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Abstract 

Troubling Waters Ahead – an Evaluation of Coastal Flooding in Stockholm 

Holger Sandberg 

 

The increasing rate of global sea mean level rise, one of many effects of climate change, will most likely 

produce heightened risk of coastal flooding. Cities located along coastlines have to adapt to these 

circumstances that otherwise will increase the magnitude and frequency of coastal flooding. The purpose 

of this study is to evaluate the current and future risk of coastal flooding in central Stockholm in relation 

to global sea level rise. The overall coastal flood risk of central Stockholm is assessed using the current 

sea level as well as with possible future sea level rise. Wave modelling is carried out in Saltsjön to 

estimate the possible addition to extreme sea levels from wave action. The wave characteristics is 

determined according to the physical properties of inner Saltsjön and local meteorological conditions. 

In-depth case studies regarding flood risk and flood prevention measures are carried out on Stadsholmen 

and Hammarby Sjöstad, two areas with very different physical characteristics. Areas most prone to 

flooding in these districts are identified using flood vulnerability maps. Suggestions for flood defence 

measures for the identified vulnerable areas are presented. It is evident that implementation of flood 

defence should be adapted after the physical and social properties of the locality. Results of this study 

correlates with well with similar research claiming that there is a small risk of significant coastal 

flooding in central Stockholm. The flood risk will not increase significantly in the near future, primarily 

due to the effect of regional uplift counteracting the global sea level rise. The accelerating rate of global 

sea level rise in combination with possible trend changes of meteorological extremes will however most 

likely generate larger problems with coastal flooding in a longer time span.  
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Populärvetenskaplig sammanfattning 
 

På djupt vatten – en utvärdering av kustöversvämningsrisk i Stockholm 

Holger Sandberg 
 

En av de mest påtagliga effekterna av pågående klimatförändringar är global havsnivåhöjning. Ökade 

medel- samt extremnivåer kommer innebära ökad risk för översvämningar längs med kuststräckor. 

Städer belägna längs med kuster behöver anpassa sig efter dessa framtida förhållanden för att undvika 

omfattande skador och förluster. Syftet med denna studie är att utvärdera den nuvarande och framtida 

risken för kustöversvämning i centrala Stockholm med koppling till global havsnivåhöjning. Den 

generella risken för kustöversvämning i centrala Stockholm bedöms för den nuvarande havsnivån såväl 

som för möjliga framtida havsnivåer. Modellering och beräkning av möjliga våghöjder för Saltsjön 

utförs för att uppskatta det potentiella tillägget till extrema havsnivåer från vågeffekter. Den potentiella 

våghöjden i inre Saltsjön kontrolleras främst av de rådande meteorologiska och fysiska 

förutsättningarna, så som vindens styrka och riktning. Mer ingående fallstudier gällande 

översvämningsrisk och åtgärder för att förhindra översvämningar utförs för Stadsholmen (Gamla Stan) 

och Hammarby Sjöstad, två områden med distinkt olika stadsbild och förutsättningar. Områden mest 

sårbara för kustöversvämning i dessa distrikt identifieras med hjälp av översvämningssårbarhetskartor. 

Förslag till åtgärder för att förhindra översvämningar i dessa områden presenteras. Hur och vad för typ 

av översvämningsskydd som anläggs bör anpassas efter den specifika plats fysiska och estetiska 

förutsättningar. Resultaten i denna studie stämmer överens med tidigare forskning vad gällande den låga 

risk för kustöversvämning som finns i centrala Stockholm. Översvämningsrisken kommer inte öka 

nämnvärt i den närmaste framtiden, främst på grund av den regionala landhöjningens motverkande 

effekt till den globala havsnivåhöjningen. Däremot kommer hastigheten hos den globala 

havsnivåhöjningen att öka. Detta i kombination med möjliga förändringar i meteorologiska extremer 

kommer troligtvis utgöra större risk för kustöversvämningar i ett längre tidsperspektiv.  
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1. Introduction 
 

1.1 Problem Description 

 

Global sea level rise is one of the most noticeable effects of the ongoing climate change. The meltwater 

production rate from glaciers and ice sheets are expected to increase. This process along with thermal 

expansion is driving the global sea level rise in rates that are expected to increase exponentially in the 

future. The combined effect of increasingly heightened sea levels and possible changes in weather 

patterns can increase the risk of flooding by storm surges. Gradual increase of sea level rise can result 

in unexpectedly rapid escalation of coastal flooding, in both frequency and harshness (Vitousek et al., 

2017). Half of the world’s population live within 60 km of the sea, and three out of four large cities are 

positioned along coastlines (Melet et al., 2018). Settlements along coasts will continue to grow as the 

world’s population increases. Coastal cities such as Stockholm face major challenges adapting to future 

conditions. The capital of Sweden is growing, with expansion of urban areas in the suburbs as well as 

in the city centre. Residents in the metropolitan area are projected to increase to 2.85 million by 2030 

(ÖP Sthlm 2018). The demand for attractive housing close to water has driven production of residential 

neighbourhoods in low-lying areas with elevated vulnerability to flooding. Flood mapping and 

evaluation of countermeasures in these areas are necessary to ensure safety. The implementation of 

mitigation measures to lower the vulnerability to extreme weather events is known as flood or climate 

proofing. This concept aims at reducing the local flood impact on residents, buildings and valuable 

items. This can be done through structural and non-structural additions or adjustments. Local policies 

to regulate building codes and construction laws may be as effective as structural measures. Strategies 

of mitigation and adaptation may be complex, as every locality and case need distinct evaluation 

regarding vulnerabilities and appropriate measures. This thesis will examine a few relatively vulnerable 

areas of central Stockholm in terms of flood vulnerability and suggestions for mitigation and adaption 

strategies. Wave modelling of Saltsjön was carried out to evaluate the range of possible wave heights 

and assess the possible addition of wave effects on extreme water levels. The thesis was done in 

cooperation with Sweco. The company assisted with software licenses in addition to valuable sharing 

of knowledge and advice.  

 

1.2 Objectives 
 
The main objectives were to:  

- Assess the overall coastal flood risk of central Stockholm by reviewing previous research and 

performing wave modelling of Saltsjön.  

- Evaluate the coastal flood vulnerability in central Stockholm by identifying flood prone areas 

and presenting suggestions on appropriate flood prevention measures.  
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2. Background 
 

2.1 Location overview 
 
The city of Stockholm is positioned on the eastern coast of Sweden, towards the Baltic Sea. The bay of 

Saltsjön extends through the many islands of the Stockholm archipelago and connects the eastern part 

of Stockholm to the Baltic Sea, and by extension the North Sea. The freshwater lake Mälaren flows 

through the western parts of Stockholm and drains into Saltjsön through several constructed lock and 

sluice gates, three of which is in Stockholm and one in Södertälje. The level of the lake artificially held 

at an average level of 0.66 m above sea level and acts as a freshwater source and drink water supply for 

approximately 2 million residents (SOU 2006:94; Länsstyrelserna, 2011). The level difference between 

Mälaren and Saltsjön will decrease in the future, as Saltsjön is directly affected by global sea level rise. 

Drainage of Mälaren will therefore be more difficult and the level of Mälaren is more often going to be 

in the upper regions of the accepted level. Events where the sea level of Saltsjön exceed that of Mälaren 

will also be more common. All connections between Saltsjön and Mälaren need to be closed to avoid 

salt water intrusion in such situations. The properties of the Mälaren catchment area will probably 

change in the future as the regional climate develops into more wet and extreme trends.  One of the 

major sluice gates, Karl Johansslussen is currently being rebuilt to better accommodate future 

conditions, with higher discharge capability. The possible total discharge increases from approximately 

800 m3/s to 2000 m3/s with the use of the planned drainage channels in the Slussen area (Länsstyrelserna, 

2011).  

Flooding of Mälaren was more frequently occurring before the water level was regulated. Stockholm 

has yet to experience a 100-year flood of Mälaren since the instalment of the several regulating sluice 

gates in 1940. The closest as of yet is the extensive flooding of 2000/2001. The level of Mälaren reached 

89 cm in RH00, which still was 7 cm below the estimated level of a 100-year flood. The flood put several 

important structures at risk and exposed significant vulnerabilities. Water managed to enter below the 

train tracks close to Gamla Stan metro station, and almost reached the ticket sales office. The area of 

Gamla Stan metro station is one of the more exposed areas in the Stockholm infrastructure system, 

primarily due to its low-lying position and lack of barrier to Mälaren. A 100-year flood of Mälaren 

would inundate an area of approximately 360 000 m2 of residential, office and service buildings. The 

total economic damage is estimated to be at least 4 billion SEK. This is without accounting for indirect 

damages such as the probable disruptions of communications, trade and transport (SOU 2006:94). Train 

and metro infrastructure are one of many elements were flooding could result in significant disruptions 

and damages. The coasts of Saltsjön and Mälaren accommodates a varied range of land use. Densely 

populated urban areas, industrial areas and agricultural land to name some. Ground pollution can occur 

in present or retired industrial areas. Inundation of such areas can result in pollutants being transported 

to the sea. This could threaten the water quality of Mälaren as a freshwater source, among other things. 



3 

 

Similarly, wastewater treatment plants positioned near the coastlines of Saltsjön and Mälaren may 

constitute threats to the water quality. Local wells as well as old drainage systems are vulnerable to 

elevated sea levels. Drainage systems connected to the sea would risk flooding, potentially creating 

backward movement in pipes and causing discharge of wastewater.  

 
Figure 1. Overview map of central Stockholm, including the location of the monitoring station used for wind 

data in this study. Map data from Stockholm Stad (2019) and Vemaps (2019)  

 

 

2.2 National and local regulation 
 

The European Union began preparations for publishing a directive on the assessment and management 

of flood risks in Europe in 2006. The EU floods directive (2007/60/EC) came into force in 2007 and 

sets up a step by step-process to assess and improve the flood risk protection of the member states and 

encourage information exchange. The process consists of cycles of three steps, where each cycle should 

cover 6 years. In a first step, each state was to review the flood risk of domestic rivers and coastal zones 

in an effort to determine potential risk areas, and to present it in a preliminary flood risk assessment-

report in 2011. Areas identified as being prone to flood risk were to be thoroughly investigated in the 

second step, regarding possible water depth, number of inhabitants and economic/environmental 

damage. A report containing flood risk maps for such areas were to be developed by 2013. The follow-

up report in the third step, due 2015, aimed at creating flood risk management plans for the identified 

flood risk areas. The report was to describe measures designed to reduce flood risk and possible 

damages, including aspects of costs and benefits, flood extent and flood conveyance routes. The plans 

are to address all aspects of flood risk management, focusing on prevention, protection and 
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preparedness, as well as flood forecasts and early warning systems. The directive mentions that the flood 

risk management plans may also include promotion of sustainable measures, such as improved water 

retention, controlled flooding of certain areas and more sustainable use.  Implementation of measures 

are carried out in coordination with the Water Framework Directive (2000/60/EC). The purpose of this 

directive is to ensure satisfactory quality of water bodies, including inland surface waters, transitional 

waters, coastal waters and groundwater. The steps of the implementation cycle are to be reviewed every 

6 years, to monitor the process and ensure proper coordination of the two directives. The 2nd edition of 

flood risk management plans are due in 2021, as the first flood risk management cycle ends.  

