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Abstract 

Heavy precipitation events are expected to increase in the future, due to climate change. This predicted 

change will increase the risk of flooding, especially in urban areas. To mitigate these challenges and 

support a sustainable urban development, Nature-based solutions (NBS) can be used as a flood risk 

reduction measure. The NBS wetlands and constructed wetlands, composed of ponds, canals and 

ditches, are commonly used solutions which are multifunctional and primarily provides flood regulatory 

services, water quality improvements and increased biodiversity. To reach the full potential of NBS, the 

location and design is crucial. At present planning practise, a user friendly and time efficient tool to 

investigate suitable locations within a catchment is missing, where the concept of connectivity has arisen 

as a useful approach.  

 

In this study, the NBS concept and the potential of wetlands for flood risk mitigation have been 

investigated. In addition, the connectivity of two study case catchments has been analysed by using the 

Connectivity Index (IC index) by Cavalli et al. (2013). The aim has been to evaluate whether the IC index 

can be used to find suitable locations for NBS. Further, the study seeks to investigate how the IC index 

can be integrated into NBS planning practice in order to create useful information for the decision-

making process. To validate the IC index result, a comparison has been performed with earlier flood 

events, two hydrological models, Multi criteria decision analysis and spatiotemporal soil parameters. 

From the obtained result and analysis, preliminary solutions have been proposed for two case studies in 

Sweden and Portugal. 

 

The result shows that IC index is promising as an, early stage, first assessment tool in NBS planning 

practice which can be used in order to allocate areas suitable for NBS. To find the most beneficial 

location and the site-specific design, a deeper investigation of the site-specific conditions is required. 

Moreover, a successful implementation is dependent on a close collaboration between different 

stakeholders and expertise. Finally, this study shows that realizing the potential of NBS wetlands is 

essential to create sustainable urban development and liveable and attractive cities. 
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Sammanfattning 

Översvämningsrisken kommer att öka på grund av ändrade nederbördsmönster som ett resultat av 

klimatförändringar. Kraftig nederbörd förväntas att bli allt vanligare vilket kommer att innebära en 

större översvämningsrisk i framförallt urbana områden. Genom att använda naturbaserade lösningar 

(NBS) kan översvämningsrisken reduceras samtidigt som en hållbar utveckling främjas. Exempel på 

dessa lösningar är våtmarker och anlagda våtmarker bestående av dammar, kanaler och diken. Dessa 

lösningar är multifunktionella och genererar både översvämningsskydd, förbättrar vattenkvaliteten 

samt ökar den biologiska mångfalden. Lokaliseringen av en lämplig plats och utformning för NBS är 

viktigt för att nå dess fulla kapacitet. För tillfället saknas ett användarvänlig och tidseffektivt 

planeringsverktyg för detta ändamål, där konnektivitets begreppet har omnämnts som användbart.  

 

I denna studie har NBS konceptet och våtmarklösningars potential för översvämningshantering 

undersökts. Vidare har konnektiviteten av två avrinningsområden analyserats med hjälp av IC indexet 

utvecklad av Cavalli et al. (2013). Arbetet har syftat till att utvärdera huruvida detta IC index kan 

användas för att hitta lämpliga platser för NBS. Studien har även undersökt var detta IC index kan 

användas i planeringsprocessen för NBS för att skapa beslutsunderlag. För att styrka IC index resultaten, 

har en jämförelse av tidigare översvämmade platser, två hydrologiska modeller, en multikriterieanalys 

genomförts samt samt en analys av säsongsvarierande och lokala jordarts egenskaper. Resultaten och 

analysen har legat till grund för föreslagna NBS lösningar för respektive område.  

 

Resultatet visar att detta IC index är ett lovande som ett NBS planeringsverktyg i tidigt skede av 

planeringsprocessen för en första översiktlig bedömning av ett avrinningsområde med avseende på att 

hitta en lämplig placering för NBS. För att hitta den mest gynnsamma platsen och utformningen krävs 

en djupare undersökning av områdets förutsättningar. Vidare är det viktigt att identifiera och möjliggöra 

ett samarbete mellan olika aktörer med olika kompetens för att uppnå en lyckad lösning. Slutligen visar 

denna studie att våtmarker har en god potential för att skapa en hållbar samhällsutveckling och därmed 

attraktiva städer.  

 

Nyckelord: Naturbaseradelösningar, våtmarker, översvämningshantering, sediment konnektivitet. 
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1 Introduction 

Climate change is according to European Environmental Agency (EEA) (2017) continuing in both 

Europe and globally, where land- and sea temperatures continue to reach new record levels. Global 

warming has a direct effect on future precipitation patterns, where a warmer climate will increase the 

evapotranspiration and increase the atmospheric moisture which will entail more intense precipitation 

events. This will increase the probability of natural disasters such as flooding (Trenberth, 2011; EEA, 

2013). Consequently, Europe is facing major challenges in order to adapt and to prevent disasters due 

to changed weather conditions and land use (Baur et al., 2013). Further, land use changes such as a 

higher degree of soil sealing in urban areas raise the vulnerability to pluvial flooding (Ahlmer et al., 

2018; Scalenghe & Marsan, 2009). According to European Commission (EC) (2016) the soil sealing will 

continue, today over 70% of Europe’s population lives in cities and is expected to increase to 80 % by 

year 2050, which correspond to 36 million new urban citizens.  

 

Urban planning practice has traditionally relied on conventional engineering solutions in order to adapt 

to climate change, but this may not always be sustainable and cost-effective (Kabisch et al., 2017). 

Instead, the EC (2015) advocates for strategies inspired and supported by the nature, so called nature-

based solution (NBS). NBSs aim to be resource- and cost-effective, provide environmental, social and 

economic benefits and help to build resilience in societies (Kalantari et al., 2018; Cohen-Shacham et al., 

2016; EC, 2016).  In 2015, the United Nations (UN) declared a historical resolution, the Agenda 2030 

for sustainable development, formulated in 17 global goals. To reach the goals, the implementation and 

upscaling of the NBS concept will be central (WWAP, 2018). 

 

Wetlands and constructed wetlands are effective NBS in order to provide flood regulatory services in an 

urban and non-urban context. Further, wetlands are multifunctional and provide co-benefits such as 

improved water quality, due to its natural features and ability to retain nutrients and contamination 

loads (TEEB, 2011).  Wetlands can also increase the biodiversity and pose recreational services.  

 

In an urban context the limited amount of space requires a balance between green and grey 

infrastructure to be efficient, where constructed wetlands composed of ponds, small scale wetlands 

linked together in canals/ditches has been proven to be effective solutions (WWAP, 2018; Kazmierczak 

and Carter, 2010). In a non-urban context, large scale wetlands solutions such as floodplain restoration 

can be applied in order to restore the landscape and make it more resilient to climate change. Further, 

these solutions will also have an effect on the whole catchment which can reduce the flood risk (EC, 

2015). When implementing NBS for flood risk mitigation, it is important to adapt the planned solutions 

to the specific local site conditions, e.g climate, ecosystems and management. This in order to avoid 

generalised solutions and to reach NBS’s full potential and minimise the costs (WWAP, 2018). 

 

To find suitable locations for NBS wetland, the concept of connectivity has been proposed as a useful 

method (WWAP, 2018). Connectivity is the degree of linkages and internal connection of water and 

sediment within a catchment (Bracken & Croke 2007). By analysing the connectivity of a whole 

catchment, natural and suitable locations for disconnecting features such as wetlands can be detected. 

Wetlands are used in order to decrease the connectivity of a catchment which can reduce the flood risk. 

Finally, the understanding of the catchment connectivity makes it possible to manage it in a desirable 

way, hence it is a useful concept for land and water management (Keesstra et al., 2018; Thorslund et al., 

2017).  

 

Cavalli et al. (2013) designed a method to assess the sediment connectivity in a catchment, which 

resulted in a sediment connectivity index referred to as the IC index. The work of Cavalli et al. (2013) is 

a development of the original index proposed by Borselli, Cassi and Torri (2008). The IC index aims to 

describe how well different parts of the catchment is linked together – connected. The IC proposed by 

Cavalli et al. (2013) is designed for alpine catchments, where the topographical characteristics, slope 

and surface roughness, are the dominant influencing factors for water and sediment transport. The 
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index can thereby be derived from high resolution Digital Elevation Models (DEMs) as the only data 

source.  

 

In recent research conducted by Kalantari et al. (2017), Cantone (2016), Michielsen et al. (2016) and 

Ahlmer et al. (2017) the IC index has been used to quantify flood probability on roads in western Sweden. 

A knowledge-gap between IC index research and the research field of NBS wetlands has been identified. 

The overall aim of this project is to investigate the potential of NBS for flood risk mitigation in an urban 

context. Further, the connectivity concept and the IC index proposed by Cavalli et al. (2013) has been 

applied in order to evaluate if it is an effective and valid approach to identify potential locations of NBS 

for flood risk mitigation in urban areas. The result is of relevance to decision makers since it can provide 

a tool to identify suitable locations for NBS. To reach the aim, two different catchments in Stockholm 

region, Sweden, and Coimbra region, Portugal, will be analysed and compared. This project is based on 

the following five research questions: 

 

- How is the NBS wetlands used in urban planning today? 

- What is the future potential of the NBS wetlands for flood hazard mitigation in urban 

areas? 

- How well does the result of the IC method correspond to conventional hydrological 

models for the two catchments? 

- Can the IC method be used independently in order to find a good location for NBS? 

- How can the concept of connectivity and IC tool be implemented and what is its 

potential in the decision-making processes? 
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2 Nature-based Solution 

Urban planning practise has traditionally relied on conventional engineering solutions for risk 

mitigation and climate change adaptation. However, this may not always be sufficient, sustainable and 

cost-effective (Kabisch et al., 2017). Instead, EC (2015) advocates for strategies to work with ecosystems, 

inspired and supported by nature so called nature-based solutions (NBS). The overall goal of NBS is to, 

in a proactive way, protect, manage and restore natural ecosystems in order to tackle the societal 

challenges: climate change, food- and water security and natural disasters. Further, NBSs aim to be 

resource- and cost-effective and build resilience in societies (Cohen-Shacham et al., 2016; EC, 2015; EC, 

2016; Eggermont et al., 2015). To meet the 17 global goals in agenda 2030, NBS support a circular 

economy by recognizing ecosystems as natural capital that should be used in a restorative manner, 

where reuse and recycling are a fundamental concept in order to enhance resource productivity (WWAP, 

2018). Finally, the EC (2015) has established the following four principal goals that can be addressed by 

NBS:   

1. Enhancing sustainable urbanisation 

2. Restoring degraded ecosystems 

3. Developing climate change adaptation and mitigation  

4. Improving risk management and resilience. 

 

The recognition of the NBS concept in urban planning practise is relatively new, where it has been 

developed and applied in different contexts over the last 20 years (Potschin et al, 2015). NBS was initially 

used to address agricultural problems, there among food security and water resource management (Guo 

et al., 2000; Blesh and Barret 2006). The driving force for the NBS development in urban planning 

practise has been the recognition of the concept by the following international organisations: European 

Commission (EC), International Union for Conservation of Nature and Natural Resources (IUCN) and 

the World Bank (Mittermeier et al., 2008). 

 

The NBS concept was initiated by the World Bank at the end of the 2000s, which between 1988 and 

2008 invested approximately $6 billion in projects world-wide supporting NBS for climate change 

adaptation and mitigation (World Bank, 2008). The economic investments enabled IUCN to position 

themselves in favour of the NBS concept and advocate NBS as a strategy to adapt to climate change in 

the Paris negotiation (IUCN, 2009; Pauleit et al., 2017). The current work by IUCN focuses on the 

development of an operational framework that will help urban planning practitioners to implement and 

apply the NBS concept (Cohen-Shacham, 2016).  

 

In EU the NBS concept was adopted by the EC, with the prospect to coordinate and direct the existing 

European policies regarding e.g. climate change adaptation and disaster risk reduction, towards a more 

unified agenda (EC, 2015). As a result of this initiative, EC established a Research and Innovation expert 

group (R&I group) in 2014, which developed and promoted the use and implementation of the NBS 

concept in urban planning (Faivre et al., 2017). Further, EC included the NBS concept in the Horizon 

2020 Research and Innovation Program, with the intention to become a world leader on NBS 

implementation (EC, 2015). According to EC (2015), NBS is still at a concept phase and to reach its full 

potential and enable mainstreaming, an evidence base of the effectiveness of NBS is required. 

 

Additionally, Raymond et al. (2017b) highlight the importance of integrating NBS in strategic planning 

documents on both international, national and regional level, to enable a mainstreaming of the NBS 

concept. Similar, current research agrees on a development towards a holistic and multi-sector 

framework for an effective implementation and realisation (Raymond et al., 2017a; Xing et al., 2017; 

Nesshöver et al., 2017; Eggermont et al., 2015). Consequently, EC made investments between 2016 and 

2017, for mainstreaming of the NBS concept across a variety of sectors, scales and stakeholders. These 

investments were focused on large demonstration projects and coordinated support actions to formulate 

a holistic framework (Faivre et al., 2017). Similar, the work by IUCN has focused on the development of 

a single operational framework for NBS. The intention is to enhance an up-scaling of the NBS 
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implementation and support the development of NBS standards, to simplify the planning and decision-

making process (Cohen-Shacham et al., 2016).  

2.1 Definition of NBS 

The work of framing the NBS concept has focused on to define and distinguish the concept from other 

similar ecosystem-based approaches, such as green and blue infrastructure (GBI) (Potschin et al, 2015). 

However, the definition of the NBS concept is still divergent and current research, therefore, requests a 

unified definition with clear boundaries (e.g Raymond et al., 2017a; Maes & Jacobs, 2015; EC, 2015; 

Pauleit et al., 2017). IUCN and EC have agreed on their own definitions of NBS, which are similar in the 

sense that they both seek to address societal challenges by using the ecosystem and ecosystem services 

advantages in an effective manner. The two definitions of NBS are shown in table 1. 

 

Table 1: Definitions of NBS according to European Commission (EC) and International Union for 
Conservation of Nature (IUCN)  

European Commission (EC) International Union for Conservation of Nature 
(IUCN) 

“Solutions that are inspired and supported by 

nature, which are cost-effective, simultaneously 

provide environmental, social and economic 

benefits and help build resilience. Such solutions 

bring more, and more diverse, nature and 

natural features and processes into cities, 

landscapes and seascapes, through locally 

adapted, resource-efficient and systemic 

interventions” (EC, 2015). 

