throughout the city and resulted in one
person being critically injured [3].

2.6 Future flood risk under climate change

Climate change is expected to contribute to rising sea levels and more intense precip-
itation, which may increase river discharge. As a result, flood risk in Gothenburg is
likely to increase. When high sea levels and high river discharge occur simultaneously,
the situation is often referred to as compound flooding, which is a complex challenge
for flood management [4].

To address these challenges, the municipality of Gothenburg has initiated a flood
protection program called Hogvattenskyddsprogrammet. The program focuses on
protecting people, buildings, infrastructure, cultural assets, and public services. The
aim is to ensure long term safety and sustainability through planning, cooperation,
and the implementation of protective measures along waterways, such as flood barriers,
raised ground levels and pump stations [4].

The city of Gothenburg has also entered into a collaboration with several European
cities and universities through the EU funded Interreg project STORM SAFE. The
purpose of the project is to increase resilience to future high water events by developing
and applying software for water flow management. Participating countries include
Sweden, Denmark, Germany and the Netherlands, together with the universities
of Lund, Twente, Aalborg and Eindhoven. Through this collaboration, knowledge
and experience are shared to improve flood protection across the North Sea region
[6]. Within the Stormsafe project, Molndalsan has been selected as a case study for
investigating the effectiveness and operation of flood gates in an urban river system
affected by compound flooding.






3 Study area — Molndalsan

This section describes the Mdélndalsan river system, including its catchment character-
istics, sea level influence, existing flow regulation and hydraulic structures. Previously
identified flood risks and examples of similar flow regulation systems are also presented.

3.1 Study area overview

The river system originates from a small spring in the forest near the village of Hindas.
From there, the water flows through the five lakes Ostra Nedsjon, Vistra Nedsjon,
Landvettersjon, Radasjon and Stensjon, before continuing downstream and joining
Kalleredsbéacken in Molndal. Downstream of this point, the river is referred to as
Mélndalsan [7]. Downstream of Mdlndal, the river flows for around 11 km in an open
channel consisting of both natural sections and sections with hard structures, including
a few short culverts [9]. Figure 3.1 shows the upstream lakes and dams, and Figure 3.2
shows the downstream part of Molndalsan.

7e - @ — P —I'~.

Stensjon  Radasjon Landvettersjon Vistra Nedsjon Ostra Nedsjon

Figure 3.1: Schematic illustration of the upstream lakes, in blue, and dams, as black
rectangles.

At Garda damme, Moélndalsan divides into the two branches Gullbergsan and Fat-
tighusan. Gullbergsan is about 2 km long and starts by passing through the gates at
Garda damme. Thereafter, it runs through an open section before entering a 500 m
long culvert beneath a major railway and motorway embankment, shown in Figure 3.3
and Figure 3.4. It then connects to Savean, which shortly afterwards discharges into
Gota alv [9].

Fattighusan is a man made canal roughly 3 km long that flows through central
Gothenburg [9]. After passing the gates at Slussen, the canal further divides into
the branches Stora Hamnkanalen and Rosenlunds kanal, both of which discharge into
Gota dlv. Gota alv in turn discharges into the Kattegatt sea [7]. Fattighusan, Stora
Hamnkanalen and Rosenlundskanal are shown in Figure 3.5, 3.6 and 3.7 respectively.



Sdvedn

Stora
Hamnkanalen

. ddmme
Fattighusan
dskanalen
Rosenlun
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Discharge Molndalsan
Kattegatt

- .
Discharge

Kalleredsbacken Stensjon

Figure 3.2: Schematic illustration of the downstream part of Mélndalsan including the
existing structures.

From its source to its outlet in Gota élv, the water travels approximately 45 kilometers
and falls around 120 m in elevation. The surrounding landscape is varied and of high
recreational and ecological value. Molndalsan passes through 11 nature reserves and
supports a diverse range of terrestrial and aquatic species. Variations in flow conditions
along the river create a range of habitats and contribute to a high biological diversity,
including species such as salmon, trout and eel. In addition, the river system is an
important source of drinking water [7].
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Figure 3.3: Photograph of Gullbergsan. By Vera Akerlund

Figure 3.4: Photograph of the

inlet to the Gullbergsan culverts. By Vera Akerlund.

11



Figure 3.5: Photograph of Fattighusan. By Vera Akerlund
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Figure 3.6: Photograph of Stora Hamnkanalen. By Vera Akerlund.

Figure 3.7: Photograph of Rosenlundskanalen. By Vera Akerlund
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3.2 Hydrology and catchment characteristics

According to the SMHI model SHYPE, the catchment area of Molndalsan is 265 km?
and consists primarly of forest (47%) , urban areas (22%), lakes and rivers (11%).
Agricultural land and other land uses together account for the remaining 20%. The
entire catchment area is shown in Figure 3.8. The mean annual precipitation for the
period 1991-2020 is approximately 1 100 mm /year [10].
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Figure 3.8: The catchment area of Mélndalsan from S-HYPE [10]. The light blue area
shows the total catchment while the darker blue shows a subcatchment close to
downstream Molndalsan.

Discharge statistics from the SMHI S-HYPE model for the same period are presented in
Table 3.1. These values represent the estimated natural flow conditions in Mdlndalsan,
that is, the discharge that would occur in the absence of flow regulation. Although
these values cannot be applied directly in this study because the river is regulated, they
provide an indication of the magnitude and return periods of different flow conditions.
The flows are presented in terms of return periods, which describe how often a certain
event is expected to occur on average.

Table 3.1: Discharge statistics for Mélndalsan from S-HYPE [10].

Definition Flow [m?/s] Description

HQ50 32.3 50 year return period
HQ25 30.0 25 year return period
HQ10 26.8 10 year return period
HQ5 24.3 5 year return period
HQ2 20.5 2 year return period
MHQ 21.2 Mean of the highest flows
MQ 5.34 Mean flow

MLQ 0.529 Mean of the lowest flows
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Molndalsan flows from east to west and is joined by Kalleredsbacken, which flows from
south to north, in the town of Molndal. The catchment area of Mdélndalsan therefore
includes that of Kalleredsbacken. However, discharge statistics for Kalleredsbacken are
presented separately in Table 3.2, since its flow is not regulated. These statistics were
also collected from the SMHI model SHYPE [10].

Table 3.2: Discharge statistics for Kalleredsbécken from S-HYPE [10].

Definition Flow [m?/s] Description

HQ50 4.93 50 year return period
HQ25 4.56 25 year return period
HQ10 4.07 10 year return period
HQ5 3.68 5 year return period
HQ2 3.09 2 year return period
MHQ 3.2 Mean of the highest flows
MQ 0.5 Mean flow

MLQ 0.012 Mean of the lowest flows

3.3 Current sea conditions

Since Molndalsan discharges into Gota alv and further into Kattegatt, elevated sea
levels can propagate upstream and influence water levels in the downstream parts of
the river system, particularly near Slussen and Garda ddmme. During storms, strong
westerly winds may push water from the Atlantic Ocean into Kattegatt, leading to
temporarily elevated water levels along the Gothenburg coast [11].

A report by Sweco estimated return periods for different sea levels in 2014 at two
locations. The first location was Torshamnen, located outside Gothenburg towards the
sea, where the values were based on measurements from a sea level station. The second
location was where Gullbergsan discharges into Savean and Goéta élv, representing a
location closer to the city centre. The values for the second location were based on
interpolation from Torshamnen. The results are presented in Table 3.3. According to
the report, water levels may differ 10-30 cm between the two locations during storm
conditions [12].

Table 3.3: Return period of sea levels in Torshamnen and the discharge point of
Gullbergsan relative RH2000 [12].

Return period Sea level Torshamnen [m] Sea level Gullbergsan outlet [m]

1 0.04 0.15
10 1.33 1.63
20 1.43 1.73
50 1.53 1.83
100 1.61 1.91
200 1.67 1.97

15



3.4 Existing flow regulation and water permit

The present regulation of Mélndalsan is primarily based on maintaining specified water
levels throughout the system. The operation is governed by a legal water permit, which
states that [7]:

e The water level in central Mdlndal must not fall below +1 m (RH2000), because
of the geotechnical stability of the canal walls.

e The river level in central Mélndal must not exceed +2.9 m (RH2000) due to flood
risk. Discharge from the upstream lakes must therefore be regulated to remain
below the river’s hydraulic capacity of 27 m3/s.

e When high flows are forecast, the upstream lakes and Molndalsan should be
lowered in advance in order to increase the available storage capacity.

e The minimum discharge from Stensjon to Mélndalsan is 0.3 m?/s.

In addition, the operational target water level upstream of Garda damme is +1.45 m
(RH2000), which also influences the operation of Slussen [13].

3.5 Existing hydraulic structures

There are five regulating structures along Molndalsan, from the upstream lakes to
the outlet. Three of these regulate the discharge from Nedre Nedsjon, Landvettersjon
and Stensjon respectively. These upstream structures are not the main focus of this
thesis, but they are important for understanding the overall regulation of the river
system. In the downstream part of Molndalsan, hydraulic structures are located at
Garda ddmme and Slussen [7]. These structures are mainly regulated by sluice gates,
although overflow across weirs also occurs.

A sluice gate regulates flow through underflow beneath a movable vertical plate. The
plate can be raised or lowered in order to control the discharge. When closed, the
gate is positioned at its lowest level, typically near the channel bottom, and when
opened the plate is raised [14]. The resulting underflow behaves as a jet caused by
the convergence of streamlines upstream of the gate. The discharge capacity depends
mainly on the difference between the upstream and downstream water levels [15].

A weir instead regulates flow through overflow across the crest of the structure. Similar
to a gate, a movable weir can be adjusted vertically to control the discharge, but in
this case it is lowered to increase flow capacity rather than raised [16].

16



3.5.1 Garda damme

Garda damme is located at the point where Molndalsan divides into Fattighusan and
Gullbergsan. The original structure was built in timber in the early 1900s. In 2013, it
was rebuilt in concrete in order to improve the safety and reliability of the regulation
system. At the same time, a 90 metre long fish passage was constructed [17]. The fish
passage includes a weir along its length, allowing water to flow into and through the
passage.

Garda damme consists of five automatic sluice gates, each with a width of 2.8 m, a
height of 1.95 m and a bottom level of -0.45 m. The gates are operated to maintain
an upstream water level of 1.45 m. Each gate can be operated individually, meaning
one gate can be fully opened while another is closed [13]. Garda ddmme and the fish
passage can be seen in Figure 3.9 3.12.