The Swedish Civil Contingencies Agency (MSB) in coordination with the County administrative 

boards of Sweden were the administrative authorities assigned with the responsibility to realize the three 

steps of the EU floods directive (SFS 2009:956, 2009:957). In the investigation to identify areas with 

potential flood risk, the first step of the EU floods directive, 18 areas in Sweden were classified with 

significant flood risk in 2009. Mälaren in Stockholm was classified as in risk of flooding. A 100-year 

water level of +1.30 m would result in flooding causing significant damage to buildings and industries, 

as well as exceeding the discharge capacity (SOU 2006:94). The revision of this step, done in the second 

cycle in 2017, expanded the list to 25 areas, with Stockholm assigned as a coastal area in risk of flooding. 

The increase in risk areas in the second cycle is due to the inclusion of coastal areas and new criteria for 

classification. The Stockholm-oriented flood risk and hazard maps for the second step was developed 

primarily by MSB. The inundation effects of raised sea levels in Mälaren and other inland water bodies 

were mapped, as well as the possible coastal flooding of Stockholm from the Baltic Sea. The risk-maps 

produced are available at Översvämningsportalen by MSB.  

The current flood risk management plan, produced by Länsstyrelsen Stockholm (2015), is a part of 

the first cycle and therefore does not include flooding of coastal areas. Preventative measures against 

flooding is presented in the plan, with the goal of reducing the adverse effects of flooding in four areas: 

human health, environment, economic enterprises and cultural heritage. The performance goals for the 

flood risk management plan include, among other things, protecting buildings and infrastructure with 

socially important functions. The proposed measures are improved contingency planning with 

arrangements regarding evacuation or temporary barriers, as well the limiting of possible damage and 

disruption. Similar way of action is proposed for environmentally hazardous activities and polluted 

areas. Facilities and areas in risk of inundation are to be mapped and evaluated. An inventory of areas 

and items of ancient monuments with cultural value are to be carried out by the municipality. The 

measures presented in the flood risk management plan of 2015 is relatively conceptual, with a significant 

lack of specific proposals. This approach was chosen due to the report being of the first cycle, and more 

thorough examination is needed to identify effective measures. The specific municipalities and local 

private parties affected by possible flooding are more knowledgeable about local conditions and should 

be consulted for the next cycle due in 2021 (Länsstyrelsen Stockholm, 2015).  
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The County Administrative Board of Stockholm is responsible for designing a comprehensive plan 

and vision for future city planning. The current Stockholm City Plan was accepted by the city council 

in 2018 and presents the principal guidelines for spatial planning regarding flood risk management for 

Stockholm County. The planning of the annual budget and future investment strategies are highly 

influenced by the City Plan. As the document only presents guidelines for future city planning, the 

measures are only optional and open for changes in the future. A central concept of the urban planning 

presented in the Stockholm City Plan is the sustainable construction of new districts and the climate 

change adaptation of existing neighbourhoods. The City Plan emphasizes the need to build resilient 

cities able to withstand change and stress factors induced by climate change, urbanisation and large 

population increase. The vulnerability to climate change-induced hazards are to be reduced as the city 

grows. The most commonly mentioned approaches to risk management in the Stockholm City Plan is 

the implementation of green and blue networks in urban planning. Such measures can act to increase 

flood resilience, level temperatures and provide ecosystem services, and are deemed vitally important 

to secure the resilience and quality of life of the city and its inhabitants. Climate change will increase 

the strain on urban infrastructure and technical systems. The ongoing expansion of utility infrastructure, 

such as water, electricity and drainage, demands sturdy systems to cope with possible future disruptions 

from rising sea level and heavy rainfall.  

The County Administrative Board of Stockholm has developed a recommended lowest building 

foundation for buildings in proximity to the coastline of the Baltic Sea. This level is based on projections 

of sea levels in 2100 and a 100-year event, estimated at 175 cm. Short-term sea level variations such as 

wind and wave action are included in the estimation, adding another 90 cm. The conclusive level of 

recommended lowest building foundation, when accounting for uplift and other factors, is 270 m in 

RH2000. Building projects in central Stockholm may be allowed to use a lower foundation level of 225 

cm, as the wave setup is deemed negligible in the fetch-limited environment of Saltsjön (Stockholms 

Stad, 2015). Deviations from the lowest foundation level need detailed motivation to prove that planned 

construction are not in risk of procuring damage or endangering surroundings in case of flooding 

(Länsstyrelsen Stockholm, 2015).  

The Planning and Building act (PBL) contain measures to prevent developments and building permits 

deemed too vulnerable to flooding. The local municipality have the power to demand implementation 

of protection measures such as barriers and walls in proposed detailed development plans (4 ch. 14§ 

PBL). In cases where large-scale defence measures are considered more suitable, the municipality can 

look to a climate adaption plan to approach the problem on a strategic planning level.  

2.2.1 The future of Slussen and Mälaren 

The ongoing remodelling of Slussen, expected to finish in 2025, is thought to increase the resilience of 

Stockholm against the effects of climate change. The current 70 cm difference between Mälaren and 

Saltsjön will decrease to 20 cm in 2100 due to global sea level rise according to projections by SMHI 
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(Länsstyrelserna, 2011). Increased discharge rate along with the fortification of the structure will 

decrease the risk of flooding and saltwater intrusion of Mälaren. The detailed development plan includes 

the establishment of erosion-controlled surfaces upstream and downstream of Slussen to accommodate 

the increased discharge rates. The new Slussen is designed to accommodate the expected conditions 

until 2100. Continued future sea level rise after 2100 may demand further assessment (Stockholms Stad, 

2015).   

The future of the freshwater lake of Mälaren is one of the most imminent problems in Stockholm. 

Securing a desirable future for Mälaren is highly sought after, as the lake is classified as a national 

interest and acts as a freshwater source for approximately 2 million residents. The level of Mälaren is 

currently kept approximately 70 cm above Saltsjön. This safety margin is important to avoid undesirable 

effects such as saltwater intrusion. Global Sea level rise may lessen the difference to roughly 20 cm by 

2100, according to projections by SMHI (Stensen et al., 2010). This would increase Mälarens 

vulnerability to saltwater intrusion, as events of Saltsjöns levels exceeding that of Mälarens would occur 

more often. Increased rates of saltwater intrusion would pose threats to agriculture, animals and 

vegetation in addition to groundwater quality. A cooperative project between several municipal county 

boards around Stockholm and Mälaren to address the future of Mälaren put forward three ideas of 

approach. The increased risk of saltwater intrusion in Mälaren due to global sea level rise may be 

relevant at first in 50 years, and any plans of action are therefore only in an idea stage (Länsstyrelserna, 

2011). There have been discussions regarding the possibility of either raising the level of Mälaren in 

line with The Baltic Sea, have Mälaren become a saltwater bay of The Baltic Sea or construct extensive 

barriers in the Stockholm Archipelago.  

The alternative of raising the level of Mälaren in line with the rising level of Saltsjön is dependent on 

continuous fortification of the sluice and lock gates regulating Mälarens level. If the current level 

difference of 70 cm between Mälaren and Saltsjön is to be maintained, the coastlines along Mälaren will 

face increased risk of flooding. The elevated levels may put urban developments and economic interests 

positioned along shorelines in risk, and buildings erected according to prior level recommendations 

could need protection with barriers or relocation. The cost of securing the safety of buildings and roads 

around Mälaren would approximate at least 1 billion SEK (Stockholms Stad, 2010). The Swedish 

Commission of Climate and Vulnerability assessed that such measures are not effective alternatives for 

preventing floods around Mälaren (SOU 2006:94).  

A passive approach would consist of letting Mälaren become a bay of the Baltic Sea, effectively 

changing it from freshwater to saltwater. Stockholm and the Mälar-region would lose access to a 

principal freshwater source through this process, creating the need for alternative sources for freshwater. 

Increased salinity would also affect the coastal and aquatic environment as well as agriculture.  

A method of protecting Stockholm and Mälaren from future sea level rise that have been proposed 

is the construction of large barriers in the Stockholm Archipelago. These barriers could be strategically 

positioned at inlets of Saltsjön, effectively shielding of Saltsjön from the Baltic Sea (figure 2). This 
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would theoretically protect Stockholm from extensive sea level rise by mobile barriers, temporarily 

closing in times of extreme levels in the Baltic Sea, or stationary barriers. Local flood defence in 

Stockholm would not be necessary at the same level. As Mälaren would still have its outlet in Saltsjön, 

pumping stations could be necessary at the barriers to transfer water from Saltsjön to The Baltic Sea, 

particularly if the barriers are stationary. Similar barriers have been implemented in The Netherlands 

and Russia to shield off large bodies of water. The barriers could function as bridges and roads, 

substituting some already existing structures and connecting the islands. This scenario is still only in an 

idea-phase, and the preliminary date to decide on a strategy is set at 2050 (Länsstyrelserna, 2011).  

Figure 2. Proposed placements of barriers in the Stockholm Archipelago to protect Stockholm and Mälaren from 

extreme sea levels in the future. Any combination of northern and southern barriers is possible. Background map 

by Google (2019).  

 

The concept of using global trends of sea level rise to investigate flood risk of Mälaren, which level is 

manually regulated might appear curious. As the level of Mälaren is regulated relative to the external 

Baltic Sea, it is therefore strongly connected to global sea level changes. This relationship gets more 

significant the higher the level of Saltsjön becomes. Mälaren and its level variations are more volatile 

than that of Saltsjöns at the moment, with several floods in the past. Studies of flood-prone areas in 

relation to elevated sea levels may therefore be useful in planning for pluvial floods and compound 

events. Evaluations of flood risk can be used as guidelines to visualize vulnerable areas and assess 

elements of risk. 