“Actions to protect, sustainably manage and 

restore natural or modified ecosystems that 

address societal challenges effectively and 

adaptively, simultaneously providing human well-

being and biodiversity benefits.” (Cohen-Shacham 

et al., 2016) 

 

Despite the resemblance of the two definitions, they do have some significant differences. While the core of 

IUCN’s definition is to make use of existing natural ecosystem and manage and restore them, the EC 

definition is broader in the sense that is also promotes constructed solutions supported by nature (Cohen-

Shacham et al., 2016). 

 

2.2 Implementation and application  

A successful implementation of the concept requires involvement of all relevant sources of expertise and 

interests in the planning- and decision-making process, due to the multi-dimensional and complexity of 

NBS (Nesshöver et al., 2017). The involvement of a wide range of stakeholders and actors will require a 

development of different communication tools and methods. The R&I group was directed by EC in order 

to develop an effective method to strengthen the base for multidisciplinary communication (EC, 2015). 

In addition, Raymond et al. (2017a) advocate dialogue platforms, social innovation and private public 

partnership as a useful communication tool. Finally, a successful implementation of NBS in urban 

planning relies on a proactive approach where an early implementation in the planning process is a key 

(Kabisch et al., 2016). 

 

A development of a stronger evidence-base of NBS is another key aspect for a successful NBS 

implementation, where knowledge about measuring the effectiveness of NBS is central (Kabisch et al., 

2017). Raymond et al. (2017b) has developed an application guide on how to measure the effectiveness 

of different NBS projects. They suggest working with measurable indicators to assess, monitor and 

communicate the effectiveness of different NBS. However, Raymond et al. (2017b) and Kabisch et al., 

(2017) both conclude that further research about NBS effectiveness related to temporal scale is required, 

it remains unclear what approaches that would be most effective in the long run and which would 

present effective result immediately after the implementation. Therefore, it is important to consider the 

possible time gap between the initial effect of the implemented NBS and the point when it reaches its 

full effectiveness, when assessing the effectiveness of a given NBS. 
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To evaluate the economic effectiveness of NBS Potschin et al. (2015) suggest validation methods such as 

‘avoided costs’ from for instance damages or problems that would occur without implementing NBS. 

Cost-benefit analysis is another method that can be used to support decision makers to select between 

different solutions (Raymond et al., 2017b). It should be stressed that additional methods may be 

required to assess the full economical effectiveness of NBS. Raymond et al., (2017a) argues that cost-

benefit analysis can be insufficient to evaluate the economical effectiveness of NBS, since they may not 

alone account for the long-term cumulative benefits, provided by NBS, and suggest additional methods, 

such as participatory assessments, group modelling and integrated sustainability assessment. 

2.3 Advantages and disadvantages of NBS  

2.3.1 Advantages  

In this section the main advantages of NBS reviewed in the literature are presented. The four main 

advantages are; sustainable systematic and integrative approach, resource efficient, long-term cost-

efficient and co-benefits. 

The systematic and integrative approach is one strong advantage of NBS (Nesshöver et al., 2017). If NBS 

is applied in a suitable manner, it has the possibility to, in an innovative way, use natural elements to 

reach environmental and societal goals (Eggermont et al., 2015; Kabisch et al., 2017). More specific, NBS 

can provide energy- and resource-efficient measures to climate changes that at the same time support 

and protect our natural capital (Kabisch et al., 2017; Kalantari et al., 2018). Furthermore, NBS has in 

many cases been proven to be more cost-effective and multifunctional over long-time, compared to grey 

solutions (Bauduceau et al., 2015), this as a consequence of their often low maintenance cost and flexible 

application nature (Depietri & McPhearson, 2017). In addition, NBS provides a variety of multiple-

benefits, often socio-cultural values, such as recreation, increased biodiversity, and cultural heritage 

(Kati & Jari, 2016) as well as improving the well-being of urban population (Goldenberg et al., 2018). 

Pollution-control and opportunities for an enhancement of human well-being are other co-benefits 

provided by NBS (Depietri & McPhearson, 2017; Goldenberg et al., 2018). 

2.3.2 Disadvantages 

In this section the main disadvantages of NBS reviewed in the literature are presented. The four main 

disadvantages are; longer time frame compared to grey solutions, space consuming, ecosystem 

disservices and segregation and environmental injustice. 

 

A central disadvantage of NBS is the, in general, longer time frame before reaching its full potential and 

effects, compared to grey solutions (Kabish et al., 2016). Solutions based on ecosystems services, 

requires a significant time frame to create or restore a habitat, which can be an obstacle in fast growing 

urban areas and a reason for choosing conventional grey solutions (Eggermont et al., 2015).  

Additionally, local conditions have to be transdisciplinary well understood, in order to choose the most 

beneficial NBS at a specific sight to reach the full potential. This requires expertise and experience in 

relevant areas, which may be costly as well as time consuming (Nesshöver et al., 2017). Finally, NBS in 

urban planning and policy development processes can, without clear strategies, be time consuming. The 

multidisciplinary process related to NBS, involves various stakeholders with numerous different interest 

and assets (Raymond et al., 2017a; Nesshöver et al., 2017). 

 

Many NBS projects in an urban context e.g. open storm water management requires more space 

compared to grey solutions such as underground systems. Therefore, a potential conflict with the global 

goal of increased urban compactness and NBS can be regarded as a drawback (Kati and Jari, 2016). The 

multiple-benefits provided by NBS can also have a downside, where the concept of ecosystem disservices 

(EDS) has gain attention in recent years (von Döhren and Haase, 2015). For instance, NBS based on 

open water surfaces such as wetlands and storm water handling systems, in combination with increased 

temperatures, could enlarge the infection risk of vector-borne infectious diseases there among Malaria 

and Dengue Fever (Stresman, 2010; Finlayson et al., 2015).  
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Implementation of NBS in urban areas may not be beneficial for all citizens. Segregation is a disquiet 

effect, due to the displacement of population groups who cannot afford higher rents and land prices as 

a consequence of increased reputation and living standards posed by NBS (Golenberg et al., 2018; 

Kabish et al., 2016). Gamper-Rabindran and Timmins (2011) conducted a large-scale census study in 

the United States of America between year 1990 and 2000 and found a strong correlating of green urban 

development with socioeconomic demographic changes such as gentrification. They concluded that, 

gentrification can result in environmental injustice and generate a major community opposition against 

environmental projects (Gamper-Rabindran and Timmins, 2011; Wolch et al., 2014). 

2.4 NBS for watershed management, flood risk mitigation and nutrient control 

Between 2002 and 2012, flood hazards affected 50% of the total population who were affected by any 

natural hazard (EC, 2015). In addition, land degradation actions such as drainage of natural ecosystems, 

for instance wetlands, along with soil sealing as a consequence of urbanization, raises the future 

vulnerability for both fluvial and pluvial flooding (Andersson, 2012; Scalenghe & Marsan, 2009). 

Without any new measures and adoption policies, EC (2015) estimates the annual damages costs caused 

by pluvial flooding to increase from the current costs of approximately €6 billion to €100 billion in 2080. 

 

Grey solutions e.g. embankments and detention basins, have traditionally been used for flood risk 

reduction. Although, their space efficiency and possible monitoring features are advantages in a 

changeable urban context (The Nature Conservancy, 2013), grey solutions are often costly, due to their 

high maintenance level and inflexibility. Additionally, they have a negative long-term effect on 

ecosystems and failure can cause catastrophic impacts on societies and ecosystems (Depietri & 

McPhearson, 2017). Consequently, the proponents of NBS, argues for the use of NBS rather than grey 

solutions as a measure for flood risk reduction, where a proactive management of natural processes are 

applied in water management planning (WWAP, 2018). 

 

The two principal NBS goals proposed by EC (2015), Developing climate change adaptation and 

mitigation and Improving risk management and resilience, pay particular attention to NBS actions 

related to flood risk reduction, where floodplain restoration and a combination of green, blue and grey 

solutions are highlighted as multiple co-beneficial NBS. Similar, WWAP (2018) concludes that a balance 

between green and grey infrastructure is the most effective solution to maximise benefits and system 

efficiency and at the same time minimising costs and trade-offs. Important co-benefits provided by flood 

risk reduction NBSs are improved biodiversity, carbon storage, coastal resilience, reduction of nutrient 

and pollution loads as well as landscape- and recreational improvements (Kabisch et al., 2017; 

Eggermont et al., 2015; Gomez-Baggethun et al., 2013). The importance of the co-benefit reduction of 

nutrient and contamination loads has as a consequence of the increased urbanization gained attention. 

When implementing NBS for flood risk mitigation and nutrient control, it is of importance to adapt the 

planned solutions to the specific local site conditions, e.g climate, ecosystems and management. This to 

avoid generalized solutions and to reach the full potential of NBS, as well as minimise the costs (WWAP, 

2018). 

 

In an urban context, stormwater runoff has become an increased challenge for both flood and 

contamination control (Kalantari et al., 2018). The contamination transport into water bodies has a 

direct impact on both surface and groundwater quality, where NBS can be used in order to control these 

effects (WWAP, 2018). The NBS; constructed wetlands and nature itself can in an urban context provide 

both flood regulatory services and water source protection (Kalantari et al., 2018). Constructed wetlands 

provide particular benefits for water quality, due to its natural features and ability to retain nutrients 

and contamination loads (TEEB, 2011). The protection and restoration of natural nature elements can 

also provide regulatory services for the water balance and water quality (Kabisch et al., 2017). 
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2.5 Wetlands 

The internationally accepted definition of wetland is broad and has been developed by the Ramsar 

Wetland Convention, and is formulated as: “a variety of inland habitats such as marshes, peat lands, 

floodplains, rivers and lakes, and coastal areas such as salt marshes, mangroves, intertidal mudflats 

and seagrass beds, and also coral reefs and other marine areas no deeper than six metres at low tide, 

as well as human made wetlands such as dams, reservoirs, rice paddies and wastewater treatment 

ponds and lagoons” (Grobicki et al., 2016 p.1). The Ramsar Convention provides a framework for 

national actions and international cooperation in favour of the conservation and a wise use of wetlands 

as a nature resource (Ramsar, 2014a; Davis, 1994). The convention came into force in 1975 and today 

90% of the UN member states are a part of the convention. The convention is built on three pillars, which 

oblige the member parties to work towards a wise use of all their wetlands, to assign wetlands of 

international importance to the “Ramsar List” and manage those in an effective and sustainable manner 

and finally international cooperation regarding transboundary wetlands (Ramsar, 2014b). The current 

number of wetlands in the “Ramsar list” is over 2200, which covers a total area of approximately 2 100 

000 km2, equivalent to 0. 14 per mill of the earth's total land area (Ramsar, 2014c). Over the years, the 

policy and financial work with wetlands preservation and construction has evolved in Europe. On a 

European level, it is today possible for agriculturists to get financial support for wetland projects from 

the European Rural Development program with the timeframe 2020 (EC, 2014). 

 

The NBS wetland, is considered as an effective solution for flood risk mitigation and nutrient control 

(Thorslund et al., 2017). As the frequency of natural hazards increases, the importance of wetlands in 

favour of flood risk mitigation that can strengthen the resilience of the catchment is increasing, both 

locally and at larger scales (WWAP, 2018). More specific, natural and constructed wetlands can 

strengthen the natural buffering capacity of a catchment, which will improve the water regulation 

function at high flows (Andersson, 2012). Furthermore, wetlands are often described as natural sponges, 

due to their long hydraulic residence time combined with their vegetative features which play an 

important role in reducing downstream peak flows, erosion rates and nutrient retention (LePage, 2011; 

EPA, 2018). A study conducted by Acreman and Holden (2013) concluded that the most important 

characteristics of a wetland in order to mitigate flood hazard efficiently are: 

 

- Topography and slope, where low flat topographical points and depressions in the landscape 

have a higher storage capacity compared to inclined areas. 

 

- Landscape configuration, where wetlands situated in rainy areas has a tendency to overflow 

easier. 

 

- Soil characteristics, where the physical properties of the soil (e.g. porosity and hydraulic 

conductivity) are important. 

 

- Management, the preservation of vegetation plays an important role in reducing runoff speed. 

 

Wetlands act as sinks for both nitrogen (N) and phosphorus (P), which are an important function that 

can prevent and decrease eutrophication rates in lakes and in particular the highly eutrophicated Baltic 

Sea (Coveney et al., 2002; Paludan et al., 2002). Many factors determine the conditions for nutrient 

removal in a wetland, Anderson (2012) highlights the hydraulic retention time, oxygen level, pH and 

bottom living animals as important factors. An efficient N and P removal requires different physical 

conditions where Fisher & Acreman (2004) concludes that an efficient N and P removal may require 

different wetlands for each purpose. For instance, an efficient N and P removal is achieved at different 

oxygen level states, where an aerobic state will enhance the P removal through sorption, whereas N 

removal through denitrification is enhanced during anaerobic conditions. 
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2.6 Example of NBS for watershed management flood risk mitigation and nutrient control in 

Europe 

2.6.1 Malmö Augustenborg 

Malmö, Sweden’s third largest city, has over the years gained recognition for their sustainable 

development work (Austin, 2013), where much effort has been put into integration of different NBS as 

a mitigation measure towards a sustainable urban stormwater system (Sthare, 2008). The residential 

neighbourhood Augustenborg, has historically been vulnerable to flooding and was in 1998 regenerated 

as an “eco-city”, where one of the main objectives was to implement a new open storm water system to 

reduce the risk for future floods (Granberg, 2001). The main project actions have focused on the 

improvement of the areas green and blue infrastructure by the implementation of NBS to manage 

stormwater and further strengthen the biodiversity and recreational values in the area. 

 

The interactions between different NBS features were used to create a multifunctional open storm water 

system in Augustenborg. The result was a network composed of green spaces, small scale wetlands and 

retention ponds, linked together with open drainage channels and ditches, which covers a total area of 

approximately 20 ha (Kazmierczak and Carter, 2010). The solution enables the management of 

precipitation and generated surface runoff as close as possible to the source by local infiltration on green 

spaces (parks, lawns, permeable parking lots). Whereas, the excessed water from heavy precipitation 

events can be retained in the constructed ponds and wetlands and transported along the network of 

channels and ditches (Stahre, 2008). 

 

An impact evaluation of the environmental, social and economic benefits provided by the project has 

been performed by Kazmierczak and Carter (2010), which concludes that no floods have been reported 

between 2002 and 2010, despite the 50-year precipitation event in 2007. Further, they estimate that 

90% of the areas generated storm water is handled locally in the open storm water system and that the 

biodiversity has increased by 50%. Finally, the project has provided social and economic benefits, such 

as an increased local participation in project and an increased election voting rate. 