Figure 3.9: Photograph of Garda dimme from the upstream part. By Vera Akerlund.
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Figure 3.11: Photograph of the fish passage at Garda dimme. By Vera Akerlund.
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Figure 3.12: Picture of the weir along the fish passage at Garda damme. By Vera
Akerlund.

3.5.2 Slussen

Slussen is located next to Drottningtorget in central Gothenburg. The structure consists
of two separate parts located next to each other across the channel. One part is a canal
lock for boat traffic, while the other is the flow regulating structure. In this study,
the term “Slussen” refers only to the regulating structure. Figure 3.13, 3.14 and 3.15
shows pictures of Slussen.

The regulation structure consists of four vertical plates, of which two function as sluice
gates and two as weirs. The plates functioning as sluice gate and weirs are located at
the same position and partly overlap. The extent of this overlap depends on the water
level and discharge. In practice, the sluice gates are used to regulate the flow, while
the weirs mainly serve an aesthetic purpose by creating a small waterfall [13].

Each sluice gate has a bottom level of -2.07 m, a width of 3 m and a height of 1.2 m.
The two weirs have the same dimensions but a higher bottom level of -0.27 m. In
contrast to Garda damme, Slussen is automaticaly operated to maintain an upstream
water level of +1.45 m at Garda damme [13]. Schematic illustrations of the hydraulic
strucutures are shown in Figure 3.16 and 3.17.

19



Figure 3.13: Photograph of Slussen from the downstream part. By Vera Akerlund.

Figure 3.14: Photograph of the regulating structure at Slussen. By Vera Akerlund.
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Figure 3.15: Photograph of the canal lock at Slussen. By Vera Akerlund.

Regulating M
structures

Figure 3.16: Schematic illustration of Slussen in plan view.

Canal lock
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Weir

Sluice gate

Figure 3.17: Schematic illustration of the slucie gates and weirs at Slussen.

3.5.3 System operation

Both structures operate automatically based on measurements from a water level
station located upstream of Garda ddmme. The measured river level is used as input
to determine whether the gates should be opened or closed further [13].

If high river flows or elevated sea levels are forecast, the system can be pre-released to
an upstream water level of +1 m instead. This increases the available storage capacity
within the downstream river system. Once +1 m is reached it is closed off to prevent
sea level from propagating into the river system [12].

3.5.4 Future plans

There are plans to build additional hydraulic structures to protect Gothenburg against
floods. One suggestion is to build inner barriers at the discharge points into Gota alv,
as shown in Figure 3.18. These would protect the city centre from elevated sea levels
[18]. Another suggestion is to build a large scale outer barriers in Gota alv instead,
which would protect the entire city from elevated sea levels [19].
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Figure 3.18: The future plans of additional inner barriers are marked in red in the
schematic illustration of downstream Md&lndalsan.

3.6 Previous research in the study area

The Swedish Civil Defense and Resilience Agency, MCF, has studied flooding along
Molndalsan for extreme scenarios. The analysed scenario was based on a frequency
analysis of river inflow corresponding to a 100 year return period, and does not take the
current water permit into account. The 100 year flow was also adjusted to represent
future conditions in 2098. This resulted in a flow of 40 m?/s, while the sea level was
set to +1.74 m [20].

Based on this scenario, a flood impact map was produced to show infrastructure,
buildings and public services that would be affected by flooding. A copy of the
map is shown in Figure 3.19, while the full map is available through MCF website
Oversvimningsportalen. A zoomed in version of the more vulnerable locations is
presented in Figure 3.20. In the map, lighter squares represent affected residents, while
brown squares represent flooded buildings, the large red dot represents a fire station
and the dotted area represents cultural heritage.
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Figure 3.19: Flood impact map of the surrounding land along Mdélndalsan. Source: MCF
[20].
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Figure 3.20: Flood impact map of the surrounding land along Molndalsan, zoomed in on
the more vulnerable areas. Source: MCF [20].

3.6.1 Temporary storage

A previous report by Sweco investigated the possibility of using Mélndalsan as temporary
storage during periods of high sea level. The strategy considered was to manually lower
the river level to +1.0 m before high sea levels are expected. This level represents the
lowest permitted water level according to the water permit, due to the stability of the
canal walls. Once this level is reached, the regulating structures must be closed to
prevent the water level from falling below +1.0 m. After closure, the incoming river
flow gradually refills the available storage volume. According to the report, the time
required to lower the water level would vary between 2-6 hours depending on the inflow.
The timing of the lowering was therefore considered important. If lowering is initiated
too late, the water level may not have enough time to reach +1.0 m before the high
sea level occurs. On the other hand, if it is initiated too early, incoming river flow may
partly refill the available storage volume before the event begins.

The report further estimated that the storage capacity between water levels of +1.0 m
and +2.0 m is approximately 120 000 m? for the section from Molndal to Slussen and
the inlet to the culverts in Gullbergsan. The same report estimated that additional
gates at the outlets of Stora Hamnkanalen and Rosenlundskanalen could increase the
storage capacity to 195 000 m?.
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3.7 Previous research on flow regulation

Similar hydraulic structures are used in other parts of the world to protect against both
river and coastal flooding. Two examples are the IJssel Barrier in the Netherlands and
the Thames Barrier in England. Although these structures are considerably larger than
those in Molndalsan, they operate according to similar principles and can be closed
when elevated downstream water levels are forecast [21].

The IJssel Barrier is a vertical lift gate, which functions similarly to a sluice gate but
on a much larger scale. When fully opened, the gate can be raised above the water
surface. The structure is designed to protect against a 4 000 year return period on the
river side and a 10 000 year return period on the sea side. It is manually operated and
closed when a sea level of +2.25 m is forecast [21].

The Thames Barrier is located in London, where large tidal variations occur. The
barrier is designed for a 1 000 year return period and is manually operated based
on forecasts of both river discharge and tide levels [22]. The barrier is closed during
low tide before the expected high water level occurs, allowing the river upstream to
temporarily function as a storage basin. Once the tide has turned and the water levels
on each side of the barrier have equalised, the barrier is opened again [21].

Since 2000, the frequency of closures of the Thames Barrier has increased. Approxim-
ately half of the closures have been caused by high river discharge and the other half
by elevated sea levels and tides [22]. The increasing number of closures highlights the
growing challenge of managing combined river and coastal flooding under changing
climate conditions. This suggests that the operation of regulating structures is likely
to become increasingly important in the future.

These examples illustrate that active operation of hydraulic structures is an established
method for reducing flood risk in systems affected by both river discharge and high sea
levels. This makes them relevant reference cases for Molndalsan, where flood risk is
influenced by both upstream discharge and downstream sea level.
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4 Theoretical Background

This section presents the theoretical background relevant to the study, including
hydrodynamics in open channel flow, coastal processes affecting sea level, compound
flooding, flow regulation, risk and return periods.

4.1 Hydrodynamics — Shallow water equations

The hydrodynamics of the model is based on the shallow water equations, which
describe unsteady flow in shallow water bodies such as rivers, channels, and coastal
areas. To simplify complex three dimensional flow into a more practical form, several
assumptions are made [23].

The main assumptions are:

e The water is incompressible and homogeneous, meaning that the density is
constant.

The bottom slope is small and can be approximated as horizontal.

The flow direction is parallel to the bottom.

Vertical accelerations are negligible.

The pressure varies hydrostatically.

With these assumptions, the flow can be represented using a one dimensional form of
the shallow water equations. This results in two governing equations, the continuity
equation 4.1, and the momentum equation 4.2.

The continuity equation, also referred to as the mass balance, describes the conservation
of water within a control volume. A change in inflow or outflow must therefore result in
a change in storage, which is expressed as a change in water level. That is to say, if the
discharge decreases due to a reduction in cross sectional area, water will accumulate
upstream of the reduction, increasing the water level and finding a new balance [23].

The momentum equation describes the movement of water due to forces acting on the
flow. These include inertia, pressure forces caused by the water surface slope, frictional
resistance, and external forces. Namely, a steeper water surface slope increases the
pressure gradient and therefore accelerates the flow [23].
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where

Q = discharge [m?/s]

e A = cross-sectional area [m?]

e t = time [s]

e 1 = distance along the channel [m]

e g = gravitational acceleration [m/s?|

h = water level [m]

Sy = bed slope [-]

Sy = friction slope [-]

Together, these equations describe the relationship between water level and discharge,
and determine how fast the flow and storage respond to changes in inflow, boundary
conditions, and channel geometry.

4.2 Coastal processes

When analysing flooding in coastal areas, it is important to consider the factors that
contribute to increases in sea level. These increases can be either temporary, caused
by storms and meteorological conditions, or long term caused by global sea level rise.
The different factors contributing to elevated sea levels can occur simultaneously, and
together they can significantly increase the total water level.

4.2.1 Extreme water levels

Temporary increases in sea level are often referred to as extreme water levels. These
increases are primarily caused by meteorological factors such as wind, atmospheric
pressure, and tides. Strong winds and low atmospheric pressure often occur together
during storms, and the resulting rise in sea level is called a storm surge. Such events
can last from a few hours to more than a day, depending on storm development [11].
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Wind pushes water towards the coast through shear stresses acting on the water surface
due to friction. This leads to an accumulation of water near the shoreline, resulting
in a higher water level known as wind step up. On the west coast of Sweden, where
Gothenburg is located, westerly winds are common and can push water from the
Atlantic Ocean into Kattegatt. Additionally, the low atmospheric pressure associated
with storms also contributes to an increase in sea level, normally about 1 cm per 1 hPa
decrease in pressure. However, wind set up is usually the dominant contributor [11].

Tides are caused by astronomical forces, primarily the gravitational pull of the moon.
They are regular and predictable, with an approximately 12 hour interval from peak
to peak. The tidal range in Kattegatt is relatively small, approximately 25 cm. The
magnitude of the tides is influenced by factors such as bathymetry, coastal topography
and the shape of the shoreline as well as the lunar cycle [24].

4.2.2 Sea level rise

Long term sea level rise is a global challenge affecting many coastal regions and develops
gradually over decades to centuries. Two main processes contribute to this increase,
the melting of glaciers and the thermal expansion of water as its temperature rises,
both of which are related to global warming [24].

Future sea level rise is often estimated using climate scenarios known as SSP, Shared
Socioeconomic Pathways. These scenarios describe different possible future greenhouse
gas emissions and their related climate impacts. One of the most extreme scenarios is
SSP5-8.5, which represents a high emission pathway and therefore results in the largest
predicted sea level rise [25].