2.2.2 The practice of flood defence 

Investments in flood protection may very well be significant economic benefits compared to the 

alternative of staying passive and dealing with the aftermath. Hinkel et al. (2019) suggests that the cost 
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of preparing and employing flood prevention strategies in coastal communities may be much less costly 

than focusing on the clean-up as well as enduring repeated flooding. Flood protection may also prove to 

be the more sustainable alternative in addition the economic aspect, by decreasing the risk of irreparable 

damage from sources such as saltwater intrusion.  

Several aspects need to be considered when designing flood defence for a particular locality: 

 

• The flood defence needs to be able to protect against flooding of a certain magnitude and 

recurrence. The design therefore needs to meet these requirements, preferably with a reasonable 

buffer.  

• The position and the local conditions affect the preference and design of the flood defence 

greatly. The flood defence should preferably fit into the already existing urban structure and 

cityscape, in terms of design and aesthetics. This aspect is highly relevant for Stadsholmen, as 

any flood defence should complement and preserve pre-existing historical and cultural 

structures reasonable degree. Avoidance of creating structures that inhibit naval mobility is also 

preferable in cities such as Stockholm. In a similar fashion, social and economic interests are 

important. Effects on residents and economic ventures are to be considered.  

• The aspiration for a long life span can be assumed for a flood defence, and the ability to adapt 

to changes in future situations is highly valuable. The development in the Stockholm area may 

shift, as well as the projections of sea level rise.  

• The cost and construction of flood defence measures. The expense to construct and maintain the 

flood defence needs to be weighed against the benefits.  

 

The study and analysis of flood risk management of urban communities often touch upon the possible 

vulnerability of an area. Vulnerability can be defined as a community or systems combined susceptibility 

and exposure to floods, as well as its capacity to adapt or recover (UN-ISDR, 2004). The concept of 

resilience is often used when discussing societal and environmental vulnerability to flooding and similar 

hazards. It generally refers to a systems ability to withstand, adapt and recover from changes, its capacity 

to withstand perturbations (UN-ISDR, 2004). When used in this setting it can be defined as the inherent 

capability of a community or an urban system to resist and adapt when exposed to hazards, while still 

maintaining an adequate level of functionality in societal functions. Contemporary ideas of flood 

resilience in urban areas often bring up the connectivity of the biosphere with the urban environment. 

Reshaping of existing cities with more extensive implementation of green and blue solutions can 

improve the resilience against flooding. Furthermore the adaption of urban areas to accept certain levels 

of flooding or disturbance, within the boundaries of the flood resilience, by learning from previous 

events.  

The practice of blue-green infrastructure (BGI) is an established method in the pursuit of 

sustainability in urban water systems. It revolves around the philosophy to achieve a more holistic and 
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sustainable catchment-scale solution. This is primarily done with the use of interconnected systems of 

green belts and water bodies, and the practical application can vary greatly between different localities. 

Green infrastructure refers to the use of parks, swales and urban forestry on different scales for various 

benefits in urban environments. The green areas can fulfil several beneficial functions, such as decreased 

flooding by creating permeable and water retaining surfaces and improving air quality by acting as the 

“lungs of the city” (Benedict et al., 2006). Blue infrastructure is a general term for urban infrastructure 

relating to water as well as elevated and lowered areas in the cityscape. The implementation of such 

environments can be done with streams, ponds and lakes, as either natural or artificial features in 

cityscapes. Conventional concrete or metal-based solutions to storm water management and flooding, 

such as hardscape flood walls, pumping stations and large drains, are referred to as grey infrastructure. 

Several studies find significant benefits with using BGI-oriented flood prevention to those of grey 

infrastructure; a more varied cityscape with closer connection to nature results in enhanced urban 

liveability with socioeconomic and ecological benefits. The costs for construction and maintenance may 

in some cases be lower, as well as a possible increase in the level of protection (Cettner et al., 2014; 

Thorne et al., 2018). There are however significant uncertainties regarding the reliability of the 

hydrologic performance of BGI, and the lack of confidence by the public. As the grey methods of flood 

management have been conventional for a long time, the public acceptance of alternative ways of 

approach can be unpredictable (Thorne et al., 2018).  
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2.3 Mechanics of sea level rise 

 

The Fifth Assessment Report by IPCC (Intergovernmental Panel on Climate Change) estimates with 

very high certainty that the global mean sea level rose 0.19 meters between the years 1901-2010, and 

the rate of sea level rise has increased significantly. During the period 1901-2010, the mean rate of 

global sea level rise was 1.7 mm per year. In the period 1993-2010 the mean rate increased to 3.2 mm 

per year, and the global sea level rise by 2100 is projected at 0.4-1 m (IPCC, 2014). While IPCC’s Fifth 

Assessment Report presents highly relevant information, more recent scientific papers and studies 

suggests different projections regarding global warming and its effects. In a more recent study, 

Oppenheimer & Ailey suggests that a sea level rise exceeding 2 m by 2100 is possible (2016). These 

more drastic projections are dependent on new research regarding the sea water contribution of the 

Antarctic ice sheet. The significant contribution from the Antarctic and its unstable marine ice shelves 

was possibly underestimated in the IPCC Fifth Assessment Report, according to some researchers 

(DeContro & Pollard, 2016; Turner et al., 2017). Box et al. (2018) came to the conclusion that 

contribution of Arctic land ice to sea level rise tripled in the period of 2006-2015 compared to the rate 

during 1986-2005. The Intergovernmental Panel on Climate Change (IPCC) developed four different 

projections of future greenhouse gas projections for their Fifth Assessment Report (2014). These 

projections are called Representative Concentration Pathways (RCP) and replaced the Special Report 

on Emissions Scenarios (SRES) of previous IPCC reports. The purpose of the RCP’s is to represent a 

wide range of future scenarios regarding climate change and outcomes in the 21st century. They are 

distinguished by their total radiative forcing, a measure of global energy imbalances. The projections 

are based on amount of anthropogenic greenhouse gas emissions, which is largely dependent on 

economic activity, population size, land use and energy use, among other things. There are not as many 

accessible global sea level rise-models that go further than 2100, due to the higher degree of uncertainty. 

The few that are available deem it virtually certain that global mean sea level will continue to rise beyond 

2100. Thermal expansion will most likely produce sea level rise for several centuries (Church et al., 

2013). Projections of sea levels by 2300 estimate a rise of about 1 m in scenario RCP26, and up to 5 m 

in scenario RCP85 (figure 3).  
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Figure 3. Projections of sea level rise according to the four RCP-scenarios developed by IPCC (Nauels et al., 

2017).  

 

The primary factors controlling global sea level change is the volume of water in the oceans and the 

level of ocean thermal expansion or contraction. The water volume present in the oceans is to a great 

deal defined by the present volume of glaciers and ice sheets. The extent of glaciers and ice sheets are 

in turn largely dependent on the current global temperature. Higher global temperatures produce 

increased volumes of meltwater, which end up in the oceans and thereby increase the global sea level 

by what is referred to as eustatic sea level change. After an addition of water has been made at one 

location, such as the calving of an ice sheet, it takes only a few days for all regions around the globe to 

notice the effect in sea level change. Contributions of fresh water from glaciers and ice sheets can 

produce changes in both temperature and salinity of the ocean, and in this manner may change the 

patterns of ocean currents, and by extension local sea level (Church et al., 2013). 

Thermal expansion of the oceans driven by increased temperatures is currently the largest driver of 

global sea level change. The contribution of thermal expansion to global sea level change is estimated 

to be 1.1 mm/year by the conditions of 2017. This is estimated to be roughly 60% of the total sea level 

change. The contribution of glacial melt is estimated to be 0.76 mm/year during the period 1993-2010 

(Nerheim et al., 2017). While the contribution to sea level change from thermal expansion is projected 

to increase in speed, the contribution from glacier and ice sheet melt is estimated to increase at a 

gradually higher rate. This trend of increased ice-sheet contribution is projected in all 4 RCP’s (Simpson 

et al., 2015).  

Salinity changes in sea water can contribute to regional sea level change, although not a significant 

magnitude on a global scale compared to general temperature changes (Gregory & Lowe, 2000). 

Variations in ocean salinity and water temperature is often referred to as steric changes. These kind of 
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variations drives dynamic changes, which can produce redistribution of mass in the ocean. An increase 

in mass produces a stronger gravity field, driving attraction of supplementary water, and thereby regional 

or local sea level differences (Simpson et al., 2015). The volume and bathymetry of ocean basins are as 

closely connected to global sea level, and changes the oceanic bathymetry is one possible driver behind 

long-term sea-level change. The dynamics of the oceanic lithosphere is suggested to have large effects 

on sea-level fluctuations, by processes such as mid-ocean spreading and mantle convection. These 

effects are working on such a long time frame, that possible variations cannot have a significant impact 

on global sea levels in 100-200 years’ time (Müller et al., 2008).  

2.3.1 Regional sea level variations 

The Baltic Sea is connected to the North Sea and the Atlantic Ocean through the straits of Skagerrak 

and Kattegat. There is an apparent change in salinity throughout this passage, as the saline North Sea 

meets the brackish Baltic Sea. This salinity gradient is the dominant driver for the sea surface topography 

difference between the North Sea and the Baltic Sea, generating a 35-40 cm mean sea surface topography 

difference. The height difference gradually increases inwards and northwards through the Baltic Sea 

(Ekman & Mäkinen, 1996). The tidal oscillations in the Baltic Sea are very low, generally a few 

centimetres and can be considered negligible (Meier et al., 2006; Madsen et al., 2007). The primary 

drivers of sea level variations in the Baltic Sea are of meteorological origins, with sea level variations 

acting on a seasonal and intermittent time frame (Madsen et al., 2007).  

The sea level of the Baltic Sea is greatly affected by the meteorological conditions of the North Sea.  

The principal event controlling the sea level pressure of the North Atlantic and North Sea is the North 

Atlantic Oscillation, of which magnitude correlates well with some sea level variations of the Baltic Sea. 