2.6.2 Kristianstad Vattenriket 

The Swedish municipality Kristianstad is located in the southern part of Sweden along the coast to the 

Baltic sea. The surroundings of the city are characterized by the large river Helge ån surrounded by an 

extensive wet-landscapes referred to as “Vattenriket”. In 2005, the area was designated as a Biosphere 

Reserve by UNESCO due to the wide range of ecosystem services provided by this ecosystem, there 

among flood control and nutrient removal. The objective is to protect and adapt the area to climate 

change (Olsson et al., 2007; Wettemark, 2016). Many of the measures in Vattenriket is comparable with 

NBS. Initially, the work towards a sustainable use of ecosystem services in Vattenriket began in 1989, 

when the municipality of Kristianstad and The County Administrative Board of Skåne, created a 

restoration and maintenance program for the wet-landscapes, with the objective to increase the 

ornithological values. However, the project has developed towards a more holistic approach, where a 

wider range of actions and actors to provide a broader range of ecosystem services have been 

implemented (Magnusson, 2004).   

 

The preservation and restoration of the wet-landscapes around the river Helge å has an important water 

regulatory service and works as a natural buffer in favour of flood protection. Due to the dynamic water 

regime of Helge å, with an average fluctuation of 1.5 m, the project aims to allow seasonal flooding as a 

natural part of the landscape. As a consequence of this strategy, the areas are protected from further 

exploitation (Nekoro & Svedén, 2009; Biosfärkontoret Kristianstads Vattenrike, 2009). A co-benefit of 

the wet-landscape is the provided nutrient removal of nitrate and phosphorus, which decrease the 

nutrient load to the highly eutrophicated Baltic Sea (Nekoro & Svedén, 2009).  
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The work and results of Vattenriket has been described as successful due to the close cooperation 

between local, national and international authorities, organisations and citizens, where the ecomuseum 

“Naturum Vattenriket” has been a key for knowledge exchange and interaction (Wettemark, 2016). 

2.6.3 Floodplain restoration - Room for the rivers 

The Dutch “Room for the river"-project is one example of a large-scale implementation of NBS for flood 

risk mitigation related to climate change. The Netherlands is naturally a flood prone country, due to its 

lowland features and geographical location in the delta of major European rivers to the North Sea. The 

Dutch government implemented the project as a mitigation measure for flood safety as a consequence 

of the extremely high-water levels in 1995, which harmed the surrounding farmlands. The overall goal 

of the project is to give the river more room, in order to increase the discharge capacity of the river to 

the North Sea. The project protects four million citizens from climate change-related floods, improves 

the environmental conditions for humans and nature and strengthens the economy. This by using a 

large-scale catchment approach where restoring and lowering lost river floodplain areas, moving dikes 

and remove obstacles. The taken measures have declined the surface level of the river with an average 

of 35 cm. As a part of the large-scale approach, the catchment has been analysed and re-configured as a 

linked system, where the described measures have been located in areas which positively affect other 

areas from flood risk (Room for the river, 2015). 

 

The project has adopted a multi-governmental and multi-functional approach, where apart from the 

primary flood control service the project also has posed co-benefits such as increased biodiversity, 

aesthetic and recreational services along the restored floodplain (EC, 2015). Due to the cross-border 

catchment area, this project has been governed on an international, national and regional level, where 

regional and national water authorities have cooperated, from planning to implementation stage, based 

on international flood protection schemes (Rijke et al., 2012).  
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3 Connectivity  

3.1 The concept of connectivity and dis-connectivity 

The concept of connectivity has recently received widespread scientific attention in the field of 

controlling runoff and soil erosion, where prediction of storm water runoff patterns and sediment 

transport are of importance in urban risk mitigation. In order to gather and unite the experience and 

expertise in the field of connectivity across Europe, the COST (European Cooperation in Science and 

Technology) action ES1306: Connecting European Connectivity Research (Connecteur) was born. The 

project, which ended in april 2018, saw the participation of almost 80 % of the European countries, 

encompassing Sweden and Portugal (Connecting European Connectivity Research, 2018). The main 

goal of Connecteur was to establish connectivity as a new research paradigm. This will enable knowledge 

exchange, monitoring and modelling tools that will build up a platform for indices which could entail a 

more holistic management for catchment systems. 

 

Bracken & Croke (2007) defines connectivity as the degree of linkages and internal connection in 

networks, in the field of environmental and earth science. The connectivity of a landscape is based on 

geomorphological parameters such as topographic wetness, runoff pathways, hillslope, morphology and 

sediment transport (Bätz et al., 2015). During the last decade, conceptual frameworks regarding 

hydrological and sediment connectivity have been established (Masselink et al., 2016). The concept of 

connectivity can be divided into structural connectivity (network structure) and functional connectivity 

(dynamical processes). Where the former aims to analyse the spatial patterns that influence the flow 

paths in the landscape and the latter aims to analyse how the spatial patterns interact with the dynamic 

runoff processes. These two are often examined separately, but Strogatz (2001) debates that the 

structural connectivity always affects the functional connectivity and vice versa, concludes that these 

concepts should be studied together.  

 

The increased understanding of connectivity has resulted in different methods to assess the catchment 

connectivity. In particular, attention has been paid to the development of indices to describe the 

sediment connectivity. Where, the research conducted by Cavalli et al. (2013) resulted in a sediment 

connectivity index, referred from now on as the IC index. Cavalli et al. (2013, p. 31) defines sediment 

connectivity as: “the degree of linkage that controls sediment fluxes throughout landscape, and, in 

particular, between sediment sources and downstream areas, is a key issue in the study of sediment 

transfer processes in mountainous catchments”.  

 

The research by Cavalli et al. (2013) is a further development of the original index proposed by Borselli, 

Cassi and Torri (2008). The IC index aims to describe how well different parts of the catchment are 

linked together in terms of sediment connectivity, pointing out possible linkage between the structural 

connectivity components such as hillslope, hydrological network and features acting as storage areas (i.e 

sinks) (Cavalli et al., 2014). The IC index is designed for mountainous catchments, where the 

topographical characteristics slope and surface roughness are the dominant influencing factors for water 

and sediment transport. The index can thereby be derived from high-resolution DEMs as the only data 

source. The IC index has been applied not only in the field of sediment transport, but also in a broader 

context for flood risk assessment. In the research conducted by Kalantari et al. (2017), Cantone (2016), 

Michiwlsen et al. (2018) and Ahlmer et al. (2017), the IC index was applied to assess and quantify the 

flood probability for road infrastructure in Sweden. 

 

The catchment connectivity is important to be considered in the field of flood risk reduction, where a 

disconnection of the landscape is a desirable measure (Keesstra et al., 2018; Bracken et al., 2013). In 

order to disconnect a landscape, the understanding of the dis-connectivity concept is important. The 

dis-connectivity of a catchment is defined by Fryirs et al. (2007) as the features and processes that 

decrease the water and sediment transport in a catchment. The disconnecting features identified by 

Fryirs et al. (2013) have been divided in three categories: blankets, barriers and buffers according if the 

sediment movement is inhibited vertically, along the channels or laterally (from the hillslope to the 



15 

 

channels), respectively. Keesstra et al. (2018) suggests that NBS can be used to disconnect fluxes of water 

and sediment, in the landscape. This category of NBS is referred to as landscape solutions such as 

wetlands, pond and grassed waterways. For a successful implementation of landscape solutions as 

disconnecting features it is important to analyse the catchment with a system approach, where the 

concept of connectivity is central for the landscape solution concept (Machovina & Feeley, 2017). Other 

factors that affect the landscape dis-connectivity are topographical properties such as slope and drainage 

area. Furthermore, Baartman et al. (2013) conclude that a more complex morphology increases the dis-

connectivity of the landscape. The placement and design of the disconnecting feature is crucial to 

successfully achieve dis-connectivity from a flood risk reduction perspective (Masselink et al., 2017). 

3.2 Wetland placement and configuration derived from the connectivity concept  

Placement and size of wetlands are two important factors in order to achieve their full potential in terms 

of flood risk mitigation and nutrient control (Fredriksson & Lidemyr, 2011; Naturvårdsverket, 2009). 

Due to climate change and large-scale land and water-use changes, Thorslund et al. (2017), Czuba et al. 

(2018) and Hansen et al. (2018) arguing for a large-scale approach. By using a large-scale approach, 

hydrological and sediment conditions, linkages and changes can be addressed in the catchment, thus 

wetlands can be designed and located appropriately. 

 

By using the concept of connectivity, main sediment and hydrological linkages in a landscape can be 

detected and described (Bracken et al., 2013; WWAP, 2018). The goal is to find major flow-paths through 

the landscape that can interact with wetlands in order to achieve large scale flood control and nutrient 

removal. In addition, by mapping the connectivity, appropriate spots for wetlands can be detected 

(Thorslund et al., 2017). This concept is supported by Hansen et al. (2018), who also suggest the use of 

the connectivity concept in urban planning practise to locate wetlands for flood control and nutrient 

removal. However, without consideration of the large-scale approach, critical linkages could be missed 

and lead to costly and non-optional location of wetlands since critical pathways could be missed (Palmer 

et al., 2014). Thorslund et al. (2017) highlight the importance of future cross-disciplinary research and 

management. They mean that this could be an important first-step for bridging the knowledge gap 

between research and engineering and a way of mainstreaming the NBS wetland and constructed 

wetlands. The study also showed that local wetlands have a high capacity of retaining nutrients, but their 

large-scale coastal protection function was undetectable for water entering the Baltic Sea. By identifying 

high connectivity spots, the retention load in the wetland can increase. 
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4 Method 

4.1 Study cases  

In this section, the two study cases Bällstaån catchment, Sweden, and Ribeira dos Covões catchment, 

Portugal, are presented. The two catchments are of interest to study more in depth due to their flood 

prone characteristics and the urban level. The historical and present work with NBS and wetlands is in 

this section described, as well as the local features and characteristics of the two catchments.  

4.1.1 Sweden  

Nature conservation and wetland restoration  

The Swedish Environmental Protection Agency (Swedish EPA) has their own definition of wetlands; 

Areas where the water table for the main part of the year is close, below, at, or above the ground level, 

including vegetation-covered lakes. A site is called a wetland when at least 50% of the vegetation is 

hydrophilic (Naturvårdsverket, 1990). During the first half of the 20th century, 90% of wetland habitats 

were degraded due to in favour of land for a more efficient agricultural, forest and energy production. 

This action was supported by the Swedish government until 1970 (Naturvårdsverket, 2000; Anderson, 

2012). However, as a result of the increased awareness of the value of wetlands, both Swedish and 

international researchers in the late 1970 confirmed wetlands ability to act as a nutrient sink, a shift 

towards land use policies in favour of wetland restoration and construction arose (Lennqvist, 2007).  

 

In 1980, the first financial support system in Sweden for wetland construction was initiated under the 

name NYLA (new features in the landscape) with the objective to enhance biodiversity and reduce land 

only in favour of crop production (Andersson, 2012). Further, in 2004, a local nature conservation 

project named LONA was initiated by the Swedish EPA with the aim to increase and support national 

nature engagement and outdoor life. LONA works towards the Swedish environmental objective 

“thriving wetlands” formulated by the Swedish EPA states that "The ecological and water-conserving 

function of wetlands in the landscape must be maintained and valuable wetlands preserved for the 

future.” LONA is so far the greatest national action in order to advance the local conservation work. In 

favour for NBS, wetland restoration project can be economically covered up to 90 % of the expenses. 

Almost all 290 municipalities in Sweden have used this founding since the start in 2004 and the Swedish 

EPA is still allocating this found to the County Administration Board which decides on founds to the 

municipalities (Naturvårdsverket, 2018a). The LONA actions have been important in order to achieve 

the Swedish environmental goal, where 670 projects were finished during the years 2014 to 2016 

(Naturvårdsverket, 2018b).  

 

Further, between the years 2018 and 2020, a major governmental campaign for supporting wetland 

restoration and construction is made by LONA. It aims to support the local work for restoration and 

construction of wetlands within county administrative boards, municipalities and local actors in 

Sweden. The Swedish Geological Survey (SGU), is commissioned by the government to provide useful 

geological information and work supportively to County Administrative Boards in wetland project. 

Further goals with the wetland LONA project are to increase the natural water retention capacity of a 

landscape, balance water fluxes and increase the groundwater volume and quality (Naturvårdsverket, 

2018c).  

Climate trends and precipitation patterns 

The annual mean precipitation in Sweden is expected to, increase with 10% - 30% until the end of this 

century (Länsstyrelsen i Stockholms län, 2011). It will significantly change during summer and winter. 

In summer time, the precipitation events and volume will decline, but importantly, more heavy rainfall 

events will be more common. On the other hand, the precipitation volume and events will increase 

during the winter months. Additionally, the precipitation during winter will more often occurs as rain 

due to the higher temperatures (Hernebring & Mårtensson, 2013; SMHI, 2017)  
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Future forecasts conducted by Länstyrelsen et al. (2011), Olsson et al. (2010), Hernebring, Dahlström & 

Kjellström (2012) and EEA (2012), indicates climate scenarios with increased short-duration heavy 

precipitation but fewer precipitation days during summer. Furthermore, rain with 20 years return 

period is expected to increase by 10-15% during the summer period (Nikulin et al., 2011). In particular, 

the daily mean precipitation exceed 10mm is expected to increase in Stockholm region and will bring 

heavy rainfall events for the whole region (Länstyrelsen et al, 2011). The increased heavy rainfall events 

and increased temperature will affect the runoff thus the stormwater handling system. The present 

system in Sweden is generally dimensioned for rainfall events with a return period of 10 years. This will 

in other words, increase the risk for flooding in urban areas with low infiltration capacity Hernebring & 

Mårtensson, 2013).  

Climate change effects on floods 

Fluvial floods have historically occurred in Sweden during springtime as a result of snow melting. The 

current forecasts of climate change show a seasonal change of these floods, where higher fluxes will 

occur during autumn and winter time, and result in lower spring flood. These changes are predicted to 

be strongest at the end of this century. The seasonal changes will also result in up to 20% less river run-

off in most of the rivers in Stockholm region, and therefore decrease the risk for fluvial floods 

(Länstyrelsen et al, 2011). On the other hand, pluvial or so-called flash floods are expected to increase, 

these floods, caused by heavy rainfall events and insufficient stormwater handling systems. Further, 

investigations made by DHI and Stockholm Vatten, show an increased risk for pluvial floods both in 

present and future climate. Bällstaån is a part of Stockholm Stormwater system and is dimensioned for 

2 to 10 years fluxes. A change of land use and precipitation pattern will have a direct effect on the water 

flux within the stream, where some parts are more vulnerable than others (Stockholm Vatten, 2013).  