For Gothenburg, projected sea level rise by 2100 varies depending on the scenario, with
mean increases ranging from 26 to 64 cm, as shown in Figure 4.1.

Framtida medelvattenstand i Géteborg kommun
Centimeter i RH 2000 per scenario och artionde
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Figure 4.1: Future projected sea levels for Gothenburg. Source: SMHI [25].
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4.3 Compound flooding

Traditionally, flood factors such as coastal water levels, river discharge and rainfall have
been studied separately. However, in reality, these factors can occur simultaneously or
within a short time interval, which may lead to more severe flooding. This situation is
referred to as compound flooding [26].

Compound flooding can result from a single meteorological event, for instance tropical
storms that generate both rainfall and elevated sea levels. It can also occur when
independent events coincide, such as a spring flood due to snowmelt and a storm
surge. The interaction between these factors makes compound flooding complex and
more difficult to predict. Return periods are also difficult estimate, since combinations
of several events are generally less frequent than each event separately. In addition,
the peak river discharge due to rainfall may occur with a time lag depending on the
catchment, which further complicates the situation [26].

Research indicates that the likelihood of compound floods is increasing due to factors
such as urban development, rising sea levels, and changing storm patterns. Treating
flood factors as independent events may thus underestimate flood risk. Furthermore,
mitigation measures designed to reduce one type of flooding may increase the risk of
another, for instance coastal protection structures may restrict drainage and thereby
worsen flooding caused by rainfall [26].

4.4 Flow regulation

Flow regulation in river systems serves several purposes. These include reducing flood
risk, diverting flow, retaining water, and maintaining water levels. In addition, it
supports functions such as irrigation, navigation, hydropower production, recreation
and drinking water supply [16].

Different types of hydraulic structures can be used to regulate flow, including dams,
gates, canals, weirs, culverts and basins. For movable structures, operation is important
as decisions must be made regarding when and how to adjust the structures [16].

Operational strategies can be based on historical data, real time measurements, and
forecasting of hydrological and meteorological conditions. Regardless of the approach,
reliable data is essential, as inaccurate information may increase the risk of failure and
lead to significant consequences [16].

Flow regulation may also involve a balance between upstream and downstream con-
ditions, as measures that reduce flood risk in one area may increase it in another

16].
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4.5 Risk and return periods

When discussing flood risk, two key components are considered, probability and
consequences. Risk is commonly defined as the combination of these two factors. This
means that an event with moderate probability and consequences may represent a
higher risk than an event with severe consequences but a very low probability [24].

One common way to describe the probability of extreme events is through return
periods. The return period is calculated from the annual exceedance probability and
expresses the average recurrence interval for an event of a certain magnitude. For
instance, a flood with a return period of 50 years corresponds to an annual probability
of 2% and is therefore expected to occur on average once every 50 years. However, all
events are statistically independent, meaning that they may still occur the year after
each other. This is particularly important when interpreting short time series, where
multiple extreme events may give a misleading impression of the long term probability.
When estimating return periods it is therefore important to use long time series in
order to avoid over or underestimation [24].

When planning flood protection measures, the chosen design return period indicates
the level of risk one is willing to accept. Designing for a high return period reduces
the likelihood of flooding, but it also means that most of the time it will not be fully
utilised. On the other hand, designing for a lower return period implies one must
accept that flooding may develop more frequently [24].
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5 Data employed and analysis

Data were collected and analysed to describe the present hydraulic conditions in the
study area and to define representative boundary conditions for the model. The analysis
included historical sea level data, river low data and information on the current water
permit. This was done to define representative scenarios for evaluating the hydraulic
response of Molndalsan under different combinations of sea level and river inflow. The
analysis resulted in three sea level scenarios and three river flow scenarios, which were
later combined in the simulations.

5.1 Sea level data

Sea level data were obtained from measurement stations operated by SMHI along
the Gothenburg coast and in Gota alv. Six stations were considered relevant for
representing the sea level near the outlet of Mdélndalsan, as shown in Figure 5.1. The
location, name and available time series for each station are presented in Table 5.1 [27].

Hisinger
WMotorsportd Biskopsgarden

Goteborg

Figure 5.1: Sea level measurement stations around Gothenburg, marked 1-6, with names
presented in Figure 5.1. Molndalsan is marked as blue lines [27].

Table 5.1: Time series of sea level measurement stations in Gothenburg from SMHI [27].

Station Time series  Number
Torshamnen 1967-2023 1
Tangudden sjov ~ 2019-ongoing 2
Eriksberg 2013-ongoing 3
Gota alv bro 2010-2013 4
Hisingsbron 2023-ongoing )
Tingstadstunneln 2013-ongoing 6
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The stations located closest to the study area have relatively short time series, whereas
Torshamnen provides a longer and more continuous record. As a result of this, Tor-
shamnen was selected as the primary station for further analysis.

The sea level series from Torshamnen was further analysed in Excel in order to
define representative downstream boundary conditions for the hydraulic model. Three
scenarios were selected:

e Mean water level, representing normal conditions
e 99th percentile water level, representing elevated levels

e Extreme water level, representing an extreme event

Percentiles were selected instead of return periods in order to obtain representative sea
level scenarios directly from the available time series without performing an extreme
value analysis. An extreme value analysis would require additional statistical analysis,
which is beyond the scope of this thesis. Percentiles was hence considered sufficient for
defining comparable sea level scenarios for the hydraulic simulations.

The historical sea level data from Torshamnen are presented in Figure 5.2. The dataset
spans several decades and shows large variations between normal and extreme conditions.
Based on calculations preformed in this study, the mean sea level is approximately 7
cm, while the 99th percentile is 67.5 cm and the maximum recorded value is 155.1 cm.
This implies that storm events can generate considerably higher water levels.

Sea level (cm)
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Figure 5.2: Historical sea level at Torshamnen from 1967 to 2023, relative to RH2000.
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To define the extreme sea level scenario, the time series was sorted from the highest
to the lowest water level. The 20 highest observations were reviewed individually in
order to assess whether they represented actual storm events or possible measurement
errors, which are presented in Table 5.2. Several of the highest values were connected
to the same storm events, with peaks around 150 cm. These events often consisted
of multiple consecutive high values, indicating that extreme sea levels may persist for
several hours rather than occurring only as isolated peaks.

Table 5.2: Twenty highest recorded sea levels at Torshamnen.

Date Sea level [cm]
1985-11-06 155.1
1995-11-06 154.1
2005-01-08 151.3
1985-11-06 151.1
2011-12-10 150.2
1985-11-07 149.1
2016-12-26 147.3
1985-11-07 147.1
1995-11-06 145.1
2005-01-08 145.1
1985-11-06 142.1
1985-11-07 142.1
2011-12-10 141.1
2011-12-10 139.8
2015-01-11 139.0
2011-12-10 138.3
1981-11-24 138.1
2016-12-26 137.6
1985-11-06 137.1
2015-01-10 137.1

In addition to peak levels, the duration of high sea level events was analysed. Events
during which the water level exceeded +1.0 m for at least two consecutive hours were
identified. A minimum duration of two hours was applied in order to exclude short
lived peaks, while the threshold level of +1.0 m was selected because this represents
the lowest level to which the river can be lowered under the current regulation strategy.
The duration analysis is relevant for evaluating alternative operating strategies for the
hydraulic structures, since the effect of closing gates depends not only on the peak sea
level but also on how long the elevated sea level persists.
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The duration of the identified events are presented in Figure 5.3. The results show that
high sea level events can last up to 25-26 hours, although shorter durations are more
common. The cumulative relative frequency distribution in Figure 5.4 further confirms
that most events are relatively short, while a small number have significantly longer
durations.

The calculated duration does not represent the full duration of each storm event, but
only the period during which the sea level remains above +1.0 m. Some exceedance
periods may therefore belong to the same meteorological storm event and occur within
a relatively short time after each other. Most of the selected storm events are seperated
by months or years. Nevertheless, among the selected periods that occur close in time,
the shortest gap between two consecutive periods is five hours, while the average gap
is about nine hours.

Based on the sea level analysis, the selected sea level scenarios used in the hydraulic
simulations are, the mean of 7 cm, the 99th percentile rounded up to 70 cm, and 150
cm for the average of the extreme scenarios.
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Figure 5.3: Durations of the identified extreme events.

36



Cumulative Relative Frequency

100%

90%

80%

70%

60%

50%

40%

30%

20%

10%

0%

1 2 3 45 6 7 8 9 1011121314 151617 18 19 20 21 22 23 24 25 26
Time (h)

Figure 5.4: Cumulative relative frequency of the durations of the identified extreme events.

5.2 River flow

River flow data were obtained from Goteborgs Stads Stadsbyggnadsforvaltning, for the
period 2011-2026. The dataset includes daily average water levels at four locations,
Molndal C, Skars led, upstream of Garda damme and upstream of Slussen. It also
includes daily average discharge from Stensjon, Slussen and Garda ddmme [28].

Water levels are measured directly, whereas discharge is calculated based on measured
water levels and cross sectional areas [13]. The exact calculation procedure was not
available for this study, and the discharge values were therefore treated as estimated
rather than directly measured values. Negative discharge values were excluded from
the analysis, as they were assumed to represent measurement or calculation errors.

The river flow data were analysed in Excel in order to define representative upstream
inflow conditions for the model. Three scenarios were selected:

e Average discharge, representing normal conditions
e 99th percentile discharge, representing elevated flow conditions

e Maximum permitted discharge according to the current water permit, representing
an extreme flow scenario

The water level upstream of Garda damme had a mean value of +1.4 m and a 99th
percentile of +1.45 m. The river discharge statistics used for scenario selection are
presented separately in Table 5.3.
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Table 5.3: Discharge and water level statistics along Mélndalsan [28].

Variable Mean [m?/s] 99th percentile [m?/s]
Discharge Stensjon 4.2 14.6
Discharge Garda damme 4.6 19.5
Discharge Slussen 0.8 10.2

The mean discharge at Stensjon is approximately 4.2 m3/s, while the 99th percentile
reaches 14.6 m3/s. Figure 5.5 presents the discharge from Stensjon from 2011 until 2026.
Downstream of Stensjon, Kalleredsbéacken also contributes to the flow in Mdélndalsan.
The mean flow in Kalleredsbécken is 0.5 m?3/s, while the mean of the highest flows is
3.2 m3/s. These values were therefore added to the representative mean and high flow
scenarios from Stensjon, resulting in inflows of 5 and 18 m3/s respectively.