Two additional sea level pressure systems have significant influence on the sea level of the Baltic Sea: 

The East Atlantic/West Russia pattern and the Scandinavia pattern (Barnston & Livezey, 1987; Heyen 

et al., 1996). Prevailing westward winds and low-pressure systems in the North Sea will push more 

water into the Baltic Sea, shifting the water balance and resulting in increased sea levels. The Baltic Sea 

therefore tends to be the highest in autumn and winter, due to intensified cyclonic activity in the 

atmosphere. When the appearance of a storm in The Baltic Sea coincides with already elevated sea 

levels, the absolute maximum levels may arise. The duration of these critical levels usually lasts a few 

hours at most (Simonsson et al., 2017). The largest variance in sea levels can be found in the relative 

margins of the Baltic Sea, such as the Belt Sea to southwest and the Bay of Bothnia and Gulf of Finland 

to the north and northwest. Stockholm and Saltsjön are positioned comparatively centred in the Baltic 

Sea, and therefore face limited exposure to sea level variations (Meier et al., 2004; 2006). The largest 

variations in Stockholm County occur primarily in its northern parts, away from Saltsjön, and emerge 

from northern and southern winds interacting with the topography of the Bothnian Sea (Stensen et al., 

2010).  
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The regional effect of uplift is a counteracting mechanism of sea level rise in Stockholm. This effect is 

a remnant of the latest glaciation, when Sweden and most of Scandinavia was covered with thick inland 

ice sheets. The pressure of the thick ice pressed the crust down. As the climate got warmer, the melting 

of the ice caused isostatic rebound, as the land began to spring back up to equilibrium. This process of 

uplift is still ongoing and has been estimated to 0.52 cm/year in Stockholm (Hammarklint, 2009). The 

rate of uplift is very slightly decreasing with time, as the crust closes in on isostatic equilibrium. The 

accelerating rate of global mean sea level rise will exceed the rate of uplift circa 2050, according to 

Stensen et al. (2010).   

 
Figure 4. Projected rates of sea level-rise, uplift and net change in Stockholm. The rate of sea level-rise is 0.5 

cm/yr 1990-2050, and 0.91 cm/yr 1990-2100. The projection of sea level rise in the figure is corresponds 

roughly to RCP 8.5. Modified from Stensen et al., 2010. 

 

 

When uplift is accounted for, as in figure 4, the sea level in Stockholm has been decreasing for a long 

time and will continue this trend until the global sea level rise exceeds regional uplift. If the regional 

uplift is disregarded it is evident that the sea level in Stockholm has been steadily increasing since 1886 

(figure 5).  

 
Figure 5. Sea level variations 1886-2010 in Stockholm excluding uplift. Modified from Nerheim, 2011.  
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Nerheim (2011) estimates the 100-year flood sea level in Stockholm municipality to 117 cm above the 

average sea level in the Baltic Sea, using the height system RH2000. Accounting for extreme short-term 

effects such as wind and wave setup adds another 90 cm on this level, according to a similar report by 

Stensen et al. (2010). Projections of sea level variations by Nerheim and Stensen et al. (2010) are 

presented in table 1. The estimates of potential effects of wind and wave effects over the whole 

municipality contains significant uncertainty, as effects largely depend on local conditions. Uplift is 

considered in these calculations, set at 0.53 cm/year. These projections use the assumption of a sea level 

rise of +1 m in 2100 and another +1 m for 2200. Such projections can be deemed relatively conservative 

in comparison to the 2-4 m projection of 2200 by The Delta Committee (2008).  

 
Table 1. Predicted future average and recurring sea level variations in Stockholm. Addition of wind and wave 

effects are displayed in parenthesis (Stensen et al. 2010, Nerheim, 2011). 

 
Average sea 

level (cm) 

100-year flood 

sea level (cm) 

300-year flood 

sea level (cm) 

2011 12 117 (207) 130 (220) 

2100 63 168 (258) 179 (269) 

2200 102 220 (310) - 

 

The highest point of the annual sea level anomaly in the Baltic Sea generally occur in January. The 

average annual anomaly is 18 cm in the Baltic Sea and 11.5 cm in Stockholm. The most extreme sea 

levels arise when already heightened average sea levels occur simultaneously with short-term extreme 

events. This was the case in January 1983, when the sea level anomaly was measured at 117 cm 

(Nerheim, 2011).  

Predictions of future wind patterns in Stockholm and the Baltic Sea is relatively uncertain. The effect 

of climate change on weather patterns in the North Sea, and by extension Skagerrak, Kattegat and the 

Baltic Sea, is difficult to ascertain. Several models predict an increase in extreme wind events in the 

Baltic Sea, but there is large spread among the results of the different models. The local conditions can 

vary greatly in the Baltic Sea, and nothing certain can be said about future wind conditions in Stockholm 

(Nikulin et al., 2011; Schrum et al., 2016). The studies found significant trends in projections of future 

precipitation patterns. The heavy precipitation events during mainly winter will increase in most of 

Europe, with an especially large increase in northern Europe. Larger precipitation volumes and increased 

risk of extreme events puts larger strain on urban systems and infrastructure.  

The sea level has significant effects on local groundwater levels, as the relative levels and extent of 

the two are closely connected. An increase in average sea level will induce heightened groundwater 

levels, potentially causing saltwater intrusion and damages to underground wastewater infrastructure. 

The systems of pipes, sewers and utility equipment in cities are generally built according to old 

groundwater levels. Such systems positioned along the coast can be affected by a rising water table in 

several ways, such as infiltration, siltation and inflow into the systems. Since the primary parts of these 
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systems are underground, any possible negative effects may be difficult to detect in an early stage 

(Kretzinger & Friedrich, 2012).  

Land subsidence is a serious problem in several large coastal cities around the world, with increased 

vulnerability to floods as a result. Major cities such as Jakarta, Tokyo and San Francisco have 

experienced significant land subsidence during the 20th century, with unsustainable management of 

groundwater usually as the primary driver. Extensive urban development results in larger building 

densities as well, acting as another common driver (Moe et al., 2017; Shirzaei et al., 2018). As the 

phenomenon has a direct effect on flood risk, it is relevant to include in a flood risk evaluation of 

Stockholm. Although large areas of Stockholm are situated on rock outcrops and therefore resistant to 

land subsidence, there are significant portions positioned on more vulnerable clay and various fillers. 

There is no extensive groundwater depletion due to excessive pumping in Stockholm, as Lake Mälaren 

is used as the city’s primary water source. Relatively large subsidence has been noted in some 

neighbourhoods along the quay of Nybroviken and Strandvägen in Östermalm. The recorded land 

subsidence in these areas varies from 0 to 10 cm in the last 35 years. Several areas exposed, or vulnerable 

to land subsidence are getting fortified to prevent future subsidence (Stockholms Stad, 2015). Detailed 

projections of this phenomenon are very difficult to ascertain, and will not be done in this study, 

primarily due to lack of data.  

2.3.2 Local sea level variations and compound effects 

The primary drivers of extreme sea levels along coastlines are storm surges, waves and tidal oscillations. 

The most important component in the Baltic Sea and its bays is most likely storm surges, as there are 

little tidal oscillations regionally. Central Stockholm and Saltsjön is a sheltered environment with 

different conditions than the regular Baltic Sea coast. Several effects that affect the sea level and wave 

height in regular coastal environments are irrelevant in central Stockholm and Saltsjön due to it being a 

relatively small and isolated body of water, protected in some ways by the Archipelago.  

Sustained winds in specific directions can force large volumes of water into coastlines and bays, 

creating a temporary elevated sea level in the area downwind. This phenomenon of wind-induced water 

movement is referred to as wind setup and is significant when estimating potential sea level variations. 

Wind setup during storm events are known as storm surges. The wind setup along the outer coast to the 

Baltic Sea can experience wind setup of up to 20 cm, estimated by SMHI. The general effect of wind 

setup is however negligible in central Stockholm and Saltsjön, due to the confined environment. 

However, persistent winds during storm events can create extreme wind setup, known as storm surges. 

The effect of storm surges can be noticeable in Saltsjön, especially when accounting for compound 

effects. These events are generally driven by strong winds in combination with already elevated sea 

levels.  

The possible effects of seiches, long standing waves of dynamic wind setup, are also assumed to be 

insignificant in central Stockholm (SMHI, 2009; Länsstyrelsen Stockholm, 2013). The potential height 
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of waves increases as they approach the surf zone of the shoreline due to the decreased water depth. 

This effect of wave setup is however insignificant in central Stockholm in part because of the steep 

quays (Johansson et al., 2017).  

As wind travels across a body of water it will produce a shear stress and a frictional drag, as energy 

is transferred from the wind to the water. The amount of energy transferred depends on the wind speed 

and the distance of water the given wind has blown. The undisturbed distance the wind can travel to 

generate waves is referred to as fetch. This is one of the principal factors controlling wave height, wave 

period and wavelength, along with wind speed. Greater wave height generally correlates with longer 

fetch length and higher wind speed, as it enables greater energy transfer. Larger waves with higher 

potential of coastal flooding and shoreline erosion generally need greater fetch to build up. There are 

several additional factors that influence wave characteristics, such as water depth and wind duration 

(USACE, 1984; Martin, 2013). The bathymetry has large influence on wave characteristics in shallow-

water environment such as lakes and near coastlines. As waves approaches the coastline, the water depth 

and coastal slope gradient affect the height and speed of the waves as well as when and in what manner 

they break.   

A decisive part governing the wave power potential is the distance to the nearest coastline. The wave 

power, also known as wave energy potential, is a measure of the amount of energy stored in a wave. 

Nilsson et al. (2019) found that the wave power potential in the Baltic Sea drops approximately 63% 

when waves are positioned 10 km from nearest coastline compared to 100 km from the coastline. The 

significant decrease in wave power can be attributed to several factors, such as the wind-sheltering and 

fetch-limiting effect of the shoreline. Such processes have strong effects on the wave power regime in 

Saltsjön, and therefore significant influence on the potential inundation effects. Significant wave height 

is defined as the average height of the one-third highest waves. The highest waves occurring at a storm 

event may however be 1.6 to 2 times higher than the significant wave height (Munk, 1944; SMHI, 2018) 

There has been an almost steady increase in wave height globally (Sterl & Caires, 2005), and 

projections from several studies find a future increase in wind speed and wave height in the open oceans. 

This trend is expected to primarily occur in the Tropics and the southern hemisphere, and in lesser 

magnitude in the northern hemisphere (Semedo et al., 2011; Vitousek et al., 2017). Future climate 

change may produce changes in the weather patterns of the Baltic Sea and the Stockholm area. The 

occurrence of extreme precipitation events is estimated to increase in the Baltic Sea. This trend also 

applies to the future projection of extreme weather events, which also are predicted to increase. Several 

simulations have average wind speeds increasing slightly, but not at a significant level in the Baltic Sea 

to affect this study (Strandberg et al., 2014). These forecasts are of great significance when examining 

future risks of wind and water action on cities and population.  