 

A flood risk investigation made by Stockholm Vatten (2013), shows that the area is vulnerable to rainfall 

events with a return period of 10 years. Further, a 100-year rain fall event will cause major damages at 

present time and in the future. The planned exploitation will increase the flood risk. To reduce the flood 

risk, Stockholm Stad (2013) suggests the restoration and expansion of the existing stormwater handling 

system as well as Bällstaån. Furthermore, Hernebring & Mårtensson (2013) have identified a knowledge 

gap, where an overview analysis of runoff patterns in extreme rainfall events as well as a detailed short-

term forecast of heavy rainfall events is needed for adequate future forecasts and measures.  

4.1.2 Stockholm region Bällstaån  

Large and serious floods are today rare in Stockholm. However, material damages and cost for the 

society due to floods is considerable (SMHI, 2018). Within Stockholm County, Bällstaån is classified as 

the most flood-prone stream due to expansive exploitation of new dwellings and infrastructure as well 

as future climate forecasts (Stockholm Stad, 2018; Ahlsman, 2011). In September 2015, parts of the area 

were affected by flooding caused by a heavy rainfall of 80mm. Several dwellings in Bromsten and 

Spånga, were seriously damaged by the rain and schools in Järfälla nearby the stream had to close due 

to flooded cellars (Järfälla Tidning, 2015-09-07; Mitt i Stockholm, 2017-05-10).  

 

The stream has a total length of 10.5 km and starts in Viksjö, Järfälla, then flows through Tensta and 

Sundbyberg before reaching lake Mälaren. The river catchment is approximately 39km2 and is covered 

by the three municipalities Järfälla, Stockholm and Sundbyberg, with greatest parts in Järfälla 

municipality, see figure 1.  
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Figure 1: Location of Bällstaån catchment in relation to Stockholm city Centre 
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Almost 75% of the total catchment is covered by a build environment, most housing and commercial 

areas but also some industries close to the stream (Stråe et al., 2014), see figure 2.  

 
Figure 2: The land use map of the Bällstaån catchment (updated between 2007 and 2016). 
 

Today the area is in a strong expansive phase with new housing areas, new traffic bypass (Förbifart 

Stockholm) and enlargement of the blue subway line (Järfälla Kommun, 2018). Today the stream is 

heavily polluted of nutrients and metals, and has since 1997 been a part of the County Administrative 

Boards regional environmental monitoring program where measures have been taken in order to reach 

the goal of good environmental status until 2027 (Stockholm Stad, 2017). 

 

The large amount of impermeable surface areas within the catchment increases the risk of flooding and 

contributes to a mobilisation of pollutants to the stream (Stråe et al., 2014; Stockholm Stad, 2017). The 

concerned municipalities have started collaboration, named Bällstågruppen, where the Swedish 

Transport Administration (Trafikverket) and the two water and waste service companies; Solna Vatten 

and Stockholm Vatten och Avfall are present. The aim is to increase the water quality and decrease the 

flood risk. The overall goal stated by the group, is to reach good ecological status until 2027 and good 

chemical status until 2021, this will be done by e.g. minimise wastewater leakage into the stream, 

stormwater delaying systems and water quality programs (Stockholm Stad, 2017).  

Stormwater and nutrient loads 

The result of the flood risk investigation made by DHI Water and Environment in favor for Stockholm 

Vatten (Ahlman et al., 2007), showed that the water quality in Bälstaån is poor and is considered as one 

of the most polluted streams in Stockholm. High nutrient loads downstream of Spånga centrum has 
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been detected several times and is most likely due to the three major stormwater pipes attached to the 

stream before Spånga centrum, but no definite source has been declared. Further downstream, the 

pathway through and after the industrial site in Bromsten, has indicated increased loads of metals, oil 

and organic compounds. The major part of the nutrient loads of P and N are allocated to the stormwater 

discharge of housing areas, industrial sites and open fields. The nutrient load in Bällstaån, has a great 

impact on the water quality in the downstream lake Ulvsunda which later could affect lake Mälaren 

which is the major drinking water supply in Stockholm region. To reduce the nutrient and metal loads 

in Bällstaån, Ahlman et al. (2007) suggest a stormwater retention basin attached to the industrial sites 

and transformation of the industrial site Bromsten to a housing area. 

Regional development plan - an overview of RUFS 2050  

The Regional Development Planning Management in Stockholm region (Tillväxt- och 

regionplaneförvaltningen), has the responsibility for regional planning and development in the region. 

The regional development plan RUFS 2010 was developed in order to “increase the life standard for 

everyone who lives, works and spends time in the region”. The revised regional development plan RUFS 

2050, has been developed from the old one to make the plan more practicable. One of the challenges in 

RUFS 2050 is to develop a regional sustainable climate plan, where one of the goals is to have no climate 

affecting emissions until 2050. Further challenge is to enable population expansion but at the same time 

improve the regional environment and citizen health. The improvement of the nature and environment 

will also have good effects on economic and societal growth (RUFS 2050, 2018). 

 

One of the goals is to be a resource effective and resilient region where the environmental effects should 

be minimised with help of a life cycle perspective, as well as the dependence of finite natural resources, 

in order to increase the life standard within the region.  

 

One of the priorities areas is to identify and execute required climate adaptation actions in the built 

environment in order to meet the effects of a changing climate e.g. flood risks. This should be done in 

the short-term perspective, 2018 - 2026. This gives Stockholm region an opportunity to show the way 

towards a sustainable city both national and international. This is expected to attract new companies, 

knowledge and research, innovations and increase the export of sustainable technology and knowledge.  

4.1.3 Data Bällstaån 

The data that has been used in the study is presented in table 2. 

 
Table 2: The used input data 

Name Format Resolution, pixel 
size [m] 

Source 

Stream network Shape file - (Geodata Extraction Tool 

- SLU, 2018) 

r.sim.water Shape file - (Pan et al., 2018) 

DEM_Ballstaan TIFF 2 x 2 (Geodata Extraction Tool 

- SLU, 2018) 

Land use map_Ballstaan TIFF 2 x 2 (Geodata Extraction Tool 

- SLU, 2018) 

Orthophoto TIFF 0.5 Basemap World Imagery, 
ArcMap 10.5.1 
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4.1.4 Flood map made by DHI 

The flood map in figure 3 made by the DHI model MIKE Urban FLOOD shows future scenarios in the 

area. The left-hand side map shows possible flooded areas caused by a rain event with a return time of 

10 years, and the right-hand side map, shows possible flooded areas caused by a rain event with a return 

time of 100 years.  

 

 
Figure 3: DHI Flood map over the Bällstaån catchment. LHS: predicted flooded areas caused by a 
precipitation event with return time of 10 years RHS: predicted flooded areas caused by a precipitation 
event with return time of 100 years (Stråe, 2014).  

 

4.1.5 Portugal  

 

4.1.6 NBS in Portugal 

The NBS concept is currently not commonly used in the Portuguese urban planning practice. Instead, 

the concept of green and blue infrastructure (GBI), also referred to as “Ecological Network” is often used 

(Biodiversity, 2017). However, the new Master Development Plan of Lisbon, adopted in 2012 (Mata, 

2014) and the Biodiversity 2020 Strategy emphasizes the importance of adopting the NBS concept. One 

of the main strategies formulated in the Biodiversity 2020 Strategy is to implement nature-based 

solutions as mitigation measure against nature disaster risks, such as floods (Biodiversity, 2017). 

 

The city centre of Lisbon experienced a construction boom between 1986 and 2005, which created a 

dense urban fabric (Green Surge, 2015). The rapid densification of the city centre has impaired the 

quality of life and caused environmental challenges such as urban floods, air pollution and heat island 

effect. These challenges have been addressed in the new Master Development Plan of Lisbon, where a 

series of actions have been taken to preserve natural and semi-natural ecological structures in favour of 

climate change adaptation and mitigation. The main actions have focused on the greening of existing 

grey infrastructure by creating room for green corridors, trees, green areas and the promotion of urban 

agriculture. Between 2009 and 2013 the green areas in the city were increased with 108 ha, an action 

which addresses a variety of societal challenges, there among the urban flood challenge were the 

resilience of the drainage system has been strengthened. Even though the described actions do not follow 

a systemic NBS approach since they have been planned and implemented separately and at different 

times, the cumulative effects have been argued to be greater compared to individual projects (Oppla, 

2018a). 

4.1.7 Flood and precipitation trends in Portugal  

The seasonal patterns and variability in precipitation is in Mediterranean regions such as Portugal is in 

general complex. The inconsistency of rainfall from year to year makes it difficult to assess trends 

(Ramos and Martínez-Casasnovas, 2006). Nunes & Lourenço (2015) studied the spatial and temporal 
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variability trend of annual and monthly precipitation between 1960 and 2011 in Portugal. The results 

show decay in annual precipitation amounts in mainland, especially on higher altitudes and the wettest 

regions. On monthly basis, negative trends could be observed during the winter months, whereas a 

positive precipitation trend was found during the months of July, August and October. However, 

modelled projections indicated that the frequency of extreme precipitation events in Portugal will in the 

future increase during the winter months and decrease during the dry summer months (Jacob et al., 

2014). Alfieri et al. (2015) predict river floods, in terms of peak flow events with a return period of 100 

years, to increase in the Portuguese rivers as a consequence of the increased degree of extreme 

precipitation events driven by global warming.  

4.1.8 Coimbra region  

Floods in the history of Coimbra 

Coimbra, the largest city of central Portugal, situated on the banks of the Mondego river has historically 

suffered from severe fluvial flooding as a consequence of the seasonal discharge variations in the river. 

After the construction of hydraulic control structures upstream of Coimbra the pre-existing fluvial flood 

risk was reduced (Hobeica & Santos, 2016). The Aguieira dam, constructed in 1981, located 25 km 

upstream of Coimbra, today holds the main responsibility for river regulation of the Mondego river. The 

most recent flood event in Coimbra occurred in January 2016, as a consequence of a heavy precipitation 

event the Aguieira dam had to release significant volumes of water through its spillway to the river 

(FloodList, 2016). However, due to an increased degree of urbanisation in the 1990s new flood problem 

of pluvial character instead started to arise. These problems were mainly caused by the exploit on 

floodplain areas and the urbanisation of Coimbra’s outer regions that used to be agricultural land (Leitão 

et al., 2009). 

NBS in Coimbra 

Coimbra has a diverse green infrastructure composed of parks, forest areas and river banks of high 

biodiversity. The developed green infrastructure can be derived from a long botanical tradition, where 

Coimbra is home to the fifth oldest botanical garden in the world. The increased urbanisation over the 

last decade has made the municipality aware of the importance to preserve and improve the usage of the 

city’s green areas. Therefore, a conceptual strategy to increase the urban ecosystem resilience has been 

developed by the municipality. The actions have focused on the usage of green areas to increase human 

health and local food production, but also research on green areas as a mitigation measure to urban flash 

floods and pollution spreading (Ferreira, 2013). 

 

The conducted research on urban flash floods in Coimbra has been carried out in the The Ribeira dos 

Covões catchment under the FRURB project, with the overall objective to manage flood risk in urban 

areas in a global change context. The FRURB project was developed by Instituto Politécnico de Coimbra 

and Universidade de Aveiro, during the time period 2012- 2015 (CESAM, 2013). The research has 

analysed the hydrological behaviour of the watershed by using physically based spatial distribution 

models. The main findings of the project stress the importance of a proactive urban planning approach, 

where location, frequency and magnitude of flash floods in the catchment should be predicted. When 

vulnerable locations have been identified the project emphasizes the importance of preservation and 

implementing landscape features that can reduce the connectivity between different compartments in 

the catchment. Suggested solutions are the usage of the disconnecting landscape features such as 

blankets and barriers (Ferreira et al., 2013). 
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Coimbra is one of the four European study case countries included in the current (2017- 2020) 

UrbanGaia project, founded by BiodivERsA, with the overall goal to enhance a sustainable urbanization 

(Era-Learn, n.d.). The overall aim of the project is to develop indicators which enable the evaluation, 

management and development of effective GBIs in urban areas. The considered GBI’s in this project 

ranges from more technological solutions with ecological features to solutions of a more NBS character. 

The project will seek to assess different GBIs effect on ecological resilience, verify their functionality and 

impact on biodiversity and finally to evaluate the total value of the ecosystem services provided by the 

given GBI (Biodiversa, 2016). Further, the project will analyse the current policy framework for 

protection and management of GBI in the different countries involved. The participation of urban 

planners from Coimbra and the entire urban community have been pointed out as a key factor to ensure 

a useful result, where cutting edge IT will enable new forms of participation methods. The results so far, 

conclude that the current EU legislation over NBS needs to be systemized into a more holistic future 

legal framework (Oppola, 2018). 

Ribeira dos Covões Catchment 

The peri-urban catchment Ribeira dos Covões is located 3 km SW of Coimbra city center, shown in figure 

4. The catchment is approximately 6 km2, composed of a stream network divided in one perennial main 

stream and several ephemeral tributaries, that all drain the Mondego river floodplain, north of the 

catchment. The total length of the perennial stream network is approximately 3 km and the widest part 

of the perennial stream is 3.6 m. The catchment has a Mediterranean climate, where the climatological 

statistics displays a decreased in annual precipitation combined with increased temperatures. According 

to IPMA (2016), the average annual precipitation has decreased from 1041 mm/y in 1958-1973 to 845 

mm/y in 1996-2013. Whereas the mean annual temperature during the same period increased from 14.9 

°C to 15.7 °C. The catchment has historically suffered from flooding as a consequence of intense 

precipitation events. In October 2006, a precipitation event with a return period of 50 years caused parts 

of the catchment to be flooded. Historically similar events have been reported by local resident in 1936 

and 19661 . 

 

                                                   
1 Ferreira, Carla. Centre for Natural Resources, Environment and Society (CERNAS), Institute of   

Coimbra. Interview 2018-06-06 
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Figure 4: Location of the Ribeira dos Covões catchment in relation to Coimbra city center.  

The catchment has undergone significant land-use changes, mainly in favour of urbanization and 

eucalyptus plantations for timber production. Between 1958 and 2009 the urban area expanded from 

6% to 30%, whereas the agricultural land declined from 48% to 4% during the same period. 