Discharge Stensjon (m3/s)
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Figure 5.5: Graph of the discharge from Stensjon, from 2011 until 2026.

For the extreme flow scenario, the contribution from Kalleredsbacken was not added to
the maximum permitted discharge from Stensjon. According to the water permit, the
maximum discharge from Stensjon should not be released if it would cause downstream
flooding. Therefore, during high flow conditions in Kalleredsbécken, the discharge from
Stensjon is assumed to be reduced. The extreme scenario was therefore set to 27 m?/s
which is the hydraulic capacity of Molndalsan.

At the regulating structures, the discharge at Garda damme is generally higher than at
Slussen, as shown in Figure 5.6. Under normal conditions, the mean discharge is 4.6
and 0.8 m?3/s respectively. During high flow conditions, this difference becomes more
noticeable, with Garda ddmme reaching 19.5 m3/s compared to 10.2 m?®/s at Slussen.
This indicates that most of the flow generally discharges through Garda damme.
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Figure 5.6: Graph of the discharge from Garda and Slussen, from 2011 until 2026.

The water levels upstream of Garda damme remain relatively stable, as shown in
Figure 5.7. The mean level is approximately 1.4 m and a 99th percentile is 1.45 m.
This suggests that the regulating structure effectively maintains the upstream water
levels close to its operational target of 1.45 m. The lowest recorded level at the same
location is 1.16 m.
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Figure 5.7: Graph of the recorded water levels upstream of Garda from 2011 until 2026.

Some limitations in the dataset were identified, including several periods of missing
data, which may affect how well extreme scenarios are represented. Furthermore, the
operational target level may have been changed during the time period of the data.
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5.3 Final scenarios

Based on the sea level and river flow analyses, representative scenarios were defined for
use in the hydraulic simulations. The scenarios were selected to represent a range of
hydraulic conditions rather than exact events, allowing the influence of river inflow and
sea level to be compared. The final sea level scenarios consisted of mean sea level, 99th
percentile sea level and an extreme sea level. The final river flow scenarios consisted of
average flow, 99th percentile flow and the maximum permitted discharge according to
the current water permit.

Combining the selected sea level and river flow scenarios resulted in nine steady state
scenarios, presented in Table 5.4.

Table 5.4: Combinations of discharge and sea level used in the simulation scenarios.

Scenario Discharge [m?®/s] Sea level [m]

1 5.00 (L) 0.07 (L)
2 18.0 (M) 0.07 (L)
3 27.0 (H) 0.07 (L)
4 5.00 (L) 0.70 (M)
5 18.0 (M) 0.70 (M)
6 27.0 (H) 0.70 (M)
7 5.00 (L) 1.50 (H)
8 18.0 (M) 1.50 (H)
9 27.0 (H) 1.50 (H)

L = Low, M = Moderate, H = High.

An indication of the return periods of the more extreme scenarios can be obtained by
comparing them individually with the values presented in Section 3.2 and 3.3. The
extreme flow scenario in Mélndalsan of 27 m3/s, is close to the reported 10 year flow of
26.8 m?3/s. The scenario can therefore be interpreted as approximately corresponding
to a 10 year event. The medium flow scenario, 18 m3/s, is lower than the reported 2
year flow of 20.5 m?®/s. However, these return periods refer to unregulated flow and
should therefore only be used as approximate reference values.

For the sea level, two reference values are available for comparison. One represents
conditions near Torshamnen, while the other represents conditions where Gullbergsan
discharges into Savean and Gota &alv. The extreme sea level scenario used in the
simulation is +1.5 m. Compared with the Torshamnen reference value, this is between
the 20 year sea level of +1.43 m, and the 50 year sea level of +1.53 m. However,
compared with the Gullbergsan reference values, it is lower than the 10 year sea level
of 1.63 m. The return period can therefore not be determined from a direct comparison
alone. As discussed in Section 3.3, water levels during storm conditions may be higher
further upstream in Goéta dlv than at the coast, which makes the estimated return
period dependent on the reference location used.

40



These return periods refer to the individual flow and sea level events, not the combined
compound flooding scenarios. A combination of both events would generally be less
frequent than each event considered separately, and would therefore correspond to a
longer return period. Nevertheless, under future climate scenarios, rising sea levels and
increased precipitation may make high sea levels and high flow events more frequent,
thereby shortening their return periods.
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6 Model setup and implementation

This section describes the hydraulic model used in the study and the main assumptions
made in the model setup. The existing MIKE+ model is first presented, followed
by a description of the regulating structures at Garda ddmme and Slussen and the
selection of critical locations for analysis. The calibration and validation procedure is
then described. Finally, the simulation approach is presented, including the water level
simulations and the temporary storage capacity analysis.

6.1 The MIKE-+ rivers model

The hydraulic model was developed in MIKE+ Rivers by DHI. In this study, a one
dimensional model was used, since the main purpose was to analyse water levels and
flow distribution along the river system.

An existing MIKE+ model provided by DHI was used as the basis for the study. The
model already contained the river network, cross section and hydraulic structures. The
work in this study therefore mainly consisted of reviewing the existing model, modifying
the regulating structures at Garda damme and Slussen, and defining appropriate
boundary conditions and simulation scenarios.

The model includes the river system from the outlet of Stensjon to its outlets in Gota alv
and consists of the branches Molndalsan, Gullbergsan, Fattighusan, Rosenlundskanalen
and a part of Sdvean. The river bathymetry, cross sections and most hydraulic structures
were mostly left unchanged from the original model, although minor adjustments were
made where necessary.

Hydraulic structures such as bridges were represented using culverts for the opening
below the bridge deck, while weirs were used to represent overflow during high water
levels. In total, the model contains 49 culverts, 24 weirs and two regulating structures.

The main changes made to the model during this study were:

e Definition of new upstream and downstream boundary conditions

e Update of the dimensions of the regulating structures at Garda damme and
Slussen

e Relocation of the sensor to the correct position upstream of Garda damme

e Update of the gate operation rules to represent the current regulation strategy

The main model settings are presented in Table 6.1.
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Table 6.1: Model setup used in MIKE+.

The modelled area and cross section locations are presented in plan view in Figure 6.5.
A longitudinal profile of the river system is shown in Figure 6.1-6.4, where vertical
lines represent cross section locations, the green line shows the right hand river bank
and the purple line shows the left hand river bank. Since the model uses RH2000 as
a height reference system, this thesis presents water levels and elevations relative to

Parameter

Description

Model type

Coordinate system

Height reference
Background map

Rivers

Cross sections
Culverts

Weirs
Gates

Boundary conditions

Sensor

Simulation setup

River network, Hydrodynamics

Sweref99_12_00

RH2000

OpenStreetMap

Fattighusan, Savean, Molndalsan, Gullbergsan and
Rosenlundskanalen

Approximately 230

49

24

2, Garda ddmme and Slussen

Inflow Molndalsan, inflow Savean, sea level at the
last chainage of Rosenlundskanalen, Savean and
Fattighusan

1, upstream of Garda damme

Duration 3 days, adaptive time step 0.5-5 s

RH2000 unless otherwise stated.

MélIndalsan

T oy

Figure 6.1: Longitudinal profile of Mélndalsan in the MIKE+ model. The green line shows
the right hand river bank and the purple line shows the left.
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Figure 6.2: Longitudinal profile of Gullbergsan in the MIKE+ model. The green line
shows the right hand river bank and the purple line shows the left.
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Figure 6.3: Longitudinal profile of Fattighusan and Stora Hamnkanalen in the MIKE+
model. The green line shows the right hand river bank and the purple line
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Figure 6.4: Longitudinal profile of Rosenlundskanalen in the MIKE+ model. The green

line shows the right hand river bank and the purple line shows the left.
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Figure 6.5: The modelled area in MIKE+, with cross section locations as black lines.
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6.2 Regulating structures

The regulating structures at Garda damme and Slussen were represented in the model
with a level of detail considered appropriate for the analysis of water levels and flood
risk. Some operational assumptions were made in order to reduce model complexity
and simulation time.

Garda ddmme was modelled as five underflow gates controlled using a PID controller.
The controller was set to maintain a water level of +1.45 m upstream of Garda
damme, corresponding to the current operating strategy. In reality, the five gates can
be operated individually, however in the model all gates move simultaneously and
therefore always have the same gate opening. As for the fish ladder, it was modelled as
a culvert and the weir was not included.

Slussen was modelled as two underflow gates and two culverts. The underflow gates
represent the regulated opening at the bottom of the structure, while the culverts were
used to represent the overflow function. Unlike the real overflow structure, the culverts
remain at a fixed level and are not actively regulated.

The operation of Slussen is controlled by the measured water level upstream of Garda
damme. The gate opening follows the operating rules shown in Table 6.2. The bottom
openings remain closed until the upstream water level reaches approximately +1.45 m,
after which they are gradually opened in order to maintain this level.

Table 6.2: Gate control levels used for the operation of Slussen in the MIKE+ model.

Water level [m] Gate bottom level m]

-10 -2.07
1.44 -2.07
1.45 -1.95
1.50 -1.50
1.55 -1.00
1.60 -0.20
1.70 2.00
10 2.00

The gate operation was implemented in MIKE+ using a level controlled table. In
reality, both the physical structure and the operation of Slussen include additional
details that are not fully represented in the model. However, the chosen representation
was considered sufficient to reproduce the overall effect of the structure on water levels.

6.3 Selection of critical locations

The model consists of a large number of cross-sections and structures placed along a
longitudinal profile. By taking to account the characteristics of the river and relate to
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the MCF flood risk mapping in Section 3.6, locations along Molndalsan relevant for
detailed analysis were determined.

The longitudinal profile was used to identify low lying sections along the river where
flooding is likely to develop first. The flood risk map was then used to determine
whether these locations coincide with critical infrastructure, residential areas or other
vulnerable land uses located close to the river.

The selected locations are therefore a combination of low lying areas and areas containing
important infrastructure. Water levels and possible flooding at these locations were
analysed in detail for each simulation scenario.

6.4 Model calibration and validation

A simplified steady state calibration of the hydraulic model was carried out by adjusting
the bed roughness. The bed roughness was represented using Manning’s n, which
describes the resistance to flow along the riverbed and channel. A higher Manning’s n
corresponds to greater resistance, while a lower value represents a smoother channel
with less resistance.