The risk and severity of floods can experience significant amplification when accounting for multiple 

physical process happening simultaneously. This combination of processes is referred to as compound 
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events (Zscheischler et al., 2018). The major elements that affects the risk of flooding can be summed 

up as: 

• Sea level rise 

• Storm surges 

• Fluvial inflow  

• Waves 

• Probability of joint occurrences  

 

A compound flood event in Stockholm could occur when high magnitude events of several of these 

elements coincide, producing higher water levels than if they would happen separately. The combination 

of flood-inducing inland circumstances such as very high precipitation and fluvial inflow with elevated 

coastal flooding from waves and storm surges can give rise to significantly augmented risk levels. 

Although the possible compounding effect varies between every locality, and the local conditions needs 

to be evaluated (Zscheischler et al., 2018). A study by Paprotny et al. (2018) found that the potential for 

significant compound flood events in Sweden is moderate and depends primarily if it is west or east 

facing coasts. Stockholm and Saltjön faces east towards the Baltic Sea and is relatively shielded in 

comparison to that of the west coast of Sweden. These results came from looking at compound flood 

risk as a product of storm surges and precipitation.  

The lake of Mälaren is particularly vulnerable to flooding due to the large possible inflow and limited 

outflow. Elevated levels in Saltsjön due to future sea level rise or storm surges may prevent fully 

effective discharge from Mälaren. This creates a particular relationship regarding compound flood 

events, as the two bodies of water may influence one another. The regulated outflow capacity will 

however increase with the new Slussen, thus increasing the resilience against flooding. The 2000/2001 

flooding of Mälaren was primarily driven by very intense precipitation occurring simultaneously with 

already elevated levels in Mälaren due to high inflow. Major damages in Stockholm were avoided by a 

premature drainage of Mälaren (MSB, 2012). This event can be viewed as an example of several 

physical elements co-occurring and producing flood levels. Future projections of precipitation patterns 

in the Stockholm region point towards more intense short-term events as well as larger daily quantities 

(Nikulin et al., 2011; Schrum et al, 2016). The risk of precipitation-driven flooding may therefore 

increase in future years.  
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3. Methodology 
 

3.1 Wave Modelling 
 

One of the quantifiable elements of flood risk is the possible wave height in a coastal area. The effect of 

waves and wave runup constitute a significant factor in coastal flooding, and the possible wave height 

needs to be assessed when evaluating flood risk. The impact of waves is especially noticeable in 

situations with an elevated sea level due to storm surges or sea level rise. The wave height is a product 

of a series of factors regulated by the local physical conditions. Two different models were used to 

estimate the possible significant wave height in Saltsjön with its particular physical properties and 

weather parameters. Historical wind data from the period 1961-2019 will be used as guiding parameters 

to evaluate the possible wave height. The wind data in this period was deemed as representable for the 

present as well as for a significant time in the future, as the local wind conditions are not expected to 

experience significant changes. Modelling of potential waves in Mälaren was not carried out as the 

properties of Mälaren in central Stockholm were considered incapable of generating waves of significant 

height.  

3.1.1 Material Methodology 

A topobathymetric model was created by combining a topographic elevation model from Lantmäteriet 

(2019) with an interpolated bathymetric model based on nautical charts from Sjöfartsverket (Swedish 

Maritime Agency, 2019). The surface elevation model was the GSD-Elevation data product Grid 2+ 

from Lantmäteriet. This dataset had a resolution of 2 m and an average standard error in plane of 0.25 

m and less than 10 cm on hard surfaces. The use of high-resolution bathymetry-models was preferred, 

but none were available in this study due to state and military privacy policies. As an alternative method, 

nautical charts with scattered data points and contour-lines of water depth was used. WMS-data of depth 

data was obtained from Sjöfartsverket and interpolated into a continuous bathymetric model using 

Natural Neighbour in ArcGIS 10.6. The interpolated bathymetry was set to a resolution of 2 m, to enable 

easiest possible merge with the topographic model. A figure of the topobathymetric model is available 

in the appendix (figure 18). The same elevation model was used for operations in Scalgo.  

Wind input for use in the wave models were correlated with weather data of Stockholm 1961-2019. 

Evaluation of hourly wind data recorded and compiled by SMHI (2019) was done to identify patterns 

in extreme winds. The wind speed input in the wave models were chosen according to the highest 

recorded wind speeds in central Stockholm 1961-2019. This was done in an attempt to simulate the local 

weather conditions of Stockholm.  
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3.1.2 Modelling wave generation 

There are several different approaches to calculating wind fetch and significant wave height. This study 

utilized two different methods of approach to estimating wave generation; the shallow-water forecasting 

equation presented in the Shore Protection Manual (USACE, 1984), and a GIS-optimized Wave Model 

developed by Finlayson (2005) and updated by Rohweder et al. (2014). The area of interest in this study, 

Saltsjön, is a relatively small body of water and surrounded on most sides by land. It is therefore far 

from an open-ocean environment, and study methods should be adjusted these conditions. The wave 

generation in Saltsjön is interpreted to be a fetch-limited environment; where the significant wave height 

is principally a product of wind blowing across a body of water over adequately long fetch and in a 

constant direction. The methods used to estimate wave generation are both suitable in a fetch-limited 

environment (USACE, 1984; 2002). Wave models that depend largely on local bathymetry to estimate 

wave height were avoided. This was due to the difficulty in accessing high-resolution bathymetry data 

of Saltsjön. Models with a primary focus on wind fetch-driven wave generation were instead the choice 

for this study.  

Finlayson (2005) developed Python scripts utilizing formulas for calculating fetch and wave 

characteristics from the Coastal Engineering Manual (USACE, 2002). These functions were further 

optimized and developed into ArcGIS tools by US Geological Survey (USGS) and Rohweder et al. 

(2014). The Fetch and Wave Models were developed in cooperation with the U.S. Army Corps of 

Engineers (USACE) for primary application in ESRI ArcGIS software and was available online for free. 

The modelling tools were employed in this study through ArcGIS 10.6.  

The Wave Model is accompanied by a Wind Fetch Model, from the same developers. The Wind 

Fetch Model is a tool fitted for ArcGIS that calculates effective fetch by utilizing the recommended 

procedure by USACE (1984). The user input of the Fetch Model consists of a land-sea raster, with fixed 

values for land (> 0) and water (< 0). This map was produced using land elevation LiDAR data from 

Lantmäteriet in a 2 m resolution (Lantmäteriet, 2019). There are several available calculation methods 

of fetch in the model, and the SPM-method is recommended by the source material as it most likely 

represents natural conditions. This calculation method projects nine radials in three degree intervals 

from the specified wind direction. The arithmetic mean of the radials is estimated as the resulting wind 

fetch.  

Several characteristics of wave generation can be calculated using the Wave Model. Most notably 

the significant wave height, but also spectral wave period, wave length, shear stress and maximum 

orbital wave velocity. An additional feature, although not used in this study, is the option of calculating 

sediment suspension in a water body. The input of the Wave Model consists principally of wind fetch 

distance rasters, wind data characteristics and a bathymetry raster. The wind fetch rasters were composed 

of calculated wind fetch in representative wind directions, obtained with the Fetch Model. Wind 

attributes attached comprised of wind speed and direction, elevation of wind measurements and a set 

wind averaging interval.  
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This method of estimating fetch length and wave height is relatively simplified, and significantly 

more advanced third-generation wave models are enforced in other studies. The utilized models of fetch 

and wave generation contain several major limitations. Various factors that affects wave growth are 

connected to bathymetry and variations therein. These are all neglected. Wave diffraction and refraction 

induced by topography are not accounted for. Neither is wave reflection caused barriers and the 

shoreline. The results of the models should therefore be treated as rough estimates. Extensive aquatic 

vegetation on the sea floor can dampen wave generation through dissipation of waves. This parameter 

can have significant impact in estimations of wave generation, and the change in water density caused 

by submerged vegetation can be used as an input parameter in the Wave Model. The sea bottom of 

Saltsjön is barren to large extents, and vegetation adjustments to water density is therefore not needed.  

The method referred to as the shallow-water forecasting equation, or SPM is a method of calculating 

wave growth generated by winds travelling over water, developed by U.S Army Corps of Engineers in 

1984. It is adjusted to give accurate estimations in areas with relatively shallow waters, where the wave 

energy is affected by bathymetry. The wave energy produced by wind stress over the water body is 

estimated along with the wave energy lost through bottom friction and percolation. The method is based 

on an assumed fetch of maximum 120 km, with uniform wind direction and wind speed over the distance 

of the fetch. The values of fetch length used in this method was obtained through the Fetch Model used 

in the previous method.  

3.1.3 Formulas for wave modelling 

Both methods of wave generation estimation employ adjusted values of wind speed data to lessen biases 

from different sources. These adjustments of the wind speed are done prior to use of the fetch model 

and the wave height model. The procedures of wind speed adjustment are presented below, as well as 

the principal formulas for calculating significant wave height.  

The wind speed data used in estimations of wave generation can be adjusted for different averaging 

intervals, depending on the size of the water body. As the size of the water body limits the length of the 

fetch, different wind speed averaging intervals are suitable. 1-hour wind durations or more may be 

needed for oceanic regions and very large lakes. For smaller lakes and riverine areas it is sufficient with 

intervals of 1 to 5 minutes, as the fetch distance is much shorter (USACE, 2002). The wind speed data 

supplied by SMHI (2019) uses values averaged over 10 minutes, which is highly suitable for wave 

generation modelling of the relatively small water body of Saltsjön. Wind speed correction in this aspect 

was therefore not needed.  
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Both methods utilize the adjusted wind speed (UN) in place for wind speed. This adjusted wind speed is 

accounting for the coefficient of drag and the non-linear relationship of wind speed and wind stress.  

 

𝑈𝑁 = 0.71𝑈
1.23   (1) 

 

Where; 

- UN = Adjusted wind speed (m s-1) 

- U = Wind speed (m s-1) 

 

The weather station gathering wind data in closest proximity to Saltsjön, Stockholm, is located 

approximately 2.5 km inland (figure 1). Albeit the position inland, it is assumed that the same 

atmospheric pressure system is responsible for wind production at the weather station as over Saltsjön. 

Wind speeds are generally higher over open water than inland, and a wind speed conversion is therefore 

necessary. Equation 2 uses the adjusted wind speed (UN) from previous step to account for the inland 

effect.  