Furthermore, during the same period, woodland areas increased from 46% to 66%, where the former 

natural forest areas composed of oak and mixed woodland were degraded in favour of commercial 

eucalyptus and pine plantations (Tavares et al., 2012). In the south-west part of the catchment the 

establishment of an enterprise park started in 2008, covering 5% of the total catchment. The land use 

map from 2012 is presented in figure 5. 
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Figure 5: Land use map of the Ribeira dos Covões catchment from 2012. 

Storm water runoff from sealed surfaces in the most urbanized parts of the catchment is recharged 

through a piped system to the stream network. In urban areas to a larger extent surrounded by fields the 

storm water handling can be considered to be more uncontrolled, where the excess water is infiltrated 

in surrounding permeable abandoned areas such as old agricultural and woodland areas. The generated 

storm water from the enterprise park is piped into a detention basin, which delays stream discharge 

(Ferreira et al., 2015; Kalantari et al., 2017). 

 

The described land-use changes have increased the number of impervious surfaces in the catchment, 

which has increased the vulnerability to high rates of overland flow to be generated at storm events. 

Kalantari et al. (2017) studied the changes in hydrological flux, there among overland flow generation, 

of the catchment as a consequence of the regional climatic change and the undergone land-use changes. 

The findings conclude that the precipitation decay only had a minor effect on the amount of generated 

overland flow, which is thought to be due to the increased urbanization and land degradation activities. 

Further, Kalantari et al. (2017), emphasizes the importance of the implementation of future flood hazard 

mitigation measures, this in order to accommodate overland flow generated from intense storms. 

Proposed measures should seek to maximize water infiltration and retention in the catchment.  

 

The work by Ferreira et al. (2015) analysed the spatial and temporal variations of the soil hydrological 

properties, soil moisture and infiltration capacities, related to the different land use and geological 

conditions of the catchment. The variations have been used to identify and evaluate the different 

landscape units’ seasonal influence on flow connectivity and generated overland flow.  

 

The result shows a temporal variation of the investigated soil hydrological properties as a consequence 

of the catchments distinct seasonal precipitation pattern. In dry conditions, observed hydrophobicity 

behaviours in pine, eucalyptus woodlands and agricultural land on limestone significantly reduce the 
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infiltration capacity of these landscape units. On the contrary, agricultural land on sandstone and urban 

soils retained a relatively high infiltration capacity during the same dry conditions. Under wet conditions 

the woodland and agricultural on limestone instead showed the highest infiltration capacity, whereas 

the urban soils and shallow sandstone soils saturation was at some places reached and the infiltration 

capacity started to decrease. The findings suggest that the flow connectivity of the catchment is seasonal 

dependent, where overland flow generated during dry periods will occur in the areas prone to 

hydrophobicity behaviour. In wet periods, saturation of soils will instead generate overland flow and 

increase the flow connectivity in these areas.  

4.1.9 Data Ribeira dos Covões catchment 

The data that has been used in the study is presented in table 3. 

Table 3: The used input data 

Name Format Resolution, pixel 
size [m] 

Source 

Stream network_Coimbra Shape File - (Ferreira et al., 2015) 

Spatiotemporal soil parameters, 
Interpolated Thiessen polygon 

Shape File - (Ferreira et al., 2015) 

DEM_Coimbra TIFF 5 x 5 (Ferreira et al., 2015) 

Land use map_Coimbra TIFF 5 x 5 (Ferreira et al., 2015) 

Orthophoto TIFF 0,5 Basemap World 
Imagery, ArcMap 
10.5.1 

 

4.2 Literature review on NBS for flood risk mitigation and connectivity 

To investigate the NBS concept and its future potential for flood risk mitigation a literature review has 

been performed. The focus has been on the development of the NBS concept, important actors, strengths 

and weaknesses and the potential of the NBS wetlands for flood risk mitigation. A systematic work 

process, according to Haraldsson (2011), has been applied. The search words presented in Appendix A 

has been used separately or combined, in both English and Swedish. The search engine KTH Primo and 

Google Scholar has been used to find scientific articles and reports on the subject. The foundation of the 

literature review is based on the following three large publications European Commission (2015), 

Cohen-Shacham (2016) and WWAP (2018). Further, to confirm the findings of these larger publications, 

other reports and publications have been reviewed and used. Since the subject of the literature reviews 

is highly topical, new literature is published frequently, which is identified as a limitation in this work, 

no reports published after 2018-06-30 has been reviewed. 

 

To investigate the concept of connectivity and dis-connectivity and its potential in future NBS planning 

practise a literature review has been performed. A systematic work process has been applied, according 

to Haraldsson (2011), where the search words presented in Appendix A has been used separately or 

combined. The search engine google scholar and KTH Primo has been used to find scientific articles and 

reports on the subject. The main sources have been the following four publications; Bracken & Croke 

(2007), Cavalli et al. (2013), Masselink et al. (2016) and, Fryirs et al. (2007).  

4.3  Allocation of suitable areas for NBS wetlands solutions 

In this section the used methods to find suitable future locations for NBS wetlands solutions in the two 

catchments are presented. The two catchments have been analysed through the IC index, historical flood 

events and a Multi Criteria Decision Analysis (MCDA). Further, in the Bällstaån catchment the result 
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from two hydrological models, r-sim model and DHI model has been analysed, whereas in the Ribeira 

dos Covões catchment the spatiotemporal soil parameter results from Ferreira et al. (2015) has been 

analysed. The methods are described more in detail below.  

4.3.1 Sediment Connectivity Index (IC) 

To allocate suitable NBS locations in the two catchments, the connectivity for each catchment has been 

calculated according to the IC method by using the software SedInConnect 2.3 (Crema & Cavalli, 2018). 

The index can identify spatial patterns of sediment connectivity in a catchment. Areas of low connectivity 

adjacent to areas of higher connectivity have been identified. These areas have the potential to 

accumulate and delay over land flow discharge and are consequently considered suitable for an NBS. In 

this section the theory behind the IC index is presented followed by an explanation of how the index in 

this work has been applied.  

4.3.2 Theory Sediment Connectivity Index (IC) 

To quantify the linkage between landscape units, Borselli et al. (2008) developed a sediment 

connectivity index (IC), presented in equation 1 where the downslope (Ddn) and upslope (Dup) 

component effects are combined with land use and topography. The concept behind the equation is 

presented in figure 6. 

 

𝐼𝐶 = log10 (
𝐷𝑢𝑝

𝐷𝑑𝑛

) (𝐸𝑞: 1)   

IC is within the range (-∞,+∞), high values indicate higher connectivity. 

 

The upslope component Dup is defined as the potential of contributing sediment produced upslope and 

is calculated in equation 2. 

 

𝐷𝑢𝑝 = 𝑊 𝑆 √𝐴 (𝐸𝑞: 2) 

 

Where, W: average weight factor, S: mean slope gradient of the upslope contributing area, A: upslope 

contributing area.  

 

The downslope component Ddn, equation 3, is defined by the travel flow path length in order to reach the 

nearest target or sink.  

 

𝐷𝑑𝑛 = ∑
𝑑𝑖

𝑊𝑖𝑆𝑖
𝑖

 (𝐸𝑞: 3) 

 

Where, i: cell number, d: length of the flow path according to the steepest downslope direction, W: 

Weighting factor of cell i, S: Slope gradient of the pathway in cell i.  

 

Note: High weighting factor corresponds to high connected areas i.e. high sediment delivery capacity 

while low values correspond to low connected areas. The IC value cannot be compared to other 

catchment connectivity values, since it is a relative index.  
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Figure 6: Conceptual Sediment connectivity calculation process for a catchment (Crema et al., 2015) 

The following methods and formulas have been used to calculate the slope, contributing area and 

weighting factor: 

Slope 

The slope gradient according to Borselli et al. (2008) is derived from equation 4. 

 

𝑆 = sin 𝛼 + 𝑆0 (𝐸𝑞: 4) 

 

Where 𝛼 equals the local gradient of the flow line. So equals the minimum slope gradient value and is set 

to 0,005m/m in order to avoid zeros.  

Contributing area 

The contributing area is estimated by using the single-direction flow algorithm referred to as D8, where 

the flow is assumed to be single and follow the steepest direction. A conceptual picture of the algorithm 

is presented in figure 7.  

 

 

Weighting factor 

The weighting factor applied in the upslope and downslope components, models the impedance to 

runoff and sediment fluxes due to the local characteristics of land use and soil surface. The C-factor of 

Figure 7: D8, single-flow direction algorithm 
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USLE-RUSLE models is used. The maximum C-value is reached by soils with high erosion risk and goes 

to zero for protected soils. Moreover, the weighting factor could also be derived from Manning’s n 

roughness coefficient, which represent the surface roughness and surface properties that influence the 

runoff and sediment transport within a watershed. 

 

𝑊𝑏𝑜𝑟 = 𝐶(0: 1)(𝐸𝑞: 5) 

Where 𝑊𝑏𝑜𝑟  represent the weighting factor according to Borselli et al. (2008). 

The refined IC model 

The IC index was refined by Cavalli et al. (2013) in order to adapt the model to mountain catchments 

and read high resolution Digital Elevation Models (DEM). The aim was to account for the mechanism 

of sediment transport across the whole catchment and on the (dis) connectivity between hillslope and 

the main waterbodies. The refinements were done according to slope factor, contributing area 

calculation and choice of weight factor. The definition of IC is still the same as proposed by Borselli et 

al. (2008), equation 1. 

Slope 

In this refined version, slope is computed on the direction of flow and the bias due to very steep slopes, 

that are quite common in mountain settings, is filtered out by using a threshold of 1 m/m. This setting 

reflects the alpine environments where very high slopes typically are near-vertical rocky cliffs where 

sediment storage is difficult. A lower limit of 0.005 m/m was also set to avoid infinites. 

Contributing area 

The contributing area calculation, originally based on a single-flow direction algorithm (D8) presented 

in figure 7, has been replaced by a multiple-flow direction D-infinity approach, figure 8. Multiple flow 

direction allows, apart from single-flow, flow to be flowing to all downslope neighbour cells. This change 

enables more realistic flow pathways, which is considered as a more accurate way of modelling fluxes in 

alpine catchments where divergent flow predominates. Furthermore, the D-infinity approach considers 

the cell-size of the channel width better, where it approximates the partitioning flow in the whole cross 

section.  

 

The multiple flow direction algorithm (MD8) is calculated by a 3 x 3-pixel grid considering the eight 

triangles around the midpoint, see figure 8. This allows for routing of flow in or between two downslope 

cells. 
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Figure 8: MD8, multiple-flow direction algorithm (Tarboton, 1997). 
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Weighting factor 

To avoid subjectivity from Manning’s n or the c-factor weighting factor, Cavalli et al. (2008) and Cavalli 

& Marchi (2008), proposed a local measurement of topographic surface roughness, the so-called 

roughness index (RI) as a weighting factor approach. RI is derived from the standard deviation of the 

residual topography within a few meters scale. The residual topography is calculated as the difference 

between the original DEM and refined version derived by averaging DEM values over an accurate 

moving cell window size. This was necessary in order to avoid the effect caused by large scale topography, 

i.e. slope gradient. This refinement allows DEM as the only input data. The weighing factor is calculated 

according to equation 6. 

 

𝑊𝐶𝑎𝑣𝑎𝑙𝑙𝑖 = 1 − (
𝑅𝐼

𝑅𝐼𝑀𝐴𝑋

) (𝐸𝑞: 6) 

 

Where: RI is calculated according to equation 7, as the standard deviation of the residual topography 

with a resolution of 2.5 (25 cells).  

 

𝑅𝐼 = √
∑ (𝑥𝑖 − 𝑥𝑚)225

𝑖=1

25
 (𝐸𝑞: 7) 

 

 

Note: Giving the large heterogeneity in terms of land use and its important role as impedance to water 

and sediment fluxes in the study areas, the roughness-based weighting factor has not been applied in 

the two study cases. Instead, it was decided to apply the Manning’s n to the land use to better reflects 

catchments conditions (flat and urbanized), as suggested by Persichillo et al. (2018) and Bordoni et al. 

(2018). 

4.3.3 Sediment Connectivity Calculation Process 

The connectivity has been calculated by using the software SedInConnect 2.3 developed by Crema and 

Cavalli (2018), which is a free standalone application. The preparation and visualisation of the required 

in-data sets and later the output results have been performed in ArcGIS 10.5.1, which has the advantage 

of providing many useful geoprocessing tools. The open source application tool, TauDEM to ArcGIS has 

been downloaded to prepare the required input data. Digital Elevation Model (DEM) and the land-use 

data are the raw input data sets, that has been used. They have been used to derive the data presented 

in table 4 that SedInConnect requires for the computation. All input raster files have to be in TIFF raster 

format and have the same extent; number of rows and columns. A detailed description of how the data 

have been derived in ArcGIS is presented in Appendix B. 

 
Table 4: The derived data from the raw input data sets 

Data Format Explanation 

Target_chatchment.outlet Shape file Identified catchment outlet 

Target_stream.network Shape file Main stream network of the 

catchment 

DEM_pitremove_mask TIFF  

Weighting factor_mask TIFF Based on manning's 

roughness index 

DEM preparations 

In an initial stage, depressions in the original DEM mainly originated from the creation of the raster has 

been removed by using the Pit Remove tool of TauDEM. This operation is necessary in order to perform 
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the hydrological computation in SedInConnect. Further, the original DEM has been masked to fit the 

catchment of interest and to decrease the size of the input files. 

Targets 

In SedInConnect the user can introduce targets and/or sink features. The connectivity has been 

computed with respect to two targets: catchment outlet and the stream network. Once a target is 

assigned, the calculated connectivity will describe the probability for sediment from each cell in the grid 

to reach the specific target, which will be displayed by different connectivity spatial patterns for the two 

targets. The reason for applying two different target scenarios in this work is to compare how useful 

respectively scenario is in respect to the given application of finding suitable locations of NBS. In this 

study, no sink features have been applied due to the absence of sinks, such as lakes according to the used 

data.  