Three Manning’s n values were tested in the calibration:

1. n=0.04
2. n=0.037

3. n=0.033

A homogeneous approach was applied, meaning that the same Manning’s n value was
used along the entire modelled river. In reality, roughness may vary along the river as
a result of differences in river characteristics, hydraulic structures, vegetation and bed
material.

The calibration was performed using selected historical events with different hydraulic
conditions, including variations in river discharge and sea level. For each event, constant
boundary conditions were applied based on observed data for measured flow in Mdélndal
and downstream sea level. The simulated levels were then compared with measured
water levels at four locations along the river system:

e Molndal C
e Skars Led
e Upstream of Garda damme

e Upstream of Slussen
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The comparison was used to evaluate how changes in Manning’s n affected the simulated
levels and how well the model reproduced the observed conditions. Based on the
calibration, one Mannings n value was selected and validated against two additional
historical events to assess its performance under independent conditions. The selected
value was then used in the following simulations.

6.5 Water level simulations

Based on the data analysis, three sea level scenarios and three river flow scenarios were
selected. When combined, these resulted in nine different simulation scenarios. The
selected inflow and sea level for each scenario were applied as boundary conditions in
the model.

Since this part of the study aims to assess the current flood situation, steady state
simulations with constant inflow and sea level were used. This made it possible to
determine the water level at the selected critical locations for each scenario. This
approach was chosen to distinguish between the effects of river inflow and sea level,
while also allowing direct comparison between the scenarios.

For each simulation, the maximum water level at the selected locations was extracted
from the model results. These water levels were then compared with the cross sectional
bathymetry of each location and the river bank elevations in order to determine whether
flooding appeared. Where flooding occurred, it was also determined on which side of
the river flooding first occurred to evaluate whether critical infrastructure was affected.

The results from the different locations were then compared for each scenario in order
to determine whether the water level was primarily controlled by upstream river flow,
downstream sea level, or both. This was done by comparing scenario groups where
one boundary condition varied while the other was kept constant. Scenarios 1-3, 4-6
and 7-9 were used to assess the effect of increasing inflow under constant sea level
conditions. Comparisons between scenarios 1, 4, and 7; 2, 5, and 8; as well as 3, 6, and
9 were used to assess the effect of increasing sea level under constant inflow conditions.

If the controlling factor differed along the river, the river system could be divided into
sections based on their different hydraulic behaviour. This analysis can later be used
to determine where different mitigation measures would be most effective.

6.6 Temporary storage capacity

The regulation strategy makes it possible to temporarily store water within the river
system during periods of high sea level by keeping the regulating structures closed. The
river can therefore act as a temporary reservoir. An additional analysis was performed
to determine how long the structures can remain closed before the water level reaches
the critical level upstream of Garda damme. The results were used to discuss whether
the maximum closure time would be sufficient during high sea level events.
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The simulations were carried out by setting the initial river level in the system to +
1.0 m and closing the gates at both Garda damme and Slussen. Different constant
inflows were then applied at the upstream boundary, where the lowest represented
the minimum discharge from Stensjon and the highest represented the average flow
from the data analysis. For each simulation, the time until the water level upstream of
Garda damme reached +1.4 m was extracted. The extracted time therefore represents
the maximum period during which the gates can remain closed for a given inflow. The
threshold of +1.4m was used as an approximate normal operating level upstream of
Garda damme.

Assuming a constant inflow, the stored water volume was estimated using Equation 6.1.

V=0Q-t (6.1)

where V' is the stored water volume [m?], @ is the river inflow [m?/s], and ¢ is time [g].
The calculation was repeated for several inflows to determine the relationship between
inflow and available storage in the river system.

Additional regulating structures at the discharge outlets to Géta éalv have been proposed,
referred to as inner barriers. Therefore, an alternative storage case was also investigated.
In the first storage case, temporary storage was limited to the part of the river system
upstream of Slussen and Garda ddmme, while water could still leave the system through
the inner barriers. In the alternative case, the inner barriers were closed so that no
water could leave the modelled river system. This allowed the entire river system,
from the inner barriers and upstream, to contribute to the temporary storage. The
simulation started from an initial river level of +1 m and continued until the water
level upstream of Garda ddmme reached +1.4 m. As in the first case, the time required
to reach this level was extracted for each inflow and used to estimate the stored volume.
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7 Results and discussion

This chapter presents and discusses the results from the hydraulic simulations. The
results are divided into four main parts, the identification of critical locations, calibration
and validation of the model, simulated flooding under different combinations of sea
level and inflow, and the estimated temporary storage capacity of the river system.

7.1 Critical locations

Eight critical locations were selected along the modelled river system, based on a
combination of low bank elevations and surrounding land use. Their cross sections
used to assess local flood thresholds are shown in Figure 7.1-7.8, while their locations
are shown in Figure 7.9.

The locations are labelled A to H, starting from the most upstream point. They were
selected to represent different types of potentially vulnerable areas along the river
system, including critical infrastructure, residential areas, cultural heritage sites and
low lying areas. The specific characteristics of each location are summarised in Table
7.1. Since flooding is defined as overtopping of river banks in this thesis, critical levels
refer to local bank levels rather than specific elevations for nearby infrastructure and
buildings.

Table 7.1: Selected critical locations and main reason for selection.

Location Main reason for selection Critical side
A Close to hospital Left

B Railway and residential area Right

C Industrial area Right

D Low elevation Both

E Residential area and cultural heritage Right

F Fire station Right

G School and residential area Both

H Low elevation Left

o1



[m] Cross section A
8,00
7,50
7,00
6,50
6,00
5,50
5,00
4,50
4,00
3,50
3,00
2,50
2,00
1,50
1,00
0,50
0,00

0 100 200 300 400
[m]

®m Marker1 ®m Marker 3 = Topography

Figure 7.1: Cross section of the topography in location A, the red dots mark the bank
levels on each side.
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Figure 7.2: Cross section of the topography in location B, the red dots mark the bank
levels on each side.
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Figure 7.3: Cross section of the topography in location C, the red dots mark the bank
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Figure 7.4: Cross section of the topography in location D, the red dots mark the bank

levels on each side.
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Figure 7.5: Cross section of the topography in location E, the red dots mark the bank
levels on each side.
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Figure 7.6: Cross section of the topography in location F, the red dots mark the bank
levels on each side.
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Figure 7.7: Cross section of the topography in location G, the red dots mark the bank
levels on each side.
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Figure 7.8: Cross section of the topography in location H, the red dots mark the bank
levels on each side.



Locations of the selected critical locations along the modelled river system.

Figure 7.9
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7.2 Calibration and validation

The calibration results are presented in Figures 7.10-7.12. Each figure represents a
different historical event and compares measured and simulated water levels at four
locations for the tested Mannings’ n values.

The results show that the simulated levels have varying sensitivity to Manning’s n along
the river. The largest differences between the tested roughness values were observed at
Molndal C and Skars led, while the levels upstream of Garda damme and Slussen were
less affected. This implies that the downstream regulating structures had a stronger
influence on the water levels in the downstream part of the river system than the bed
roughness alone.

The observed water levels upstream of Garda damme and Slussen were generally lower
than the simulated values. The simulated levels were close to the control level of
+1.45 m, while the measured levels were often below this. This suggests that the
regulation strategy during the observed events may have differed from the one applied
in the model, for example as a result of different operational settings at the time.
As this affects the water levels throughout the system, the calibration was mainly
evaluated based on how well the simulations reproduced the relative water level profile.
The control level used in the simulations was not adjusted, since the aim is to represent
current operating conditions, for which +1.45 m is the relevant control level.

No single Mannings’ n value provided the best fit for all the events and locations.
During lower flow conditions, the lowest roughness value gave the closest fit between
simulated and observed water levels, although the difference between tested Manning’s
n were mainly visible at Molndal C. During higher flow conditions both n=0.033 and
n=0.037 were close to the measured level at Molndal C, while n=0.037 gave a more
representative water level gradient along the river. Based on this, n=0.037 was selected
for the final simulations.

2011-12-13

2,6

2.4 Sea level 43.4 cm

Inflow 19.52 m3/s
2,2
2
1,8
1,6
1,4
1,2

Molndal C Skars led Garda Slussen
Measured n=0.04 n=0.037 n=0.033

Figure 7.10: Calibration of Manning’s n for the historical event on 2011-12-13, using
measured water levels at four locations as reference points.
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2015-11-28

2,2

Sea level 45.7 cm

2 Inflow 13.53 m3/s
1,8
1,6
1,4
1,2

Molndal C Skars led Garda Slussen
Measured == n=0.04 n=0.037 e=——n=0.033

Figure 7.11: Calibration of Manning’s n for the historical event on 2015-11-28, using
measured water levels at four locations as reference points.

2016-07-14
1,55
Sea level 14.7 cm
Inflow 2.61 m3/s
1,5
e \
1,4
1,35
Molndal C Skars led Garda Slussen
Measured e=——n=0.04 n=0.037 e=——=n=0.033

Figure 7.12: Calibration of Manning’s n for the historical event on 2016-07-14, using
measured water levels at four locations as reference points.

The selected Mannings n value was then evaluated against two additional historical
events, as shown in Figure 7.13 and 7.14. The validation showed that the model
reproduced the general water level pattern along the river system, although some
differences between measured and simulated values remained. The largest difference
was 10 cm at Garda and Slussen, where the simulated values were higher than the
observed. These deviations are likely related to differences in operational strategies and
should be considered when interpreting the scenario results, particularly at locations
where the simulated water level exceeds the bank level by less than 10 cm.
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2012-01-05

2,4

29 Sea level 43.5cm
’ Inflow 17.11 m3/s

1,8
1,6

1,4

1,2
Mélndal C Skars led Garda Slussen

Measured n=0.037

Figure 7.13: Validation of Manning’s n for the historical event on data 2012-01-05, using
measured water levels at four locations as reference points.

2014-11-17
1,70
1,65 Sea level -9.14 cm
Inflow 5.58 m3/s
1,60
1,55
1,50
1,45
—_—
1,40
1,35
Molndal C Skars led Garda Slussen
Measured n=0.037

Figure 7.14: Validation of Manning’s n for the historical event on data 2014-11-17, using
measured water levels at four locations as reference points.