 

𝑈𝐴 = 1.2(𝑈𝑁)    (2) 

 

Both methods of modelling wave generation are calibrated to use wind speed data collected at 10 m 

elevation. If the anemometer of the representative weather station is not positioned at 10 m elevation, 

wind speed conversion is needed. There was no need for altitude wind speed conversion in the case of 

this study, as the weather station used was positioned at 10 m elevation. 

Equation 3 is the principal equation used by the SPM 1984 Model to estimate significant wave height. 

This method uses bathymetric data and fetch length, which is dependent on wind direction.  
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Where; 

- Hm0 = Significant wave height (m) 

- F = Wind fetch length (m) 

- d = Depth (m) 
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The USACE 2002 Wave Model utilized a series of equations to estimate the significant wave height.  

 

𝐶𝑑 = 0.001(1.1 + 0.035𝑈𝐴) 

 

𝑢∗ = 𝑈𝐴𝐶𝑑
1 2⁄  

 

𝑥^ =
𝑔𝑥

𝑢∗
 2

 

 

𝐻𝑚0
^ = 0.0413(𝑥^)

1/2
 

 

𝐻𝑚0 = 𝐻𝑚0
^ (

𝑢∗
 2

𝑔
) 

 

Where; 

Cd = Coefficient of drag 

u* = Friction velocity (m s-1) 

x^ = Non-dimensional wind fetch  

x = Wind fetch length (m) 

g = Acceleration of gravity (9.82 m s-2) 

H^
m0 = Non-dimensional significant wave height 

Hm0 = Significant wave height (m)  
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3.2 Flood defence study and area descriptions 

 

3.2.1 Flood defence study 

A few areas in central Stockholm were identified as exposed to potential flood risk in this study. Suitable 

flood defence measures were adjusted to the particular locations physical and spatial properties. These 

propositions were based on the idea of maintaining the current cityscape and aesthetic characteristics of 

the area, while incorporating enhanced protection against possible coastal flooding. The flood risk 

mapping tool Scalgo were utilized to evaluate potential flooding due to sea level rise in Stockholm. It 

uses updated elevation models from Lantmäteriet to visualize possible flood-prone surfaces. The tool 

also enables alterations of elevation models to simulate structural changes, such as walls, depressions 

and channels (Scalgo, 2019). The areas of interest are presented here.  

3.2.2 Hammarby Sjöstad 

Hammarby Sjö is connected with Saltsjön by the man-made Danvikskanalen, and hosts Hammarby 

Sjöstad, one of the most modern districts of Stockholm. Urban redevelopment has been ongoing for 

several years, and the newly built residential areas, positioned on both sides of Hammarby Sjö, are 

developed with a significant focus on sustainability. Several elements of modern technology and blue-

green infrastructure is implemented in the residential area, such as sustainable stormwater management, 

solar panels and green urban planning. Green surfaces with high infiltration capacity acting as relatively 

flood resistant surfaces have been implemented between the sea and buildings along some coastal areas. 

Hammarby Sjöstad is equipped with several instances of BGI-oriented flood measures well 

implemented in the cityscape. Green belts along quays and in-between buildings act as recreational 

paths, while having the ability to counteract flooding and subsequent effects. The implementation of 

BGI can be used a precedent for other new urban districts.  

3.2.3 Stadsholmen and Gamla Stan 

Stadsholmen represents a different type of urban environment than Hammarby Sjöstad. The island of 

Stadsholmen makes up the Old Town (Gamla Stan) of Stockholm, along with Riddarholmen. This area 

holds great historical and cultural value, being settled in the 13th century and accommodating several 

iconic buildings. This makes it challenging to design and implement new flood defences, as most 

buildings cannot be destroyed to make place for new flood defence measures. Any flood defence that 

can cause disruptions in the tourism and recreational industry will face resistance. The close relationship 

to the sea is one of the main characteristic traits of Stadsholmen and Gamla Stan. The quay and harbour 

areas that enable this is important features to consider when planning a new flood defence. 

Skeppsbrokajen, the quay on the eastern side of Stadsholmen towards Saltsjön functions as a berth for 

ships and ferries. The average level of the quay surrounding Stadsholmen is approximately 2 m. The 

highest quay is at Norrström, and the lowest points is located in the southwestern part of Stadsholmen, 

around Mälartorget and the Gamla Stan metro station.  
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Due to the significant historical record of Stadsholmen, an excavation to construct new flood 

defences could uncover archaeological remains. Regulation in this matter may slow down or prevent 

some incursions during a possible construction process. The buildings of Gamla Stan is built on the 

seabed, with filling of old debris and litter. A large portion of the buildings in Gamla Stan are supported 

with tree poles in their foundation. These historical artefacts are in the process of rotting, putting the 

buildings they support in risk. The result is a subsidence of 3 to 4 mm per year in some areas. The 

ongoing endeavour of replacing the poles are difficult due to the old buildings above ground (SVT, 

2017). There are very few green areas on Stadsholmen and its quays. Most of the densely built-up island 

is covered with asphalt, concrete or cobblestones. Large and well-traversed roads line practically all 

sides of Stadsholmen. These conditions make it challenging to implement new green areas.  
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4. Results 

 

4.1 Wave modelling 
 

Two areas of interest were identified for the wave modelling of Saltsjön: Nybroviken as well as 

Skeppsbrokajen, the eastern quay of Stadsholmen. These areas were perceived as vulnerable to fetch-

induced waves, while being well developed urban areas (figure 6). The highest recorded wind speed in 

central Stockholm during the period 1961-2019 were 23 m/s. This wind speed was only measured twice 

in the 58-year record but sets precedent of possible extreme weather conditions. The wind speed of 23 

m/s and the second highest recorded wind speed, 19 m/s, were used to estimate significant wave height 

(table 3). The wind directions that contributed the most to the generating of waves for the two areas of 

interest were identified. These directions signified the angles from where the longest wind-fetch 

distances could be obtained. South-eastern winds were most the most effective in this case, with 

Stadsholmen being most vulnerable to a wind direction of 110o and Nybroviken to a wind direction of 

130o (table 2).   

 

 
Figure 6. Overview map of the study areas of Nybroviken and Stadsholmen, as well as wind fetch length at wind 

direction of 130o, the most favourable wind direction for wave generation at Nybroviken. Background map by 

Lantmäteriet (2019a).  
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Table 2. Wave-related properties for the two areas of interest.  

 
Max. fetch wind 

direction 

Max. fetch 

length (m) 

Average depth 

(m) 

Nybroviken 130o 1100 7.5 

Stadsholmen 110o 1800 30 

 

The results of the wave modelling are presented in table 3. Both wave models produced higher 

significant wave height with increased wind speed. The USACE 2002 Wave Model generated higher 

values of wave height, with the maximum of 0.83 m at Stadsholmen with winds of 23 ms-1 at a direction 

of 110o. The highest significant wave height generated at Nybroviken was 0.65 m. Additional 

visualisation of the results from the USACE 2002 Wave Model are presented in figure 7 as well as in 

additional figures in appendix.  

 
Table 3. Estimations of significant wave height at Nybroviken and Stadsholmen. 

 USACE 2002 Wave Model USACE SPM 1984 

Wind speed  19 ms-1 23 ms.1 19 ms-1 23 ms-1 

Nybroviken 0.50 m 0.65 m 0.41 m 0.56 m 

Stadsholmen 0.65 m 0.83 m 0.53 m 0.72 m 

 

 

The highest measured wind speed in Stockholm in the period 1961-2019 is 23 m/s have, as mentioned 

before, only been noted twice in this period. None of these measurements are in the wind directions that 

give rise to the largest waves in Nybroviken and Stadsholmen, namely the 100o-140o spectrum. Very 

few of the strong winds measured in the last 60 years have occurred in this particular direction (see 

figure 19 in appendix).  
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Figure 7. Highest possible significant wave height of fetch-induced waves at Stadsholmen using the USACE 

2002 Wave Model and weather conditions of 23 m/s winds at 110o. Background map by Lantmäteriet (2019a).  
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4.2 Flood prevention study 
 

Case studies were carried out on two urban areas in central Stockholm on how they can adapt for future 

climate and increased flood risk. The two areas of Hammarby Sjöstad and Stadsholmen have different 

attributes regarding use of land, identity as well as cultural and historical values. The flood protection 

proposed in the case studies use 310 cm as a safety level for future flooding. This level is the estimated 

100-year extreme in 2200 in Stockholm when accounting for wave and wind effects (Stensen et al., 

2010).  

4.2.1 Hammarby Sjöstad 

An expansion of flood protection measures in Hammarby Sjöstad should be fitted to the particular 

properties and characteristics of the area. The district is newly built and is expected to have a long 

functional life span, and the aim of additional flood defence would be to ensure this kind of longevity. 

The choice and implementation of flood defence should fit into the cityscape of Hammarby Sjöstad as 

much as possible to preserve the identity of the district. Private housing makes up a large part of the 

district and a decline in property value due to inadequate implementation of flood defence would not be 

tolerated by residents. In addition, the mobility that Danvikskanalen offers by connecting Saltsjön with 

Mälaren is important to maintain.  

 

 
Figure 8. Projections of flooded areas and affected buildings due to elevated sea levels in Hammarby Sjöstad. 

Map data from Lantmäteriet (2017; 2019b).  

 

The area still retains some vulnerability to extreme water levels, despite being branded as sustainable 

and achieving relative readiness to several aspects of climate change. A significant portion of the 

buildings, primarily of residential use, are vulnerable to a sea level rise of 1.5 to 3 meters (see figure 8). 
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Several of the residential buildings in risk on both northern and southern coasts of Hammarby Sjö are 

recently built. Sea level variations are slightly more limited in Hammarby Sjö compared to Saltsjön, due 

to restricted wave and wind setup. Nevertheless, sea level rise of 3.10 m would result in significant 

damage in the district.  

Retrofitting Hammarby Sjöstad with certain grey infrastructure-flood protection can increase the 

resistance to flooding greatly, while still retaining the positive benefits of the existing BGI-measures.  

The quays of Hammarby Sjöstad can obtain an increased level of protection by fortification and raising. 

This can be done in several ways, such as piling rocks and fortifying it with a wall on top. The structure 

covering the rocks can be designed to fulfil multiple purposes. Figure 9 displays an example sketch of 

a quay structure that avoids creating a perceived barrier between land and sea, enabling a vibrant and 

dynamic cityscape. This kind of multi-purpose measure can both maintain and improve urban qualities, 

as the quay structure can be utilized as a recreation area by residents. An addition of elevated green belts 

between quay and buildings (as in figure 9) can provide even better protection.  