Weighting factor 

The weighting factor assigned to the SedInConnect computation can either be the surface roughness 

index (RI) proposed by Cavalli et al. (2013) or a user-defined weighting factor dependent on the 

characteristics of the study area. In this work, it was argued that the RI was not a suitable weighting 

factor, since RI computation requires a catchment with a complex morphology and where land use cover 

does not play a key role as impedance to water and sediment fluxes, Both conditions are not met in the 

two study areas, since they are characterised by a relatively flat morphology and large heterogeneity of 

land use cover. Therefore, the overland flow Manning's roughness index (n) has been used to represent 

the impedance to overland water flow associated with different land use types. Since the hydraulic 

parameters necessary to derive the n values from Manning's equation were not available, the table 

presented in Appendix C, based on empirical studies has been used to assign each land use class to a 

specific n value. The final input weighting raster to SedInConnect was obtained by using the equation 8. 

 

𝑊 = 1 − 𝑛 (𝐸𝑞: 8) 

 

The result of the computation in SedInConnect is a connectivity map in raster format that illustrates the 

spatial distribution of the connectivity in the catchment. The connectivity values have been re-classified 

into four classes (Low, Medium-Low, High-Medium, High), according to the Jenk’s natural breaks 

classification method (Jenks, 1967), which optimize the arrangement of values in different classes by 

minimising the variance within the catchment but maximise the variance between the different classes. 

Notable is that the connectivity values are relative and cannot be compared to other catchments without 

further elaboration.  

4.4 Historically Flooded areas 

To identify the historical flooded areas in the two catchments, reviews of newspaper articles in 

Stockholm region and a personal interview with Carla Ferreira about floods in Coimbra, at Centre for 

Natural Resources, Environment and Society (CERNAS), Institute of Coimbra has been performed. The 

identification of historical flood prone areas has been done in order to assess the characteristics of these 

areas and propose suitable NBS:s to avoid future flood events. 

4.5 Hydrological modelling - r.sim water and MIKE Urban FLOOD model 

In Bällstaån catchment, the result from the overland flow hydrologic simulation r-sim water model and 

the hydraulic DHI model MIKE Urban FLOOD has been used in order to make a comparison with the 

result obtained from the connectivity calculation. The r-sim-model was obtained from Zahra Kalantari, 

researcher at Department of Physical Geography and Quaternary Geology, Stockholm, Sweden and the 

DHI model has been obtained from Ståre et al. (2014).  
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4.6 Spatiotemporal soil parameters  

In the Ribeira dos Covões catchment the seasonal dependency soil parameters such as hydrophobicity 

and infiltration capacity of different soil types and land-uses in the catchment has been investigated. 

This investigation has been performed in order to suggest suitable NBS, given site specific conditions. 

The spatiotemporal soil parameters maps derived from field investigation and later Thiessen polygon 

interpolation by Ferreira et al. (2015), has been used.  

4.7 Multi-Criteria Decision Analysis 

In order to compare and validate the result gained from the IC calculation, an additional analyse has 

been performed in ArcMap 10.5.1. The analysis is based on multi-criteria decision analysis (MCDA), 

which weighs chosen criterion together in order to find suitable places for, in this case, NBS wetlands 

solutions. MCDA based on GIS, is a method where geographical data is processed and valued in order 

to create useful information for decisions (Boroushakin & Malczewki, 2010). MCDA is especially useful 

for decision makers in order to perform an evaluation to find the most suitable area for any activity 

according to several chosen criterion (Karlsson et al., 2017). The flexibility provided by using MCDA is 

that practitioners and participants simply can explore, understand and redefine a problem (Kyem, 

2004). 

 

The three chosen criteria for the performed analysis have been slope, topography and land use. The 

criterion suitability for NBS wetlands has been evaluated according to the reviewed literature, into four 

suitability classes, where low slope and low topography have been considered as most suitable. Further, 

the land use suitability, presented in table 5, is based on the assumed possibility to construct an NBS 

wetland solution associated with the different land use types.  In the final weighting process, all 

criterions have been considered as equally important, and therefore assigned equal weighting factors, 

i.e. ⅓. Notable, the land use suitability classification and the weighting factor is subjective since it is 

based on assumptions, which is a limitation to the MCDA result. 

 

Table 5: Land use suitability from 1 to 5, where 5 is most suitable 

Land use Suitability 

Agriculture 4 
Shrub land/ Grassland 4 
Forest 3 
Urban areas/ Infrastructure 2 
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5 Result 

In this section, the obtained result from the described method, applied to the two study cases are 

presented. At first, the result obtained for the catchment in Stockholm region is presented; the 

connectivity, flooded areas, MCDA, suitable NBS locations and the two hydrological models. Secondly, 

the result obtained from the catchment in Coimbra is presented; connectivity, flooded areas, MCDA and 

suitable NBS locations. 

 

5.1 Bällstaån - Stockholm region  

5.1.1 Connectivity result  

Outlet as target 

The spatial distribution of the catchment connectivity with the outlet point as target is presented in 

figure 9. The area closer to the outlet of the catchment shows the highest connectivity, which is an 

expected result since the probability for any spot to reach the outlet is high due to short pathway. The 

connectivity decreases with the distance from the outlet point. The long red stripes of high connected 

streams in low connectivity spots within the map are considered as artefacts. This is a result of the Pit 

Removal function that produces artificial pathway in very low slope areas.  

 

 
Figure 9: The spatial IC distribution with outlet as target in Bällstaån Stockholm 

Stream network as target  

The spatial distribution of the catchment connectivity with stream network as target is presented in 

figure 10. The connectivity shows the probability for any spot in the area to reach the stream, where 

higher values are more likely to reach it. The result shows a distinct distribution of a high connectivity 

pattern around the stream network, compared to parts further away. Some low connected areas are 

shown close to the stream. The long red stripes of high connected streams in low connectivity spots 
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within the map (figure 10) are considered as artefacts. This is a result of the Pit Removal function that 

produces artificial pathway in very low slope areas. 

 
According to the result, the connectivity is highly correlated to the elevation and slope, see Appendix D.  

Especially in areas close to the stream, a distinct correlation between slope and connectivity can be 

observed. Where high slope generates high connectivity and in areas with low slope, the connectivity is 

low.  

 
Figure 10: The spatial IC distribution with stream network as target in Bällstaån Stockholm 

5.1.2 Flooded areas 

The reported flooded areas during the heavy precipitation event in September 2015 are shown in figure 

11 (Järfälla Tidning, 2015-09-07; Mitt i Stockholm, 2017-05-10). The flooded areas have similar 

topographical, slope and land use conditions. Based on the DEM, slope and land use map, they all 

occurred at locations with low slope, low elevation and on open green fields. Further, area 1-3 occurred 

at low connectivity spots surrounded by higher connectivity. Area 4 occurred on a road in a high 

connectivity area. 

 

The conditions for area 1-3 is characterized as flood prone since water transported from higher elevation 

and higher connectivity will be accumulated at low elevation and at low connectivity spots. This 

condition correlation is not that distinct for area 4.  

 



35 

 

 
Figure 11: Reported flooded areas in September 2015, in Bällstaån Stockholm 

5.1.3 MCDA result 

The result generated from the MCDA is shown in figure 12, which displays the catchments NBS 

suitability. The analysis has equally considered the land use, slope and topography. 

1. 
2. 

3. 4. 
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Figure 12: The MCDA result, which displays the catchments NBS suitability 
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5.1.4 Suitable locations for NBS 

The identified suitable locations for NBS in the catchment are presented as purple polygons in figure 13. 

Notable, the identified areas have been limited to the areas close to the stream, since the stream are 

considered as the reason for flooding and as nutrient sink i.e. no scenarios with similar conditions 

further away are neglected.  

 

 
Figure 13: The identified suitable locations for NBS in the catchment  
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Area 1 is located at low elevation with a slope between 0 and 1 degree. The connectivity within the area 

is low and adjacent to higher connectivity. The land use is characterized by urban fabric and green fields. 

This area was reported as flooded in 2015. 

 

Area 2 is located at low elevation with a slope between 0 and 1 degree. The connectivity within the area 

is low-medium and adjacent to large areas with higher connectivity. The land use is characterized by a 

traffic junction and green areas.  

 

Area 3 is located at low elevation with a slope between 0 and 1 degree. The connectivity within the area 

is low and adjacent to low-medium connectivity. The land use is characterized by urban fabric and green 

fields. This area was reported as flooded in 2015. 

 

Area 4 is located at low elevation with a slope between 0 and 1 degree. The connectivity within the area 

is low-medium and adjacent to large areas with higher connectivity. The area is located at a green field 

close to the stream and beside an industrial site. Upstream this area, several stormwater outlets 

discharge.   

 

Area 5 is located at low elevation with a slope between 0 and 1 degree. The connectivity within the area 

is low and adjacent to large areas with higher connectivity. The land use is characterized by a housing 

area.  

 

Area 6 is located at low elevation with a slope between 0 and 1 degree. The connectivity within the area 

is low and adjacent to areas with higher connectivity. The area is located on a green field downstream of 

a stormwater outlet.  

 

Area 7 is located at low elevation with a slope between 0 and 1 degree. The connectivity within the area 

is low and adjacent to areas with higher connectivity. The site is located on a green field north of Bromma 

Airport. 

 

Area 8 is located at low elevation with a slope between 0 and 5 degrees. The connectivity within the area 

is low to low-medium. The area is located adjacent to areas with higher connectivity and higher slope. 

The site is located at a green field.  
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5.1.5 Result r.sim.water model 

The result of the R-Sim water model is shown in figure 14. The potential flood areas are located close to 

the stream and marked as turquoise spots.  

 

   
Figure 14:  The result from the r.sim.water model, where the potential flood prone areas in Bällstaån, 
Stockholm are presented as turquoise spots   
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5.2 Ribeira dos Covões catchment - Coimbra region 

5.2.1 Connectivity result 

Outlet as target 

The spatial distribution of the catchment connectivity with the outlet as target point is presented in 

figure 15. The result shows a difference in connectivity between the NE and SW part of the catchment, 

where the NE parts have a higher connectivity compared to the SW parts. Low connectivity spots 

adjacent to high connectivity areas can be detected mostly in the central parts of the catchment. On low 

topographical points in close connection to the western stream network some low connected areas can 

be detected. Further, areas of low connectivity located on topographical high point can be detected both 

east and west of the perennial stream.  

 

 
Figure 15: The spatial IC distribution with the outlet as target in Ribeira dos Covões, Portugal 
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Stream network as target 

The spatial distribution of the catchment connectivity with stream network as target point, is presented 

in figure 16. The result shows a distinct distribution pattern around the stream network, where parts of 

the catchment located close to the stream network has an, in general, higher connectivity compared to 

parts further away. Some minor anomalies can be detected as low connectivity spots even though they 

are positioned close to the stream network, displayed as blue patches in the figure. 

 

  
Figure 16: The spatial IC distribution with stream network as target in Ribeira dos Covões, Portugal 

 

From the two connectivity results it is possible to detect the major overland flow paths to the stream 

network as “red” connectivity tributaries. This result shows a distinct resemblance with the mapped 

distribution of the catchment slope, presented in Appendix D, where the tributaries are located in areas 

of high slope values, which is the expected flow path for overland flow. By comparing the connectivity 

result with the slope of the catchment it is possible to explain the low connectivity areas located on 

topographical high point where all of those areas have a low slope.  

 

The area in proximity of the catchment outlet shows the highest connectivity. The probability of overland 

flow from this area to reach the outlet is high, due to short water flow path. Further, these areas have a 

high slope, which also make them highly connected to the catchment outlet. 
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5.2.2 Recent flooded areas and existing retaining structures 

In this section the result from the performed interview with Carla Ferreira at CERNAS, Institute of 

Coimbra, regarding the historical flood events and existing water retaining structures in the catchment 

are presented. 

 

The reported flooded areas during the heavy precipitation event (return period of 50 years) in October 

2006 and the two existing water retention features in the catchment are presented in the map in figure 

17. The precipitation event generated a high discharge to the stream network, which can be derived from 

the increased overland flow during the event.  

 

 
Figure 17: Reported flooded areas in October 2006 in Ribeira dos Covões, Portugal 
 

The flooded areas had soil of low hydrophobicity in October according to the interpolated values derived 

from the conducted field measurements in 15/10-2010. Area 1 and 2 are characterized by sandstone, 

where area 1 is an agriculture area and area 2 is defined as shrub land adjacent to the urban fabric. Area 
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3 and 4 are found on urban limestone soils, both located close to the major road and the urban fabric of 

the NE part of the catchment. 

 

Area 1-3 are located in or adjacent to the catchments stream network, whereas area 4 is located in an 

urban area where the stream network is piped. The connectivity result shows that the area 1, 2 and 4 are 

located in high connectivity spots close to areas of lower connectivity adjacent to the stream network. 

The connectivity in area 3 is high with no adjacent areas of lower connectivity. Further, all flooded areas 

are located in low topographical points with a low slope, which can be seen in the slope and elevation 

map presented in Appendix D. 

 

The constructed retention basin in the south part of the catchment was installed as a measure to delay 

overland flow generated from the upstream enterprise park to discharge into the stream network. The 

structure is composed of a barrier with small outlets, where water gets accumulated upstream of the 

barrier when the discharge capacity of the outlets is reached. The unplanned retention basin in the NE 

part of the catchment is a result of soil excavation during the construction of the major road adjacent to 

the basin. 

5.2.3 MCDA result 

The result obtained from the MCDA is presented in figure 18, where the analysis has equally considered 

the land use, slope and topography, i.e. 1/3.  

 

 
Figure 18: The MCDA result, which displays the catchments NBS suitability in Ribeira dos Covões, Portugal 

 

  



44 

 

5.2.4 Suitable locations for NBS 

In this section the identified suitable locations for NBS in the catchment is presented in figure 19, where 

the areas identified as low connectivity spots are presented in orange and areas identified as suitable 

NBS areas to prevent future flooding based on the reported historical flood event are presented in 

purple. 

 

 
Figure 19: The identified suitable locations for NBS in the catchment Ribeira dos Covões, Portugal 

 

 

Area 1.1 is located in the transition between the southern high topographical ephemeral tributaries and 

the lower topographical perennial stream. The area is located upstream of flood event 1 on the 
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agricultural field. The connectivity around the stream network, for the catchment outlet as target, is 

relatively low with some connectivity tributaries of a higher connectivity draining towards the stream 

network. On the contrary, the connectivity for the stream network as target is high in the whole area. 

The slope is low close to the stream network both around the perennial and ephemeral parts, whereas 

the slope is higher on both W,E and S side of the stream network. The area is characterised by eucalyptus 

and pine wood plantations, with a seasonal dependent hydrophobicity, hence infiltration capacity. The 

hydrophobicity is highest between March and October. 

 
Area 1.2 is located around an east ephemeral tributary, upstream of flood event 2. The connectivity in 

the area is high, with a low slope and elevation, characterized as abandoned shrub land area on 

sandstone soil. 