7.3 Water level simulations

The nine scenarios selected from the data analysis were simulated, and maximum water
levels were extracted at the eight selected locations. These water levels were then
compared with the corresponding bank levels to determine whether flooding took place.
The results for each location are presented in Figure 7.15. By comparing the scenarios
with constant sea level and increasing inflow, and scenarios with constant inflow and
increasing sea level, it was possible to identify whether flooding at each location was
mainly caused by river inflow, sea level, or a combination of both.
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Floods in

Location .
scenario
B A 3609
B 369
C 2,3,5,6,89
D 23,59
BEe 2359
Br 1-9
[ ¢ 89
BH 7-9

Figure 7.15: Map of the critical locations and presentation of which scenarios they get
flooded.

Table 7.2 provides further detail by showing the difference between the simulated water
level and the critical bank level at each location, expressed in centimeters. Where both
banks were considered critical, the lower one was used for the comparison. Positive
values indicate that the critical level was exceeded and are marked in red, while negative
values indicate that no flooding occurred. Values marked in orange represent locations
where the difference between the simulated water was within +£2 c¢m of the bank level,
or where flooding occurred but was smaller than 10 cm.These cases are considered
uncertain, as minor model deviations could affect whether flooding is predicted.
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Table 7.2: Difference in centimetres between simulated maximum water level and critical
bank level at each location. Green = below critical level, orange = close to
critical level (£2 cm or exceedance 0-10 cm), red = exceedance of critical level.

Scenario Location
A B C D E F G H

-87 =52 -9 -1 1 12 -138 -125
-17 -18 18 14 7 13 -87 -125
28 11 43 30 14 14 -47 -125
87 %2 -9 -1 1 12 -77 -62
-17 -18 18 14 7 13 -50 -62
28 11 43 30 14 15 -23 -62
81 45 -2 7 8 20 1 18
-12 -9 28 26 21 28 7 18
32 20 53 43 31 32 12 18

© OO Uk W=

7.3.1 Locations A and B

The simulations show that flooding depends on both the location in the river system
and the hydraulic conditions applied in each scenario. In the upstream parts of the
system, represented by locations A and B, flooding only develops during the highest
inflow scenarios, namely 3, 6 and 9. The exceedance is around 30 c¢m in all cases for
location A and ranges from 11 to 20 cm for location B. In all other scenarios, both
locations remain below the critical level. This implies that flooding at these upstream
locations is primarily driven by river inflow rather than sea level. This is expected, as
A and B are the furthest upstream locations in the river system, around 11 km from
the downstream sea level boundary.

7.3.2 Locations C and D

Locations C and D respond more clearly to increasing inflow. Location C exceeds the
critical level in scenarios 2, 3, 5, 6, 8 and 9 while it remains below in scenario 1, 4 and 7.
However, in scenario 7 the difference is only -2 cm, meaning that the simulated water
level is close to the critical level. Location D exceeds the critical level in scenarios 2, 3,
5,6, 7, 8and 9, and is only 1 cm below in scenarios 1 and 4. This suggests that both
C and D reach the flood threshold already under medium inflow conditions. The cases
with small differences are particularly important, as they indicate the approximate
hydraulic conditions where the transition from no flooding to flooding occurs.

Both C and D appear to be more sensitive to inflow than sea level. This can be seen
by comparing scenarios with the same sea level but increasing inflow, where the water
level rises substantially from low to medium inflow. In contrast, the change from low to
medium sea level has no effect at these locations, as the values in scenarios 1-3 and 4-6
are identical. The highest sea level scenarios, 7-9, do have some effect, especially for
location D, where flooding develops even under low inflow in scenario 7. This suggests
that C and D are mainly inflow driven, but can still be affected by high sea levels.
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7.3.3 Locations E and F

Locations E and F both exceed their critical levels in all scenarios, but their behaviour
differs. Location E is close to the critical level in several scenarios. In scenarios 1
and 4, the water level is 1 cm above, and in scenarios 2 and 5 it is 7 cm above. This
suggests that location E is already vulnerable under the least severe scenarios, but that
the degree of flooding is limited under low and medium conditions. The exceedance
increases to +31 cm in scenario 9, showing that the flood risk becomes more severe
when high inflow and high sea level occur simultaneously. The results at location E
are mainly influenced by inflow. There is no difference between the low and medium
sea level scenarios, while the exceedance increases steadily with increasing inflow.

A comparison between locations D and E shows that D increases more rapidly with
increasing inflow than E. Although both locations are close to or above, their critical
levels under several scenarios, their response to increasing inflow differs. One possible
explanation is that location D is more directly affected by increasing discharge, while
location E may be more influenced by regulated downstream water levels. Another
possible explanation is that the local hydraulic capacity is lower around location D,
causing the water level to rise more rapidly when inflow increases.

Location F is affected in all nine scenarios, with exceedance values ranging from 12
to 32 cm. In contrast to location E, the exceedance at F is not small in the lower
scenarios. The fact that even the least severe scenario resulted in an exceedance of
12 cm indicates that the critical level at this location is low. Since location F is situated
next to a fire station, this result is particularly concerning from a risk perspective.
The exceedance is relatively stable under the low and medium sea level scenarios, but
increases more clearly when the highest sea level scenario is applied. This suggests
that location F is affected by high sea levels as well as inflow.

The difference between locations E and F is also important. Although both exceed the
critical level in all scenarios, location E is often only slightly above, while location F' is
at least 12 cm above. Flooding at E should thus be interpreted as more sensitive to
small changes in water level or model uncertainty, whereas flooding at F is a recurring
problem. Furthermore, location F is less sensitive to inflow than location E.

7.3.4 Locations G and H

The most downstream locations, G and H, show a different pattern from the other
locations. Both remain below the critical level in scenario 1-6, but exceed it in scenario
7-9. This implies that sea level is the dominant flood factor at these locations. This
is consistent with their downstream position and their location downstream of the
regulating structures.

However, location G is also affected by river inflow, as the exceedance increases from
1 cm in scenario 7 to 12 c¢m in scenario 9. In contrast, location H has a constant
exceedance of 18 c¢m in scenario 7-9, regardless of inflow. This suggests that location
H is mainly controlled by the downstream sea level, while location G is influenced by
both sea level and river inflow. One possible explanation is that location G is located
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closer to an upstream regulating structure and is therefore more directly affected by its
discharge. Another possible explanation is that the majority of the flow passes through
Garda ddmme and thus location G, which can be seen in Figure 5.6.

The sea level scenarios used in the simulations represent present day extreme conditions
and do not include future sea level rise. However, the projected sea level rise for
Gothenburg, ranging from 26 to 64 cm, indicates that the downstream condition may
become more critical in the future. This would mainly affect the downstream locations,
such as G and H, where the results showed that flooding is primarily controlled by the
sea level.

7.4 'Temporary storage capacity

The temporary storage capacity was evaluated by closing the regulating structures and
allowing the river system to fill from an initial river level of +1 m until the water level
at Garda reached +1.4 m. The purpose was to estimate how long the structures can
remain closed under different inflow conditions without exceeding the selected limit
upstream of Garda damme, and to estimate how much water could be temporarily
stored in the river system.

7.4.1 Storage with existing regulating structures

The results for the first storage case, representing the existing regulating structures,
are presented in Table 7.3 and Figure 7.16. The available closure time decreased as the
inflow increased. At an inflow of 0.3 m3/s, the water level reached +1.4 m after 1440
minutes, corresponding to about 24 hours. At an inflow of 5 m?/s, the corresponding
time was reduced to 113 minutes, or just less than two hours.

Table 7.3: Estimated storage volume and maximum closure time for different inflows with
existing regulating strucutres.

Q [m®/s] T [h] V [m’

0.3 24 25920
1 7.3 26340
3 2.7 29340
5 1.9 33900

Mean 28 875
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Figure 7.16: Graph showing the storage capacity and time it takes to fill up for different
inflows.

The estimated stored volume ranged from around 26 000 m?® to 34 000 m?, with an
average of approximately 29 000 m?. The estimated volume therefore varies between
inflow cases, even though the same initial and final water levels were used. This implies
that the estimated storage volume is not only determined by the available geometric
volume between +1 and +1.4 m, but also by how the water level develops along the
river during filling.

At higher inflows, the water level gradient along the river becomes more important.
Since the control point is located far downstream in the system, it is possible that
additional water can be stored in the upstream parts before the river level at Garda
reaches +1.4 m. This may explain why the estimated volume increases with inflow.

7.4.2 Storage with additional regulating structures

A second storage case was investigated to represent a situation where the inner barriers
have been built, preventing water from leaving the river system through the outlets to
Gota alv, see Figure 3.18. The results are shown in Table 7.4 and Figure 7.17. The
maximum closure times increased significantly for all inflow conditions. For an inflow
of 0.3 m?/s the water level reached +1.4 m after 4020 minutes, corresponding to 67
hours. For an inflow of 5 m3/s, time was 285 minutes, or 4.75 hours.
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Table 7.4: Storage capacity between 1.0 m and 1.4 m with the additional inner barriers.

Q [m®/s] T [h] V [m’

0.3 67 72 360
1 20.5 73 800
3 7.3 78 300
5 4.8 85 500

Mean 77 490

Storage capacity for different discharge (m3/s) with additional gates
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Figure 7.17: Estimated storage volume and maximum closure time for different inflows
with additional inner barriers.

The estimated stored volume for this case ranged from approximately 72 000 m? to
86 000 m?, with an average of 78 000 m®. This is around 2.7 times larger than in the
first case. This result shows that the inner barriers could significantly increase both
the temporary storage capacity and the available closure time.

7.4.3 Comparison with previous research

The storage volume calculated in this thesis can also be compared with results from
a previous study by Sweco, presented in Section 3.6.1. In that report, two storage
capacities were estimated, one with closure at Slussen and the culverts in Gullbergsan,
and one with closure at the inner barriers. The first, smaller storage volume is difficult
to compare directly with the results of this thesis, since the closing structures are not
located in the same positions.

The second, larger volume is more suitable for comparison, as its closing structures are
located at the same positions as in this thesis. The Sweco report, however, based its
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estimate on a water level increase from +1.0 m to +2.0 m, while this thesis considers
a smaller increase from +1 m to +1.4 m. To make a simplified comparison, a linear
relationship between water level increase and storage volume was assumed. Based on
this assumption, Sweco’s estimate of 195 000 m? corresponds to around 78 000 m? for
a water level increase of 0.4 m, which is the same as the volume result in this thesis.

The close agreement between the estimates is positive, but it can not be used as a
direct validation of the calculated storage. This is because the comparison is based on
a simplified assumption, and the method behind Sweco’s estimate is not analysed in
detail. The comparison should therefore primarily be interpreted as an indication that
the two estimates are of similar magnitude.