 

 

 
Figure 9. Example of a raised and fortified quay and flood-proof surfaces. The quay can serve different 

functions and is complemented with green belts on raised land.  

 

An alternative way of approach to protecting Hammarby Sjöstad is the construction of a mobile, 

retractable storm surge barrier/floodgate in the outlet of Danvikskanalen. The purpose of such a barrier 

would be to protect the low-lying neighbourhoods around Hammarby Sjö against extreme sea levels in 

Saltsjön and the Baltic Sea. It may serve as an independent measure or a compliment to local flood 

defence in Hammarby Sjöstad. The flood barrier suitable for Danvikskanalen would have to retractable 

to enable the ongoing boat traffic in the channel. As the barrier would only be activated during short-

lived extreme events, it is preferred that the barrier has few visible structures under normal conditions. 

There is a moderate amount of space available on the quays for supporting structures. A significant 

drawback of sealing the channel in times of high water is the negative effect on maritime activity, as no 

ships would be able to pass through the channel. The need for maintenance as well as the limited life-

span of such a barrier are also drawbacks that need to be considered. There are several types of 



30 

 

floodgates with different size and shape. The choice of floodgate may depend on the physical properties 

of the location and the expected magnitude and frequency of floods. The most traditional floodgate 

construction that could be suitable for this purpose would be a 2-part mobile floodgate (figure 10). This 

kind of construction would probably be the most effective alternative, as it is a well-established structure 

with limited amount of moving parts. It is therefore the principal recommended type of floodgate for 

Danvikskanalen. Two alternative floodgates that may be suitable for Danvikskanalen are the inflatable 

barrier and mobile flap gates.  

An inflatable barrier consists of a sealed, flexible membrane stretching the width of the canal. The 

membrane is anchored in the bottom and sides of the canal with foundations. The empty membrane is 

folded in the bottom foundation when the barrier is open. To close the barrier, the membrane is inflated 

with air, water, or a combination of the two. Reedijk (1999) presents some advantages of using a 

combination of water and air in inflatable barriers. Some quay structures are necessary to support an 

inflatable barrier, such as the pumping stations for air and water. This moderate demand of space on the 

sides of the canal should not pose a significant obstacle in Danvikskanalen. The mobile flap gates are 

made up of a number of steel gates which in normal conditions rest in a foundation on the bottom of the 

channel. The gates are raised prior to extreme floods, in some cases by pumping compressed air into the 

gates. This method has been implemented with mixed results in Venice (Scotti, 2005).  

 

 

 
Figure 10. Example of a traditional 2-part floodgate, the Gallions Lock Floodgate in Thames, United Kingdom 

(Wikimedia Commons, 2015).  
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Figure 11. Left: An inflatable storm barrier used in Ramspol, The Netherlands (Schinkel, 2018). Right: Mobile 

flap gates of the MOSE-project in Venice, Italy, adjusted to Danvikskanalen (Modified from Wikimedia 

Commons, 2010).  

 

4.2.2 Stadsholmen and Gamla Stan 

The proposed development of flood protection on Stadsholmen needs to be sufficiently integrated with 

the environment of the historically and culturally valuable area. Incursions and disruptions of the 

cityscape are to be minimised as much as possible to protect important heritage. There should be no 

decline in the function of the quays, roads or metro system, as Stadsholmen is an important 

transportation hub. The principal areas below the reference level of 310 cm and therefore in possible 

future risk of flooding is Skeppsbrokajen, the long quay on the eastern side of Stadsholmen facing 

Saltsjön, as well as the southwestern area consisting of Mälartorget, Kornhamnen, Munkbrohamnen and 

the Gamla Stan metro station (figure 12). The challenge is therefore to implement flood defence to 

protect these areas from a projected 100-year event in 2200 whilst still achieve harmony with the current 

cityscape.  
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Figure 12. Projections of flooded areas and affected buildings due to elevated sea levels in Stadsholmen and 

central Stockholm. Map data from Lantmäteriet (2017; 2019b).  

 

The concept of elevating the quays surrounding Stadsholmen by means of barriers or walls will be 

explored in the following sections. The instalment of barriers along coastal areas may be seen as a 

conventional method for local flood protection and can be executed in a multitude of ways. There is the 

option of using temporary barriers in times of high water, but more permanent barriers and structures 

will be the focus in this study.  

The tool Scalgo were used to create an edited elevation model of Stadsholmen with a constructed 

barrier along the vulnerable quays (figure 13). All the barriers in this layout used a width of 50 cm and 

a height of 60-80 cm. Barriers of these heights were able to protect Stadsholmen from an elevated sea 

level of up to 320 cm in the simulated environment of Scalgo. Additional figures for visualization of the 

flooded areas and simulated barriers are available in the appendix (figure 21).  
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Figure 13. Simulated barriers along the black lines with minimum barrier height to protect against elevated sea 

level of 320 cm.  

 

The implementation of a 60-80 cm barrier along the quays can be executed in several ways, with 

different advantages and disadvantages. One proposed measure is the construction of a set of steps along 

the quays, with a minimum of 60 cm in total height to act as an elevated ground level. The construction 

could be a set of double-sided stairs with a few steps per side (figure 14). The relatively low total height 

of the steps should not be enough to disrupt the current cityscape or cause a visual disconnect between 

Gamla Stan and the sea. The steps can serve multiple purposes beyond flood protection, such as a place 

to sit. One significant disadvantage the decreased mobility across the quay. A series of gaps can be built 

into the steps to allow for increased accessibility. These gaps can be closed manually with locks or with 

self-closing barriers in times of elevated water levels.  
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Figure 14. Example sketch of barrier construction along Skeppsbrokajen on Stadsholmen. Background image by 

Google (2019).  

 

A series of mobile, self-closing flood barriers along the quays of Stadsholmen can also fill the function 

of flood protection during short-lived extreme levels. This special kind of barriers are folded into the 

quay when inactive, having little to no aesthetic footprint (figure 15). The closing mechanism of the 

flood barriers can be either mechanically controlled or automatic. Self-closing flood barriers most often 

use the rising sea level itself as a driver to automatically raise the barrier. The barrier lowers itself when 

the water withdraws and resumes its hidden position in the steel or concrete through. The principal 

advantage of this barrier-type is the discreet nature of the construction. Other advantages are the non-

existent need for manpower to operate it as well as the short closing time.  

 

 

  
Figure 15. Example pictures of self-closing barriers. Images from The Flood Company (2018).  
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Skeppsbrokajen is practically entirely covered with asphalt and cobblestones, with no green areas, as is 

evident in figure 14. The quay has a very flat profile with little to nothing separating the quayside from 

the first set of buildings except small sections of steps along certain lengths. The quay itself house a 

handful of one-story buildings, primarily restaurants and tourism services, and hold little of value. Items 

of greater value is the road of Skeppsbron and the buildings on the other side of the road, a part of Gamla 

Stan. The quay can therefore be viewed as a floodable surface, if the flooding can be contained, outside 

of Skeppsbron and the Gamla Stan buildings. The northern-most part of Skeppsbrokajen, outside of the 

Royal Castle, is equipped with a set of stairs as well as an incline. These small elements are able to keep 

the road above the 3 m level, as can be seen in figure 12. Implementation of some kind of measure are 

needed to achieve a similar effect along the rest of the quay due to its low profile. An elevated sea level 

of 310 cm would result in flooding of large parts of Skeppsbrokajen. The road of Skeppsbron would 

experience flooding as well and the water would reach the first segment of buildings of Gamla Stan. 

The simulated barriers along Skeppsbrokajen according with figure 13 demonstrates that a barrier-height 

of 60 cm is enough to shield the eastern quay of Skeppsbron from a sea level rise of up to 320 cm.  

The implementation of such a barrier can carried out in several ways. A fixed construction such as 

figure 14 could very well suit the conditions of Skeppsbrokajen. The quay in its current shape is 

noticeably flat with little to no large structures present. It can therefore be argued that there is sufficient 

with space to construct a permanent barrier-like structure. Self-closing barriers may also be an attractive 

choice for Skeppsbrokajen due to the high amount of people travelling along the quay. Barriers that are 

folded into the quay when inactive does not disturb the mobility and accessibility of the popular site.  

The southwestern area of Stadsholmen and Gamla Stan accommodates the two quays Kornhamnen 

and Munkbrohamnen, the small plaza of Mälartorget and the Gamla Stan metro station. This area of 

Stadsholmen has the lowest overall elevation and is therefore most vulnerable (figure 12). The street 

surfaces are almost exclusively asphalt and cobblestone except for a few tree pits of moderate size 

(figure 16). The key elements of this location are the historically and culturally valuable buildings of 

Gamla Stan, the trafficked road of Munkbroleden as well as the Gamla Stan metro station and its 

entrances. A coastal flooding event with the water of Mälaren reaching 310 cm would entirely cover 

Mälartorget, thereby flooding Munkbroleden and reaching the buildings of Gamla Stan. The metro 

station would face water in all three entrances and risk flooding. The protection of the metro station 

from flooding and possible damages is the most urgent objective of a new flood defence. Water can 

enter through one of three entrances and make its way onto the tracks. Such an event almost occurred in 

2000 when Munkbrohamnen experienced flooding. This would cause major disruptions in the 

transportation system of Stockholm.  
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Figure 16. View of Munkbrohamnen and one of three entrances to the Gamla Stan metro station, looking northwest 

towards Riddarholmen (Ek, 2018).  

 

The narrow quay of Munkbrohamnen holds one of three entrances to the metro station. They quay 

itself is lined with cobblestone and has a very flat elevation profile. If water were to breach the quayside, 

there is nothing to stop it from flowing into the metro station. Flood barriers or other kinds of artificial 

elevation is the most suitable flood defence on Munkbrohamnen. Barrier placement according to figure 

13 requires a barrier height of 70-80 cm in this area. The stretch along Munkbrohamnen is the only 

location where 80 cm is necessary to protect against a 320 cm water level. An additional flood barrier 

is needed by the water inlet at Munkbron on the western waterfront of Gamla Stan. This is to prevent 

water from flowing southwards across Munkbroleden and Mälartorget. The choice of barriers may be 

similar to that of the eastern quay, Skeppsbrokajen, since the local cityscape is highly similar.  

Munkbrohamnen current principal function is as a pedestrian area between Riddarholmen and the Gamla 

Stan metro station. Future exploitation of the area is possible due to its attractive position in central 

Stockholm. The choice of land use, whether it is construction of any kind of buildings or establishing a 

recreational area, has significant influence on the selection of flood protection.  

