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SUMMARY IN ENGLISH 

Climate change is a phenomenon that is affecting many regions in Europe, causing impacts 
on societal, economic and environmental fields. Increase of average temperatures and 
precipitation intensities, along with short-time rainfall events, is expected in the near future. 
Subsequently, occurrence of flooding, landslide and erosion is predicted to be more frequent. 
Many parts of the built environment are vulnerable to changes in the weather patterns. More 
specifically, major transport infrastructures such as railways and highways, characterized by 
long lifetimes and high investment costs, are particularly sensitive to the occurrence of heavy 
rainfall events. Road-stream intersection have been identified as the critical locations during 
the precipitation event, since the accumulation of high volumes of water and sediments 
might lead to existing draining facilities to be washed away. In this perspective, a tool for 
predicting flood hazard along roads is needed in order to evaluate which are the 
characteristics that mostly affect the occurrence of flooding.  
Two statistical models have been performed for the prediction: partial least square regression 
(PLS) and binomial logistic regression. Both methods are based on a set of 17 Physical 
Catchment Descriptors (PCDs) describing road and catchment-related features that can be 
divided in three main descriptive categories: topography, soil type and land use. In addition 
to them, the sediment connectivity has been included in the analysis, since it refers to the 
linkages in transport networks within a catchment, in particular between the sediment source 
and the downstream area. The novelty of this Master Thesis is the adaptation of the existing 
Index of Sediment Connectivity (IC) to Swedish terrains characterized by hilly slopes and 
agricultural and forest lands. The precipitation/runoff dynamics are taken into account for 
the description of material transport within a catchment. Therefore, contribution of 
topography, land cover, soil type and precipitation intensity will be evaluated. In order to 
perform the analysis, four calculation methods to the originally proposed geomorphometric 
IC proposed by Cavalli et al., (2013) have been built and discussed.  
The probabilistic models were calibrated on the heavy rainfall event that affected areas of 
Västra Götaland and Värmland in August 2014. In particular, 4 flooded and 7 non-flooded 
points in Västra Götaland and 7 flooded and 14 non-flooded points in Värmland have been 
detected. Statistical methods reached high prediction accuracy, highlighting the contribution 
of land cover patterns and topographic and soil type characteristics in the prediction of 
flooding at the road-stream intersections. Moreover, the introduction of IC based on surface 
runoff, and thus on precipitation intensity, improved both modelling of sediment dynamics 
and the accuracy of the prediction. In order to verify robustness of the model, the resulted 
regression equation was applied on the area of Hagfors that was affected by extreme rainfall 
in August 2004. The event resulted in several damages to roads and embankments, especially 
in 4 road sections that were chosen as flooded points. Moreover, 6 points that did not 
experience flooding were included in the analysis. Although the accuracy of the method was 
low, the model was able to correctly predict all the flooded points. 
In these conditions, the method reveals to be highly catchment-based and event-based. Therefore, 
it is necessary to increase flood data collection with the aims of improving accuracy and 
generalizing the model for being applicable in different areas and ungauged basins.  
Availability of such a flood prediction tool leads to the realization of risk maps for an 
immediate visualization of critical areas along roads. Identification of flood-prone areas 
could increase awareness and involvement of decision makers and stakeholders who might 
promote protection and monitoring actions in these critical locations.  
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SUMMARY IN ITALIAN 

I cambiamenti climatici costituiscono un fenomeno che colpisce molte regioni in Europa 
influenzandone l’ambito sociale, economico ed ambientale. Due dei principali effetti di 
questo fenomeno riguardano l’aumento delle temperature medie e dei livelli di precipitazione, 
che conseguentemente risultano in temporali convettivi di breve durata ma forte intensità. 
Per questa ragione, ci si aspetta una maggiore frequenza di accadimento di eventi alluvionali, 
franosi ed erosivi.  