7.4.4 Comparison between storm durations and maximum
closure times

The storage results were also compared with the high sea level duration analysis in
order to evaluate whether temporary closure could be effective during periods of high
sea level. Figure 7.18 presents the cumulative distribution of high sea level durations
together with the maximum closure times for different inflow conditions. The second
storage case with an inflow of 0.3 m?/s is not included in the figure, since the closure
time is more than twice as long as the longest identified storm duration.

Cumulative distribution of durations and closure times
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Figure 7.18: Cumulative distribution of sea level durations compared with maximum
closure times for different inflow conditions.

For existing regulating structures, the result implies that the maximum closure time is
sufficient for almost all identified events when the inflow is 0.3 m®/s. At higher inflows,
the percentage of events shorter than the maximum closure time decreases. At an
inflow of 1 m?/s, approximately 70% of the events are shorter, while the corresponding
share is around 30% for 3 m?/s and around 20% for 5 m?/s.

66



For the second storage case, the maximum closure time is longer for all inflow conditions.
At an inflow of 1 m?/s, the maximum closure time exceeds the duration of approximately
95% of the identified events. At 3 m?/s, the corresponding share is around 70%, and
at 5 m?®/s it is around 50%. This shows that the additional inner barriers could
make temporary closure effective for a large proportion of extreme sea level events,
particularly under low to moderate inflow conditions.

The storage analysis assumes that the inflow to the downstream part of Molndalsan
can be kept approximately constant during a high sea level event. This is considered
a reasonable assumption since most of the inflow is regulated by the lakes upstream.
The main uncontrolled contribution is Kalleredsbéacken, but its flow is small compared
with the tested inflow scenarios. However, a limitation is that direct precipitation and
local runoff are not included. These contributions could increase the inflow during an
event and thereby reduce the possible closure time.

Furthermore, the high sea level periods were treated as separate events, even though
some may originate from the same storm. This was considered acceptable because the
gap between consecutive peaks was at least five hours. This interval was assumed to
be sufficient to release the accumulated water before the next high sea level peak. The
assumption is supported by the study presented in Section 3.6.1 where pre-release of
the river was estimated to require approximately 2-6 hours.

7.5 Recommendations for flood mitigation

This section presents recommendations for flood mitigation in Molndalsan based on
the identified flood patterns. The recommendations are divided into two parts, one
focusing on the different sections of the river system, and one on how temporary storage
could be used during periods of elevated sea level.

7.5.1 Mitigation by river section

Effective flood mitigation in Mdélndalsan requires coordination between the regulating
structures, since operational decisions at one structure can influence water levels and
discharge conditions elsewhere in the system. The simulations show that different
mitigation measures are relevant for different parts of the river system, depending on
whether flooding is mainly caused by river inflow, sea level, or a combination of both.

For locations A, B, C and D, where flooding is mainly inflow driven, discharge from the
upstream lakes is important. Reducing or delaying the discharge during crucial periods
could lower the water levels in the downstream parts of the system. This requires
coordinated regulation of the upstream lakes and downstream structures, and using
forecasts to pre release water before events in which high inflow and elevated sea levels
are expected to coincide.

For locations G and H, where flooding is mostly controlled by sea level, construction of
the inner barriers would likely be more effective. Locations E and F are affected by
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both inflow and sea level, and therefore require a combination of mitigation measures.
Location F is especially vulnerable, since flooding occurs even in the least severe
scenarios. Since this location is close to Garda damme, it may be relevant to investigate
whether a lower operational target level upstream of Garda ddmme could be beneficial.

7.5.2 Utilising the temporary storage

The temporary storage analysis indicates that the existing regulation strategy could
also be used more actively during high sea level events. By lowering the water level
in advance to +1 m and then closing the structures during the peak of a storm surge,
the river system could temporarily store incoming water while limiting the influence of
high sea levels. This type of operation is similar in principle to storm surge barriers
such as the Thames Barrier and the IJssel Barrier, discussed in Section 3.7.

A possible strategy would be to temporarily lower the operational target level to +1.0 m
before an expected high sea level event, allowing the river level to decrease before the
storm peak occurs. Closure of the structures could then be initiated when the sea
level approaches the river level at approximately +1.0 m. The structures would remain
closed during the storm peak and could be reopened when the water levels on both
sides are approximately equal. When reopening, the structures could return to normal
operation. This would reduce the risk of high sea levels propagating upstream.

This strategy differs from the method described in Section 3.6.1, where the water level
is lowered manually to +1.0 m without changing the operational target level. Manual
lowering can also create temporary storage in advance, but its effectiveness depends on
the timing. The time required to lower the river level depends on the inflow, meaning
that high inflow conditions may require a longer preparation time or may limit how
much the level can be reduced before the storm arrives. In contrast, a temporary
change in operational target level could provide a more controlled way of creating
storage before a forecasted event.

However, this type of operation would require reliable sea level forecasts and clear
operational thresholds. Although sea level forecasts are available from SMHI, further
work would be needed to determine how such forecasts could be implemented in the
operation of the regulating structures. Since gate operations, such as closing and
reopening, may take time, decisions would need to be made beforehand. It should
therefore be investigated which forecasted sea level should prompt this alternative
operation, and how much preparation time would be needed.

If storm duration, precipitation and sea levels increase in the future due to climate
change, the available storage time may become insufficient during some events. In that
case, pumps at the regulating structures could be investigated as a complementary
mitigation. This would allow the water to be discharged from the river system even
while the structures remain closed against high sea levels.
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8 (General discussion

This section discusses the main uncertainties and limitations of the study and how they
may affect the interpretation of the results. It also presents suggestions for future work
to improve the analysis of flood risk along Molndalsan.

8.1 Uncertainties

Several uncertainties should be considered when interpreting the results. One source of
uncertainty is the accuracy of the input data, especially the flow and water level data
for Molndalsan. The sea level data covers several decades, has hourly measurements
and has been quality controlled, and is therefore considered relatively reliable. In
contrast, the available data for Molndalsan contains periods of missing data and is
available as daily averages. This limits the possibility of analysing short term variations
in flow and water level.

Some inconsistencies were also observed when comparing flow measurements along
Molndalsan. On some days, the downstream flow was larger than the upstream flow,
which may be explained by local inflow from precipitation and runoff. However, on
other days the downstream flow was smaller, even though there are no major outlets
between the two measuring stations. This suggests that some of the flow measurements
may contain errors. Possible causes include measurement errors, local disturbances
or debris affecting the measurement equipment. The water level measurements are
assumed to be more reliable, since it is generally easier to measure than discharge.

Minor instability was also observed in the model around the regulating structures.
When the water level reached the operational level, the gates opened, which caused the
water level to decrease rapidly. This then caused the gates to close again, creating an
oscillating pattern. For higher flows, the oscillation stabilised relatively quickly, while
for lower flows it continued for a longer period. In cases where the model did not fully
stabilise, the mean value of the oscillations was used. This introduces uncertainty in
the simulated levels, especially in scenarios where the simulated level was close to the
critical bank level.

The use of steady state scenarios is another limitation. Constant inflow and sea level
conditions were used to distinguish between the effects of different hydraulic conditions
in a controlled way. However, real flood events are dynamic, and both river inflow
and sea level vary over time. The timing between peak inflow and peak sea level may
therefore influence the actual flood risk in reality.

There is also uncertainty related to the sea level boundary condition. The sea level
scenarios were based on measurements from a station located closer to the coast, while
the study area is located further upstream in Gota &lv. Previous studies indicate
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that water levels during storm conditions may differ between these locations. This
means that the sea level applied in the model may not fully represent the water level
at the outlet from Molndalsan, and the return period of the sea level scenarios should
therefore be interpreted with caution.

Finally, the temporary storage analysis is based on simplified assumptions. Surface
runoff, direct precipitation and local inflows were not included in the simulations.
During high sea level events, these contributions could increase the inflow to the river
system and reduce the available closure time. The calculated storage capacity and
maximum closure times should therefore be interpreted as estimates under perfect
conditions rather than exact operational limits.

8.2 Future work

Future work could include simulations using unsteady inflow and sea level data from
real events. This would allow the effect of timing between peak discharge and peak sea
level to be analysed in more detail. It would also be relevant to estimate the return
period of compound events in order to better understand how often it may occur.

Future studies should also consider local runoff and direct precipitation during high
sea level events. These contributions were not included in the storage analysis, but
could increase the inflow to the river system and reduce the available closure time.
Furthermore, future climate scenarios with projected sea levels and river inflow could
be applied to assess how the situation may change over time.

A two dimensional flood model could be used to analyse the flood extent across
surrounding areas in more detail. This would provide a better understanding of flow
paths and affected infrastructure once the river banks are overtopped. It could also
improve the communication of flood risk to the wider public, which may support
preparedness and planning.
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9 Conclusions

This thesis investigated flood risk in Molndalsan using a one dimensional hydraulic
model. The simulations show that flood risk varies along the river system and depends
on the interaction between river inflow, downstream sea level and hydraulic regulation.
The results are strongly linked to the regulated water levels at Garda damme and
Slussen, which limit the influence of downstream sea levels except during especially
high conditions. The upstream part was mainly affected by river inflow, the most
downstream by sea level, and the central locations by both factors.

The scenario simulations showed that flooding may occur at several of the selected
locations. Locations A and B only exceeded their critical bank levels during the highest
inflow scenarios, while locations C and D reached their critical levels already under
medium inflow conditions. Locations E and F exceeded their critical levels in all
scenarios, although the difference at E was often small and therefore more sensitive to
model uncertainty. Location F was identified as particularly vulnerable, as flooding
developed even in the least severe scenario and the location is situated close to a fire
station. The downstream locations G and H were predominantly affected by high sea
level, with flooding occurring only during the highest conditions.

The results indicate that flood mitigation in Molndalsan requires different strategies
in different parts of the system. In the upstream and central sections, regulation
of discharge from the upstream lakes is important during high inflow conditions,
while additional inner barriers could be more effective in the downstream part. For
locations affected by both inflow and sea level, coordinated regulation of upstream and
downstream structures is needed.

The temporary storage analysis showed that the river system can provide storage
during periods of high sea level if the regulating structures are closed. With the
existing structures, the maximum closure time decreased with increasing inflow. When
additional downstream regulation was included, both the maximum closure time and
the estimated storage volume increased, suggesting that inner barriers could improve the
potential for temporary storage. Comparison with high sea level durations showed that
temporary closure could be effective, particularly under low inflow conditions. However,
the effectiveness decreases during higher inflow and longer durations of high sea levels.
The storage results should thus be interpreted as an indication of potential capacity,
since local runoff, direct precipitation and unsteady scenarios were not included.