The length of Munkbrohamnen is the quay most exposed to flooding, due to its low elevation and 

moderately exposed position for wave action from Mälaren. A barrier of 80 cm, sufficient in protecting 

against a 320 cm water level, is not necessary at the current moment. It can be argued that a lower 

barrier, dimensioned according to present threats from flooding, is more likely to be constructed. The 
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installation of a 20-40 cm barrier is more probable to take place and would be enough to secure the quay 

for several years. Additions to the barriers to reach 80 cm can be carried out in the future, when the need 

for this height is more significant. This method of step-wise barrier implementation can be adopted to 

all the locations in this study.  

Implementation of self-closing barriers is possible to protect Munkbrohamnen and Mälartorget, and 

so is a permanent elevation of the quay using barriers or steps. Securing the entrances to the Gamla Stan 

metro station should be the top priority, and the entrance at Munkbrohamnen is perhaps the most 

exposed one. It is highly recommended that the flat quay of Munkbrohamnen is outfitted with some 

variant of flood protection. A conventional barrier with a minimum height of 80 cm could suffice, but 

so could also a raising of the quay with a multi-purpose structure, as seen in figure 9. Such type of 

structure could work to both maintain and improve urban qualities.  

The quays of Kornhamnen and Munkbrohamnen are not heavily trafficked by ships and are therefore 

valuable locations for creating a dynamic cityscape for pedestrians and bikers. Installing flood protection 

that would inhibit mobility or accessibility in these areas would be suboptimal. There are opportunities 

to implement more extensive blue and green infrastructure as flood protection on Stadsholmen. Besides 

quays such as Munkbrohamnen, there are some spaces where it is both attainable and possibly favorable 

to construct green areas. Mälartorget and possibly the stretch of Skeppsbrokajen could be outfitted with 

additional green areas and tree pits. These inclusions would not act as primary flood protection, but 

instead function as additions to the conventional flood defense structures. An alternative way of 

approach is the use of underground storage tanks to manage flood events. Underground reservoirs to 

contain flood and storm water are used in several major cities. Tokyo, Barcelona and Toronto have 

implemented expansive drainage networks and underground reservoirs to regulate overflowing. This 

method of flood protection is primarily focused on pluvial floods. The foundation of Gamla Stan, in part 

consisting of old wooden poles in poor condition, does however not allow for the construction of 

extensive underground reservoirs. This method is therefore not applicable in Gamla Stan.  

4.2.3 Nybroviken and Östermalm  

The area of Nybroviken and Blasieholmen share several similarities with the physical properties of 

Stadsholmen and Gamla Stan. The majority of the buildings in these areas are of significant historical 

and cultural value, The Royal Dramatic Theatre among them. The quays are heavily trafficked by ferries 

as well as acting as tourism and recreational spots. Asphalt and stone constitute the major parts of the 

local ground cover and thus offer limited permeable capacity. Although the amount of green areas is 

higher than on Stadsholmen, with Berzelii Park and occasional tree pits, it is not an amount adequate to 

handle significant volumes of storm water. The flood protection measures proposed for Skeppsbrokajen 

on Stadsholmen are to a high degree applicable to Nybroviken and Blasieholmen. The quays could 

probably be equipped with any of the aforementioned flood barrier constructions.  

 



38 

 

 
Figure 17. Projections of flooded areas and affected buildings due to elevated sea levels in Nybroviken, 

Östermalm and Blasieholmen. Map data from Lantmäteriet (2017; 2019b).  
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5. Discussion 

 

5.1 Wave modelling 
 

Stensen et al. (2011) estimated the contribution of wind and wave effects in Stockholm to 90 cm at the 

most. This value correlates well with the results obtained in this study, as the significant wave height 

can reach 83 cm with easterly winds of 23 m/s. The wave height calculated with the Shallow-water 

forecasting equation (USACE, 1984) is dependent on water depth, which will most probably increase 

in the future, thus increasing significant wave height. The height of the fetch-induced waves calculated 

using the USACE 2002 Wave Model is independent on water depth and will therefore remain practically 

constant despite sea-level variations.  

The wave simulations showed that very high wind speeds in a certain direction were necessary to 

generate waves of some significance. There are several reasons to why the environment of Stockholm 

and Saltsjön is not suitable for generating very large waves. The bathymetry of Saltsjön and outwards 

to the outlet in the Baltic Sea is relatively shallow, inhibiting wave generation. Another aspect is the 

highly fetch-limiting environment of Saltsjön and the Stockholm archipelago. The irregular clusters of 

islands and capes in the archipelago between Saltsjön and the Baltic Sea does not allow for significant 

fetch distances. This limits the ability to generate fetch-induced waves. Future sea level rise can increase 

the potential fetch length of waves in Saltsjön. As low-lying areas get inundated by the rising sea, the 

areal ratio of sea to land increases and thus enables larger fetch. But the change in fetch in the case of 

up to 6 m sea level rise is too small to make a meaningful difference in wave generation and can therefore 

be deemed insignificant.  

The wave models estimate the significant wave height, while the highest waves occurring may be 

1.6 to 2 times that height. Although this applies to potentially a minor amount of outlier waves per storm 

event, they are still significant and need to be taken into account. The highest estimated significant wave 

height in this study of 83 cm could be amplified up to 164 cm. The models used in this study needed 

very specific meteorological circumstances to generate waves with large height. Easterly winds (100-

140o) of this magnitude over an extended amount of time have not been measured in Stockholm once 

since 1961. The probability of these kinds of waves occurring can therefore be discussed. The models 

don’t account for wave set up along shoreline as the coastal slope produce elevated wave heights. This 

effect may add to the total wave height at shorelines and quays. It should be said that more advanced 

models that account for more physical variables may produce values more accurate to possible real-

world conditions.  
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5.2 Flood prevention study 
 

The case study of Hammarby Sjöstad and proposed measures therein can be used as an analogue for 

similar areas of urban development in marine environment. The ongoing development of Värtahamnen, 

Frihamnen and Kolkajen fits into this category. Further studies on these areas concerning coastal 

flooding and wave modelling were not performed in this study due to limitations of material and time. 

The proposed barrier across Danvikskanalen to shield Hammarby Sjö from the sea have certain 

vulnerabilities. Barriers that depend on a closing mechanism always carry an inherent chance of failure. 

The frequency rate of barrier closings is expected to increase as the sea level rises. It is highly preferable 

to have strong enough flooding infrastructure behind the barrier in case of barrier failure. This type of 

measure constitutes a large investment; both economic, spatially as well as the sealing of the channel.  

The quay of Skeppsbrokajen on Stadsholmen is one of the areas in central Stockholm most exposed 

to wave action. The long wind fetch length enables higher waves than in Nybroviken and possibly most 

of central Stockholm. This highlights the importance of sufficient protection against storm surges on 

Skeppsbrokajen. The neighbouring island of Riddarholmen is a part of Gamla Stan and display 

vulnerable areas as well. Studies of flood risk in this area may be material for future studies. The altitude 

error in the elevation model used in the wave modelling and sea-level operations were only 10 cm at the 

most on hard surfaces. This error can be viewed as negligible.  

 

5.3 Future projections 
 

Investments in various flood protection measures to protect Stockholm from something that may be 

problematic in 200 years is complicated. Instead of focusing on traditional flood defence, such as 

barriers and walls, it may be wiser to adapt the urban development to make the city itself more resilient. 

Changes in regulation and building codes may serve this purpose. An interdisciplinary approach to 

systems of flood protection are preferable. Regulation have been put into power on a national and 

regional scale to dissuade constructing buildings too close to the sea and promote sustainable urban 

planning. The current lowest foundation level of 225 cm in central Stockholm is set in relation to 

projections of sea level rise by 2100, using RH2000. The County administrative board of Stockholm 

notes that the current state of knowledge regarding future sea-level projections needs to improve in order 

to make assessment past 2100. The sea level will most likely continue to rise after 2100 and it can be 

argued that regulation should have a longer time frame.  

It is highly uncertain whether the occurrence rate and magnitude of extreme wind events in 

Stockholm will change significantly in the future. The occurrence of intense precipitation events will 

probably increase in Sweden, foremost during the winter. This coincides with the typical high point of 

the sea level variations in the Baltic Sea induced by large-scale pressure variations. These factors 

along the projections of future sea level rise indicates that the risk for perilous compound events may 

increase in the future.  
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An aspect that is important to keep in mind for urban planners is the vulnerability of relying too 

much on flood prevention efforts. Every measure can fail, and when they do it can lead to catastrophic 

results. The potentially false sense of security offered by flood protection may therefore lead to a 

treacherous passiveness. The construction of large barriers in the Stockholm Archipelago to protect the 

city is one such measure that could increase this risk. Implementing several layers of flood prevention 

efforts may in this matter be valuable.  
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6. Conclusions 
 
The thesis discusses possibilities regarding the future of Stockholm’s climate adaptation and urban 

planning. There is currently very small risk of substantial coastal flooding in urban areas from Saltsjön 

or Mälaren. The amount of vulnerable areas increased drastically when using future projected sea levels 

of 2 m and higher. The addition of waves adds a contributory effect to potential high sea levels in regard 

to coastal flooding. Wave modelling of the inner bays of Saltsjön estimated the largest significant wave 

height at Stadsholmen to 83 cm. Due to the wide disparity of characteristics in these areas, it is difficult 

to propose a single effective protective measure. The implementation of flood prevention efforts should 

be adapted to the local conditions of the specific urban area. This is to avoid negative functional and 

aesthetic effects in the cityscape while maintaining a sufficient level of resilience and protection against 

future conditions.  
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Appendix 
 

 
Figure 18. Topobathymetric map of Saltsjön. Made with data from Lantmäteriet and Swedish Maritime Agency. 

Data were not available for Danvikskanalen, Djurgårdskanalen and Svindersviken.   
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Figure 19. Wind rose diagram over the frequency rate of the strongest winds occurring in central Stockholm 

1961-2019. Wind speeds are adjusted for the inland effect (equation 2) and therefore appear higher.  
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Figure 20. Largest possible significant wave height of fetch-induced waves at Nybroviken, using the USACE 

2002 Wave Model and weather conditions of 23 m/s winds at 130o.  
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Figure 21. Upper: Visualization of flooded areas of Stadsholmen with a 310 cm elevated sea level. Lower: 

Flooded areas of Stadsholmen with simulated barriers along the quays. See figure 13 for barrier heights used.  
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