 

The three areas 2.1, 2.2 and 2.3 are urban areas with a low connectivity for both target points. Further, 

the areas have a plateau landscape character, located away from the stream network, with a low slope 

located on higher topographical points then the stream network, surrounded by areas inclined towards 

the stream network. Area 2.1 is located topographical highest of the three areas, followed by area 2.2. 

Area 2.3 is located on the topographical lowest point of the three areas. The areas are characterised by 

urban sandstone soil, which during the dry summer months retains a relatively high infiltration capacity, 

but on the contrary during the autumn and winter months the soil moisture increases and generates a 

declined infiltration capacity. 

 

The two areas 3.1 and 3.2 are un-urbanized, characterised as abandoned shrub land areas, located in or 

adjacent to the perennial stream. The connectivity in the two areas are of a mixed character, where areas 

of low connectivity can be found close to areas of a higher connectivity. The areas have a low slope 

located on low topographical points, surrounded by higher topographical urban or semi- urban areas on 

both W and E side. The areas are situated on sandstone soil, which during the dry summer months have 

a high hydrophobicity and low infiltration capacity. 

 

Area 4 are characterised by eucalyptus and pinewood forest, located away from the stream network and 

topographical higher than it. The connectivity in the area is low for both target point. Further, the slope 

is low surrounded by inclinations towards the stream network mainly in W direction. 
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6 Discussion  

6.1 Connectivity, reported floods and proposed actions 

The connectivity calculations made in SedInConnect have been compared with the sights where flooding 

have been reported in order to find any correlation. The reported floods within Bällstaån are located on 

low connectivity spots aligned to higher connectivity, on roads in urbanised areas and close to the 

stream. The main landscape characteristic for the flooded spots are low slope and low elevation. 

Similarly, the reported flooded areas in the Ribeira dos Covões catchment are located in or adjacent to 

the stream network. Characteristics for these points, except one, are that they are located on high 

connectivity spots aligned to lower connectivity areas. Further, they are located in low topographical 

points with a low slope. A possible explanation for the reported flooded areas within the two catchments 

are that the landscape acts as a buffer, hence the low slope combined with the low connectivity close to 

areas of higher connectivity, creates an accumulation of water in the reported spots. 

 

As mentioned above, in common for the two catchments is that the reported flooded areas are located 

in or adjacent to the stream network. Further, the MCDA result for both catchments shows a high NBS 

suitability around the stream networks. In addition, areas of low connectivity adjacent to areas of higher 

connectivity close to the stream network have been identified for both catchments. Consequently, the 

areas around the stream networks are and will remain in the future vulnerable to flooding, but with a 

great potential for the implementation of NBS wetlands solutions. The maintenance of the floodplain is 

therefore of great importance for the two catchments in order to mitigate future floods. Both of the two 

stream networks are of low order, with a low discharge that originates mainly from overland flow and 

stormwater runoff. Therefore, NBS could be a sufficient method to regulate, treat and protect the areas 

from flooding and contaminations. Proposed actions at a catchment scale for the two catchments are 

restore and maintain existing green areas and implementation of effective NBS, which makes rooms for 

the stream network. The Room for the River project in the Netherlands, can be used as a help and role 

model in the planning process for the two catchments. However, the proposed preservation of the 

unexploited areas around the stream network could be conflicting with an increased demand for new 

housing areas within both catchments. In case of an exploitation, it is of importance for planners to be 

aware of the increased flood risk around the stream network and at an early planning stage incorporate 

appropriate NBS strategies in the planned urban fabric. To succeed with this, the involvement of several 

different local stakeholder interests is crucial. As done in the Kristianstad Vattenriket, a knowledge 

exchange platform could simplify the collaboration and create a better understanding of the benefits of 

the NBS strategies, for both decision makers and citizens.   

6.2 Proposed actions for the suitable locations for NBS for the different catchments  

In this section the identified suitable locations for NBS in the two catchments are discussed according 

to the result obtained from the IC method, reported flood events and the MCDA. In addition, in Bällstaån 

catchment the result from the r-sim model, DHI model and the stormwater system outlets is discussed, 

whereas in the Ribeira dos Covões catchment the result from the spatiotemporal soil parameter 

assessment is discussed. Further, preliminary NBS wetlands solutions or strategies are proposed.  

6.2.1 Bällstaån – Stockholm Region  

Area 1 shown in figure 13, is located in an urbanised area and some green fields are present. It has been 

pointed out as flood prone area due to the risk of pluvial flooding in case of a heavy precipitation event, 

since the generated overland flow will remain on those flat and low connected areas. This consideration 

is supported by the result from the IC, MCDA and reported floods in 2015. Additionally, several storm 

water outlets discharge in the area which increases the water flow and the results from both r sim water 

model and DHI model, shows possibility for water accumulation in the area. To reduce the risk of future 

floods and spreading of compounds to the stream, the green fields are considered as suitable areas for 

an NBS for water retention and infiltration, which as well will reduce the nutrient and metal load from 

the storm water outlets. To meet these two requirements, a constructed wetland is suggested as a 
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suitable NBS. Further, to decrease the amount of storm water discharge from the surrounding housing 

areas, an integrative approach of small scale NBS is suitable. As suggested in by e.g. Stråe et al. (2014) 

effective urban NBS is green integrated infiltration ditches, bio filter and dry dams. Of these three 

suggested methods, infiltration ditched has the overall highest capacity for nutrient, oil and metal 

retention. 

 

Area 2 shown in figure 13 is located in Trafikplats 155 Barkarby (junction). The area has been identified 

by the result from IC, MCDA and r-sim model. The area within the junction has low connectivity and is 

surrounded by a high connected area, which would imply accumulation of water in the low connected 

area. This consideration is supported by the result from r-sim model which shows possible water 

accumulation at this spot. Therefore, an NBS with high accumulation and infiltration capacity is 

suggested in this area in order to reduce the flood risk on the surrounding highway E18. Since the 

amount of free space is limited, a land effective NBS is needed such as a retention basin. Additionally, 

compounds from the surrounding highway could be collected as a co-benefit of this solution. 

 

Area 3 shown in figure 13 is located downstream from the junction and is characterised by green fields 

and forest. The result from the IC model shows that the area is highly connected, which imply possible 

higher flows in the stream. The result from the r-sim model, shows a possibility for water accumulation 

within the area. However, this may be contradictory. These two results are of importance to consider 

while planning for future exploitation, and further investigations are required in order to reduce the 

flood risk. Further, to reduce to nutrient load in the stream, this area characterized by high connectivity 

and green areas, which could be a suitable location for an NBS with nutrient retention features. 

 
Area 4 shown in figure 13 is located beside to the industrial site. Upstream and within this area, several 

storm water outlets discharge. The site is low connected and the r-sim model shows an accumulation 

tendency. Due to these characteristics an NBS for nutrient and industrial compound retention is 

suitable. The possible NBS site is located on a green area, close to the stream, south of the industrial site 

where high concentrations of oil and nutrients have been detected in earlier investigations. However, 

measures should be taken by the industrial site in order to decrease the compound load, but, without 

any measure from the industrial site, a retention basin to allocate these compounds and possible water 

storage are two important features for the suggested NBS. 

 

Area 5 shown in figure 13 is located in a housing area with low infiltration capacity. The connectivity 

results show that the site is low connected, surrounded by higher connected areas. In case of heavy 

precipitation events, accumulation of storm water within the area is possible. In order to reduce the risk, 

handling of the storm water runoff is crucial. To decrease the discharge to the stream, it can be handled 

locally by using any of the suggested small scale NBS in Stråe, van der Nat and af Petersens (2014). 

 

Area 6 shown in figure 13 is located on a green field downstream of a storm water outlet. This outlet is a 

possible nutrient source. The site is low connected and surrounded by high connected areas. These 

features are suitable as a buffer for both water and nutrient retention which should be accounted for 

while choosing a suitable NBS. The design of the wetland is important in order to be as effective as 

possible for the specific nutrient removal, see section for Wetlands.  

 

Area 7 shown in figure 13 is located on a green field north of Bromma airport. It is considered as an 

environmentally hazardous activity area. The site is low connected and surrounded by higher connected 

areas which consequently imply water accumulation risks.  

 
Area 8 shown in figure 13, is located in the new exploitive area, Barkarbystaden. The site is flat and low 

connected and surrounded by higher connectivity areas which, combined with high stormwater runoff 

imply water accumulation risks. The risk can be reduced by using an NBS to regulate the water retention 

and increase the infiltration rate. It can be handled locally by using any of the suggested small scale NBS 

by Stråe et al., (2014). 
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6.2.2 Ribeira dos Covões catchment – Coimbra Region 

To reduce the flood risk on the reported flood site 1 (figure 17) composed of agricultural field, it is of 

importance to upstream delay the generated overland flow from the eucalyptus and pinewood area, 

which is why area 1.1 (figure 19) has been pointed out as suitable for an NBS. In addition, the MCDA 

result shows a high to moderate NBS suitability around the stream network in area 1. The eucalyptus 

and pinewood area have a seasonal dependent hydrophobicity, hence infiltration capacity, where the 

hydrophobicity is highest between March – October. During the late summer and early autumn months, 

the soil is the most hydrophobic, which in case of a precipitation event could generate overland flow to 

the stream network. Taking the average monthly rainfall of Coimbra into account, where march - May 

and October is relatively rainy months, indicates that the risk for flooding on the agriculture field 

generated from overland flow from upstream is highest during these months. Nevertheless, runoff 

measurements at plot scale in these areas, however, revealed quite low runoff coefficients, even under 

extremely repellent soils, due to infiltration through macro pores (Ferreira et al., 2016). Further, due to 

the in general dry summer months the highest hydrophobicity appears in late summer. In fact, the 

previous flood was recorded in October month, driven by a large rainfall event after the dry summer. 

This indicates that a suitable NBS must have the ability to mitigate high overland flow from heavy 

precipitation events when the nature is in a dry state. Consequently, a solution that is not dependent on 

infiltration is required. Proposed NBS solutions are a broadening of the stream network upstream of the 

agriculture field, combined with a system of ponds to collect overland flow before reaching the stream 

network. In addition, this solution will also have a regulatory effect in the wetter and rainy winter 

months and will be suitable all year around. Since this area is not urbanized, a relatively large-scale 

approach could be adopted, but the conflicting interest with the timber production has to be considered. 

 

Area 1.2 (figure 19) has been pointed out as suitable for NBS, due to its location upstream of flood event 

2 (figure 17). Additionally, the area shows a high NBS suitability according to the MCDA result. Even 

though area 1.2 has a high connectivity with no surrounding areas of lower connectivity, the possibility 

to implement disconnecting feature to reduce the flood risk in area 1.2 should be investigated. Since the 

area is characterised by shrub land the possibility to implement an NBS in and around the stream 

network that delays and divert the water is argued to be high.  

  

The identified suitable NBS areas 2.1 and 2.3 (figure 19) are located in low connectivity urbanized areas. 

They have been pointed out due to the risk of pluvial flooding in case of a heavy precipitation event, 

since the generated overland flow could remain on those flat and low connected areas. Further, in the 

case of an overflowing of the storm water system, excess water could be accumulated there. The three 

urban areas and their surroundings are characterised by urban sandstone soil, which during the dry 

summer months retains a relatively high infiltration capacity, but on the contrary during the autumn 

and winter months the soil moisture is in some areas increased which generates a declined infiltration 

capacity and a higher risk for a high overland flow. Consequently, an NBS that can mitigate overland 

flow as a consequence of sealed surfaces in combination with risk for reached saturation in the wetter 

months is required. Due to the limited amount of space, the proposed NBS is to work with an integration 

of GBI into the existing urban fabric, similar to the work done in Augustenborg. General examples could 

be to convert impermeable parking lots and other similar surfaces to permeable ones combined with 

plantation of trees and greening of areas adjacent to the urban fabric. Further, the capacity of the existing 

storm water system could be increased by integration NBS features, such as sequences of run off ditches, 

infiltration ponds and small-scale wetland solution. 

  

The identified suitable NBS areas 3.1 and 3.2 (figure 19) are located in areas close to the perennial stream 

network where spots of low connectivity adjacent to areas of higher connectivity have been detected. 

Both of the areas are situated in low topographical point on sandstone soil, characterized as abandoned 

shrub land areas, both relatively close to topographical higher urban areas. They have been pointed out 

as suitable NBS areas since they act as existing natural buffers in the landscape, which have the 

possibility to provide flood regulatory services in and adjacent to the stream network. A service that 

would decrease the risk for future floods in the more urbanized downstream areas. In addition, 



49 

 

according to the connectivity result, the areas could accommodate overland flow from higher 

topographical urban areas on both east and west side of the stream network, this combined with the two 

areas buffering features, increases the importance to save these areas from further urbanization in future 

urban planning plans. An observation which is supported by the MCDA result, where area 3.1 and 3.2 

shows a high NBS suitability, a quality that should be emphasized in future urban plan. Consequently, 

if the areas in the future will be urbanized it is important to integrate NBS in the planning practise in 

order to avoid an increased vulnerability of flooding in the specific areas as well as downstream. 

 

Area 4 (figure 19) is un-urbanized, characterized by eucalyptus and pinewood forest. The area is located 

in a low connectivity area, which raises the risk for pluvial flooding in case of an urbanization of the area 

in the future. The awareness of this risk in future urban planning practice is important, where NBS 

should be integrated into the planning process. 

6.3 Implementation of IC method in NBS planning practice 

As the Agenda 2030 sustainable goals highlights the increased urbanization, climatological changes and 

land degradation, requires a more resilient flood control management, where the implementation of 

NBS is the suggested solution. Furthermore, in order to maintain resilient ecosystems, a holistic 

understanding of the nature as natural capital is needed, for both planners and citizens. In order to 

mainstream the NBS concept within planning practice, the literature calls for a more useful and 

applicable framework, where the concept of connectivity lately has been investigated and proposed as 

an appropriate way. For an NBS to reach its full potential, the location and design is crucial. By analysing 

the area from a catchment scale, it is possible to obtain a conceptual understanding of the interactions 

within it. This understanding can be obtained by applying the concept of connectivity, which allows 

urban planners to account for the connectivity in an early planning stage. A great potential of IC is the 

possibility to identify flow patterns and detect potential catchment storage and discharge areas, which 

can create a simple understanding of the movement of water and sediment within the catchment from 

a system approach.  