Overall, the study shows that flood risk in Moélndalsan is strongly influenced by
hydraulic regulation and cannot be assessed from river inflow or sea level alone. The
results emphasise the importance of considering the river system as a whole, where
measures in one part may affect flood risk in another. This is particularly relevant for
future flood risk management, as rising sea levels may increase the need for coordinated
regulation and additional storage capacity.

71



72



Bibliography

[1] Lénsstyrelsen Véstra Gétaland. Riskhanteringsplan Géteborg 2022-2027 — Enligt
Oversvimningsdirektivet 2007/60/EC. Lansstyrelsen Vastra Gotaland, 2021.

[2] SMHI. 2006 — Oversvimningar och jordskred i Vistra Gétaland. https://waw.
smhi.se/kunskapsbanken/hydrologi/historiska-oversvamningar/2006---
oversvamningar-och-jordskred-i-vastra-gotaland. Accessed: 23 February
2026. n.d.

[3] Goteborgs Stad. Historiska skyfall i Gdoteborg. https://goteborg . se/wps/
portal/start/bygga-bo-och-leva-hallbart/vatten-och-avlopp/dagvatten-—
och-skyfall/goteborgs-skyfallssasong-2025/historiska-skyfall-i-
goteborg. Accessed: 3 March 2026. n.d.

[4] Goteborgs Stad. Hdguattenskyddsprogrammet. https : // goteborg . se/wps/
portal/start/goteborg-vaxer/sa-arbetar-staden-med-stadsutveckling/
miljo-och-klimat-i-stadsutvecklingen/hogvattenskyddsprogrammet. Ac-
cessed: 3 February 2026. n.d.

[5] Myndigheten for samhiéllsskydd och beredskap. Riskhanteringsplan for dversvamningar
i Goteborg. Myndigheten for samhallsskydd och beredskap, 2015.

[6] Goteborgs Stad. Internationellt samarbete ska skydda Géteborg mot dversvimningar.
https://goteborg . se/wps/portal /aktuelltarkiv?id=1eb5eb82-a372-
4d09-89c7-85565c569371. Accessed: 23 February 2026. 2025.

[7] Léansstyrelsen Vistra Gotaland. Nulagesbeskrivning dver Mélndalsans vattensys-
tem. Lansstyrelsen Vastra Gotaland, 2022.

[8] Filipova V., Rana A. and Singh P. “Urban Flooding in Gothenburg — A MIKE21
Study”. In: VATTEN - Journal of Water Management and Research 68.3 (2012),
pp- 175-184.

9] Goteborgs Stad. Lokalt atgdrdsprogram for Mdolndalsan — Avrinningsomradet
inom Goteborgs Stad. Goteborgs Stad, 2025.

[10] SMHI Havs och Vatten Myndigheten. Vattenwebb. https://vattenwebb.smhi.
se/modelarea/. Accessed: 25 March 2026. n.d.

[11] Bosboom J. and Stive M.J.F. Coastal Dynamics. Delft: TU Delft OPEN Publish-
ing, 2023. 1SBN: 978-94-6366-370-0. DOI: 10.5074/T.2021.001.

[12] Goéransson, C-G. Dahlstrém, A. Larsson, J. Avdgen- utredning om hdjden pd
kanalmuren utmed Mdélndalsan. Sweco, 2020.

[13] Kristian Johansson. Personal communication, Interview. Project manager for
the coordination between the regulating structures along Molndalsan. Goteborgs
Stad. 12 March 2026.

[14] Roth A. and Hager W. “Underflow of standard sluice gates”. In: Ezperiments in
Fluids 27 (1999), pp. 339-350. DOI: 10.1007/s003480050358.

73


https://www.smhi.se/kunskapsbanken/hydrologi/historiska-oversvamningar/2006---oversvamningar-och-jordskred-i-vastra-gotaland
https://www.smhi.se/kunskapsbanken/hydrologi/historiska-oversvamningar/2006---oversvamningar-och-jordskred-i-vastra-gotaland
https://www.smhi.se/kunskapsbanken/hydrologi/historiska-oversvamningar/2006---oversvamningar-och-jordskred-i-vastra-gotaland
https://goteborg.se/wps/portal/start/bygga-bo-och-leva-hallbart/vatten-och-avlopp/dagvatten-och-skyfall/goteborgs-skyfallssasong-2025/historiska-skyfall-i-goteborg
https://goteborg.se/wps/portal/start/bygga-bo-och-leva-hallbart/vatten-och-avlopp/dagvatten-och-skyfall/goteborgs-skyfallssasong-2025/historiska-skyfall-i-goteborg
https://goteborg.se/wps/portal/start/bygga-bo-och-leva-hallbart/vatten-och-avlopp/dagvatten-och-skyfall/goteborgs-skyfallssasong-2025/historiska-skyfall-i-goteborg
https://goteborg.se/wps/portal/start/bygga-bo-och-leva-hallbart/vatten-och-avlopp/dagvatten-och-skyfall/goteborgs-skyfallssasong-2025/historiska-skyfall-i-goteborg
https://goteborg.se/wps/portal/start/goteborg-vaxer/sa-arbetar-staden-med-stadsutveckling/miljo-och-klimat-i-stadsutvecklingen/hogvattenskyddsprogrammet
https://goteborg.se/wps/portal/start/goteborg-vaxer/sa-arbetar-staden-med-stadsutveckling/miljo-och-klimat-i-stadsutvecklingen/hogvattenskyddsprogrammet
https://goteborg.se/wps/portal/start/goteborg-vaxer/sa-arbetar-staden-med-stadsutveckling/miljo-och-klimat-i-stadsutvecklingen/hogvattenskyddsprogrammet
https://goteborg.se/wps/portal/aktuelltarkiv?id=1eb5eb82-a372-4d09-89c7-85565c569371
https://goteborg.se/wps/portal/aktuelltarkiv?id=1eb5eb82-a372-4d09-89c7-85565c569371
https://vattenwebb.smhi.se/modelarea/
https://vattenwebb.smhi.se/modelarea/
https://doi.org/10.5074/T.2021.001
https://doi.org/10.1007/s003480050358

[15]

[16]

[26]

[27]

[28]

74

Chen S-H. Hydraulic Structures. Berlin Heidelberg: Springer, 2015. Chap. Under-
flow Gates. 1ISBN: 978-3-662-47330-6. DOI: 10.1007/978-3-662-47331-3.

Tadda M.A., Ahsan A., Imteaz M., Shitu A., Danhassan U.A. and Muhammad
A1, Hydraulic Structures — Theory and Applications. Ed. by Amimul Ahsan.
IntechOpen, 2020. Chap. Operation and Maintenance of Hydraulic Structures.
ISBN: 978-1-83881-997-2. DOIL: 10.5772/intechopen.91831.

Svevia. Sdakrare dammkonstruktion i Garda ddmme. https://www.svevia.se/
projekt/energi/dammkonstruktion-garda-damme. Accessed: 5 February 2026.
n.d.

Thorén, Henrik. Hydromodell for Gdotenorg: Modelldokumentation for omrade B —
Molndalsan och Sdvean. Ramboll, 2015.

Sweco, Arcadis. Forestudie — Yttre portar mot havet. Goteborgs Stad Stadsbygg-
nadskontoret, 2015.

Myndigheten for samhéallsskydd och beredskap. Oversvimningskartering utmed
Molindalsan. Myndigheten for samhallsskydd och beredskap, 2013.

Deltares. Ouverview Storm Surge Barriers. Rijkswaterstaat, 2018.

Shrouder J.F., Ellis J.T. and Sherman D.J. “Storm Surge Warning, Mitigation,
and Adaptation”. In: Coastal and Marine Hazards, Risks, and Disasters. Elsevier,
2015. Chap. 6, pp. 153-180. 1SBN: 9780123964830. DOI: 10.1016/B978-0-12-
396483-0.00006-6.

Chaudhry. “Governing equations for one dimensional flow”. In: Open Channel
Flow. Third edition. Springer, 2022. Chap. 12. 1SBN: 978-3-030-96447-4. DOI:
10.1007/978-3-030-96447-4.

Hallin C., Alexanderson H., Larson M. and Ley T.J. “Stormfloder — en kun-
skapsoversikt av metoder for att identifiera och kvantifiera extrema havsvat-
tenstand”. In: Lundqua (2022).

SMHI. Framtida medelvattenstand. https://www.smhi.se/klimat/framtidens-
klimat/stigande-havsnivaer/framtida-medelvattenstand/projektioner.
Accessed: 8 February 2026. 2026.

Brody S., Lee Y. and Kothuis B.B. “Compound Flooding”. In: Coastal Flood
Risk Reduction. Elsevier, 2022. Chap. 7, pp. 77-88. DOI: 10.1016/B978-0-323-
85251-7.00007-X.

SMHI. Havsvattenstand. https://www.smhi.se/data/hav-och-havsmiljo/
havsvattenstand/sealevelrh2000/33093. Accessed: 25 March 2026. n.d.

Goteborgs Stad Stadsmiljoforvaltningen. https://molndalsan.se/. Accessed:
12 March 2026.


https://doi.org/10.1007/978-3-662-47331-3
https://doi.org/10.5772/intechopen.91831
https://www.svevia.se/projekt/energi/dammkonstruktion-garda-damme
https://www.svevia.se/projekt/energi/dammkonstruktion-garda-damme
https://doi.org/10.1016/B978-0-12-396483-0.00006-6
https://doi.org/10.1016/B978-0-12-396483-0.00006-6
https://doi.org/10.1007/978-3-030-96447-4
https://www.smhi.se/klimat/framtidens-klimat/stigande-havsnivaer/framtida-medelvattenstand/projektioner
https://www.smhi.se/klimat/framtidens-klimat/stigande-havsnivaer/framtida-medelvattenstand/projektioner
https://doi.org/10.1016/B978-0-323-85251-7.00007-X
https://doi.org/10.1016/B978-0-323-85251-7.00007-X
https://www.smhi.se/data/hav-och-havsmiljo/havsvattenstand/sealevelrh2000/33093
https://www.smhi.se/data/hav-och-havsmiljo/havsvattenstand/sealevelrh2000/33093
https://molndalsan.se/