 

This work has investigated and evaluated the practical use of the SedInConnect in NBS planning 

practise. The program is user friendly, requires a limited amount of input data and is time efficient, 

which is why it is proposed as a suitable tool for an initial assessment of the catchment, where suitable 

preliminary locations for NBS can be detected. However, since the IC index only analyses the structural 

connectivity of the catchment, additional investigations to account for is the functional connectivity, 

composed of site specific dynamic processes and conditions such as land use, are required in order to 

find a final location and suitable design of NBS. Additionally, the involvement of the local community 

and right expertise are important in order to obtain a successful, site specific, implementation of NBS. 

Finally, the usefulness of the connectivity concept as an initial step in urban planning practise is 

dependent on the complexity of the catchment. For instance, in highly urbanised areas, the complexity 

of water and sediment transport will increase due to manmade infrastructure such as stormwater 

systems and roads, which the IC index does not account for. 

6.4 Future potential of NBS wetlands solutions for flood hazard mitigation in urban areas 

Large scale wetlands solutions as a measure for flood risk reduction is an international acknowledge 

method, where the Ramsar convention has been the directive framework for preservation, cooperation 

and a wise use of wetland as nature resource. Further, wetland loss related to agriculture land has 

stagnate and a positive trend is present. At national level, the two countries have a strategy to meet 

climate change and nature hazards there among flood risks. For instance, the Swedish government is 

strengthening the work with restoration of wetland through the campaign LONA during the years 2018 

and 2021. Consequently, the knowledge base of wetland effectiveness and provided co-benefits for large 

scale wetlands has over the years increased, which enables a possible mainstreaming in policy and 

planning practice. In fast growing cities, where the development of new housing areas been in focus in 

order to meet the increased demand, space efficient solutions for flood regulatory services and 

contamination control are required. Solutions inspired by natural wetlands in a smaller scale, where 
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sequences of infiltration areas such as ponds and ditches, similar to the work done in Augustenborg are 

an effective approach. If these solutions are implemented in the right way they have a great future 

potential to meet the NBS principal goals formulated by EC (2015); Enhancing sustainable 

urbanisation, Restoring degraded ecosystems, Developing climate change adaptation and mitigation 

and Improving risk management and resilience.  

 

The greatest potential of NBS wetlands according to this study is the multi-functionality. Apart from 

providing flood regulatory services in an urban environment by e.g. mimic the natural function of a wet-

landscape, it can additionally provide several co-benefits that will strengthen the urban resilience to loss 

of biodiversity, global warming effects and human health. These co-benefits are essential to create a 

sustainable urban development, which in the future will become even more important due to an 

increased urbanisation and a key factor to create liveable and attractive cities for its inhabitants.  

 

The greatest challenge for a successful implementation identified by this report for the NBS wetland is 

to overcome the inertia to mainstream the solution in urban planning practise. To enable a 

mainstreaming of the solutions the evidence base for NBS has to be strengthening. This can be achieved 

by evaluating the total ecosystem effects generated from an NBS in the whole catchment, where the 

UrbanGaia project is a good example. To enhance knowledge exchange, the result has to be documented, 

discussed and presented to the society via a platform similar to Naturrum in Vattenriket and 

Skåneplattformen in Augustenborg. To measure the effects, before and after the implementation of an 

NBS can enable the development of effective NBS, where time gap obstacles can be reduced. By 

documenting strategies and designs for different local conditions where positive effects on the time gap 

have been measured, the implementation can be improved. This knowledge can increase the evidence 

base for NBS which will increase the confidence to use NBS instead of conventional methods. Therefore, 

the measured positive effects of a successful project can work supportive for future similar projects 

proposals. However, dis-ecosystem services such as the increased risk for vector borne diseases while 

using open water surfaces as well as the social-economic injustice that can be derived from large scale 

implementation of NBS in social-economic weak areas, have to be mitigated for a successful 

implementation.  

 

Moreover, to overcome the inertia of NBS implementation, the knowledge about water interactions and 

processes on a catchment scale has to become stronger for practitioners, in order to make room for water 

in the landscape, instead of separating it from it. When working with flood risk mitigation, an evaluation 

with a catchment approach could generate a more cost and resource effective solution. To enable this 

catchment scale approach, another challenge is to increase the collaboration between different actors, 

such as planners, hydrologist and engineers with different expertise which will enable a more successful 

project, where a site-specific design and placement can be developed. Further, a broad project group of 

expertise will enable the development of multifunctional solutions that generates several ecosystem 

services, if performed in a right manner will generate a more resource effective solution. Finally, a broad 

evidence base can increase the interest of NBS among private investors where different stakeholders can 

benefit and share the expenses by this multifunctional approach, which will give incitements to invest 

in a project. 

6.5 Limitations of the used method 

 

- The analyses carried out in this work analyses the structural connectivity of the              catchments 

and does not account for the functional connectivity in terms of dynamic processes such as 

infiltration and precipitation dynamics in the two study areas.  

 

- The work is limited to the analysis of surface flow; hence the sub-surface and groundwater 

system of the catchments have not been analysed in this work. Further, impacts from man-made 

infrastructure such as storm water system have not been considered.  
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- The used weighing factor, Manning's roughness index, has been obtained from tabulated values 

based on empirical studies. Further, the assignment of tabulated values to site specific land use 

holds a degree of simplification and subjectivity due to the spatial variation of water flow 

impedance associated with the same land use. Further, the dominant parameter for the IC Index 

calculations is the topography of the catchment, hence the land use as a weighting factor has a 

relatively small impact on the connectivity result. 

 

- The subjectivity in the land use suitability assessment in the MCDA method is a further 

limitation to the result. Since the assessment is based on own interpretations concerning what 

land use types that are most suitable for NBS wetlands solution implementation. 

 

- The quality of the available data is a further limitation to the obtained results, in the study case 

Bällstaån a DEM of 2x2 meter has been used, whereas The Ribeira dos Covões study case a DEM 

of 5x5 has been used. The applied land use data are from 2007-2016 in the Bällstaån study case 

respectively 2012 in the Ribeira dos Covões study case. This implies that the latest land use 

modifications in the catchments have not been accounted for. 
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7 Conclusion 

The thesis aimed to investigate NBS and its potential for flood hazard mitigation in an urban context. 

The reviewed literature shows that research on the NBS concept and its implementation is evolving and 

has lately gained significant recognition. The conclusion that can be drawn is that this positive trend will 

enhance a mainstreaming of the concept in policy and planning practise. Consequently, the future 

potential for NBS for flood hazard mitigation in urban areas is promising and is essential to create a 

sustainable urban development and liveable and attractive cities. Key factors for a successful NBS 

implementation in urban areas are to find site specific and multifunctional solutions, which in the 

planning practise can be reached by adopting a catchment scale approach and a close collaboration 

between different actors and stakeholders. Finally, to increase the evidence base of NBS as an effective 

solution, the total measured effects in terms of ecosystem services generated by an NBS project in the 

whole catchment are important to make visible. 

 

The connectivity concept can be used to obtain an initial and conceptual understanding of the 

catchments interactions, where the IC index can be a useful tool for this initial assessment in planning 

practise. The IC index can be implemented in NBS planning practise as a part of the early catchment 

assessment. Since the IC index only analyses the structural connectivity of the catchment, the conclusion 

that can be drawn is that the index cannot be used independently to find suitable locations and design 

of NBS within a catchment. From what was observed in the study, it can be concluded that IC index has 

the potential to initially help decision makers to point out preliminary suitable areas for NBS in a 

catchment that should be studied more in depth, in order to find an optimal location and site-specific 

design. 

 

Originally, the IC index was derived for alpine catchments, where water and sediment transport are 

strongly related to the topography. In flat catchments, the land use and geomorphological features have 

an important role. By comparing the results gained from the IC index calculations and the MCDA for 

the two catchments, it can be concluded that it is small differences, which implies for usage of IC index 

even at flat catchments if some refinements are adopted (e.g usage of Manning’s n as impedance 

weighting factor instead of the roughness index). For Bällstaån, the IC index and MCDA results have 

been compared to more detail hydrological investigations and simulations which also shows a similar 

result, which in turn increase the validation for the IC index.  

 
The reported flooded areas of the two catchments have the same or similar characteristics; in or adjacent 

to the stream network, low slope and low topography with a connectivity pattern characterised by low 

connectivity areas adjacent to areas of higher connectivity. These features are characterised as natural 

buffers and can therefore be suitable locations for NBS. The result implies that the areas around the 

stream network are especially vulnerable to future flooding and should consequently be managed in a 

way that increases their capacity to accommodate overland flow. The usages of NBS around the stream 

network in the two catchments are proposed as a suitable method to mitigate the flood risk. 

 

For Sweden, the expected climate change is characterized as wetter winter months and drier summers 

moths where heavier precipitation events are present. In a combination with a highly soil sealed area, 

implies for changed flow rates in the stream and an increased stress for the storm water handling system. 

Consequently, it has been concluded that NBS has a great potential to meet present and future flood and 

contamination risks in order to enhance a sustainable development of the area.  

 

The climate change in Portugal, is expected to entail more intense precipitation events, this in 

combination with the increased degree of soil sealing of the Ribeira dos Covões catchment, increases the 

importance to incorporate flood risk mitigation measures in the municipality urban planning practice. 

Since the catchment is not yet fully urbanized the potential to implement NBS for future planning can 

be considered as high. Further, Coimbra Municipality is actively working to protect, maintain and 

measure the effectiveness of the city's GBI in the UrbanGaia project, which entails that Coimbra is a city 
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susceptible to the implementation of future NBS in favour of flood risk mitigation. Further, it can be 

concluded that the spatiotemporal variability of soil parameters in the catchment will be important to 

account for when location and designing NBS, this in order to effectively manage possible high overland 

flows in the whole catchment throughout the year.  
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8 Recommendations for further research in the two catchments 

- Study the identified suitable NBS areas for the two catchments more in depth, where dynamical 

processes such as infiltration capacity, geology and the areas response to different precipitation 

magnitude are important to obtain a deeper understanding of the areas. The proposed further 

research will be crucial in order to find a sufficient final location and site specific NBS design. 

 
- Investigate how functional connectivity parameters can be integrated into the IC index. This 

would enable a deeper understanding of the interactions within a catchment and display a more 

accurate overland flow dynamic, which would be valuable in future NBS planning practise 

 

- Investigations of how knowledge exchange platforms can be useful in order to find an efficient 

method for planners to identify different actors and the benefits generated from a suggested 

NBS that they can profit from. This in order to increase the funding from different actors, both 

from public and private sector, as well as increase the support from locals. 
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Appendices 

Appendix A: Used search words for the two literature reviews 

Search words NBS and wetlands Search words connectivity 

Baltic sea  Catchment 

Catchment  Connectivity 

Climate change  Landscape 

Climate change adaptation Hydrological connectivity 

Coimbra Dis-connectivity 

Europe  Sediment connectivity 

Eutrophication  

Flood risk mitigation  

Floods  

Green and blue infrastructure  

Landscape  

Nature-based solutions  

Nutrient removal  

Portugal  

Precipitation  

Run off  

Stockholm  

Sweden  

Water management  

Watershed  

Wetlands  
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Appendix B: Sediment connectivity index calculations in the software SedINConnect and 

preparations in ArcGIS 

The sediment connectivity index (IC) has been calculated by using the software SedInConnect developed 

Crema et al. (2015), see figure 1. The software is a free standalone application which dialog window is 

displayed in figure x. The preparation and visualisation the required in-data sets and later the output 

results ArcGIS 10.5.1 has been used, which has the advantages of providing a many useful geoprocessing 

tools. For the preparations of the date the TauDEm tool to ArcGIS has been downloaded, also free.  

 

 
Figure 20: The dialouge window for SedInConnect 2.3 (Crema et al., 2015) 

 

1)    Input DEM (filled) raster (*tif): 

 The original DEM in TIFF format was prepared by removing unreal depressions in the raster that 

origins from the creations process of the file. The Pit Remove function in ArcToolbox-

>TauDEMtools->Basic grid analysis has been used to remove the depressions. In a second step the 

watershed was delaminated and the DEM was masked according to the watershed as follows: 

ArcToolbox->Spatial Analyst Tools->Hydrology->Flow Direction [input: DEM_pitremove; 

output:Flow Direction] 

ArcToolbox->Spatial Analyst Tools->Hydrology->Watershed [input: Flow_Direction; 

output:Watershed] 

ArcToolbox-> Spatial Analyst-> Extract by mask [input: DEM_pitremoval and Watershead; output: 

DEM_pitremoval_masked] 

  

2)    Use targets (*shp): 

The target function allows the user to focus the calculations on a specific target, in this case 

catchment outlet and stream network. Once a target is assigned, the calculated connectivity will 

illustrate the probability of sediment from each cell in the grid to reach the specific target. The target 

must be a polygon in shape format. Two different targets files, the catchment outlet and stream 

network, have been created in ArcGIS, derived from the DEM_pitremov_mask raster as follows: 

ArcToolbox->TauDEMtools->Basic grid analysis->D8 flow directions 

[input: DEM_pitremove_mask; outut: flow_directions] 

ArcToolbox->TauDEMtools->Basic grid analysis->D8 contributing area 

[input: flow_directions; output: contributing_area] 

A stream network raster was derived from the contributing_area by selecting a threshold pixel value 

such as the values above this value represented the main stream network, the raster calculator from 

ArcToolbox -> Spatial Analyst Tools-> Map Algebra->Raster calculator, were used to select the 

values greater than the threshold and create to a new stream network raster. In the last the stream 

network raster was converted to a polyline by the Conversation Tools->Raster to Polyline. Since 
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SedInConnect requires the target to be a polygon, a buffer with the same offset as the pixel size of 

the DEM was created, which resulted in the input file for the stream network target in SedInConnect. 

The catchment outlet target was created by drawing a polygon at the intersection between the stream 

network and the derived watershed. 

  

3)   Input weight raster(tif*): The weight raster was created by assigning Manning’s roughness 

index(n) values for different land-use types as a new attribute to the land-use file. Further, a second 

attribute row for the weighting factor (W=1-n), was created. In a second step the land-use file was 

reclassified with respect to the weighting factor W. 
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Appendix C: Mannings’s n values 

 

 

 
Figure 21: Manning's n values for different land use types according to CORINE Land Cover 
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Appendix D: Elevation and slope map 

 

 
Figure 22: Elevation and slope map of the Bällstaån catchment 

 

 

 

 

 

 

 

 

 

 

 



vi 

 

 

Figure 23:Elevation and slope map of the Ribeira dos Covões catchment 

 

 

 