L’ambito delle costruzioni civili risulta essere particolarmente vulnerabile ai cambiamenti 
climatici. Nello specifico, le grandi infrastrutture viarie come autostrade e ferrovie, 
caratterizzate da alti costi di costruzione e progettate per vite nominali superiori ai 50 anni, 
risentono degli effetti dovuti alle piogge particolarmente intense. I punti delle strade 
corrispondenti agli attraversamenti dei corsi d’acqua sono quelli più critici, poichè è qui che 
grandi quantità d’acqua e sedimenti si accumulano causando l’esondazione delle reti di 
drenaggio esistenti. In questa prospettiva, risulta fondalmentale la definizione di un metodo 
per predirre il rischio di allagamento lungo le strade con lo scopo di identificare quali 
caratteristiche contribuiscono al verificarsi dell’inondazione.  
La probabilità di accadimento della piena è stata valutata utilizzando due metodi statistici: 
metodo dei minimi quadrati parziali (PLS) e regressione logistica binomiale. Entrambi i 
metodi sono basati su un set di 17 descrittori fisici (PCDs) che includono caratteristiche della 
strada e del bacino. I descrittori possono essere suddivisi in tre categorie principali: 
topografia, tipo di suolo e uso del suolo. Una diciottesima variabile – definita Indice di 
Connettività dei Sedimenti (IC) – é stata aggiunta ai 17 PCD precedentemente studiati per 
svolgere l’analisi. La connettività del sedimento, definita come il grado di connessione dei 
flussi di sedimento all’interno di un territorio ed in particolare tra le sorgenti di sedimento e 
le aree a valle, è un parametro chiave nello studio dei processi di trasferimento del sedimento 
nei bacini idrografici.  
Il principale contributo scienfitico della presente Tesi di Laurea riguarda lo studio e la 
validazione di un nuovo fattore di peso per il calcolo di IC con lo scopo di descrivere il 
trasporto di materiale in aree pianeggianti tenendo conto anche dell’intensità della 
precipitazione. In particolare, l’analisi è stata svolta proponendo quattro metodologie di 
calcolo per adattare l’indice originariamente proposto da Cavalli et al. (2013), proposto per 
modellare bacini alpini, ai territori Svedesi principalmente collinari e volti a usi agricoli. 
I modelli statistici sono stati calibrati secondo l’evento di pioggia accaduto nelle aree di 
Värmland e Västra Götaland nell’Agosto del 2014, considerando 4 punti allagati e 7 non 
allagati in Västra Götaland, e 7 allagamenti e 14 mancati allagamenti in Värmland. I modelli 
probabilistici hanno rivelato un’elevata accuratezza di previsione, mettendo in luce il 
contributo di topografia, tipo di suolo e uso di suolo nell’accadimento dell’inondazione in 
corrispondenza degli attraversamenti stradali da parte dei corsi d’acqua. 
Con lo scopo di verificare la robustezza del metodo, il modello é stato validato sull’area di 
Hagfors, che aveva subito un’intensa precipitazione nell’Agosto del 2004. L’evento risultò in 
numerosi danneggiamenti alle strade e alle opere di arginatura e di drenaggio, specialmente in 
4 sezioni stradali scelte come “punti allagati”. Inoltre, altri 6 punti sono stati scelti dove non è 
stato riportato nessun danno dovuto a inondazione. Tramite il processo di validazione é stato 
possibile rilevare una capacitá di predirre correttamente l’accadimento di piena tra il 50 e il 
60% dei casi. Tra questi, tutti i punti effettivamente allagati sono stati correttamente 
identificati. Questa caratteristica evidenzia come il modello sia fortemente influenzato dalle 
caratteristiche del bacino e dell’evento di pioggia. Dunque, risulta necessaria una più estesa 
raccolta dei dati così da poter applicare il modello ad aree differenti o affette da 
precipitazioni di diversa intensità, nonché a bacini dove i dati disponibili sono limitati, 
riducendo l’influenza dei parametri del caso di studio di riferimento sulla predizione.  
La disponibilità di uno strumento per la previsione delle piene bporta alla realizzazione di 
mappe di rischio che permettono di visualizzare in modo immediato le aree critiche in 
prossimità delle strade. In questo modo, le autorità competenti potranno promuovere azioni 
di protezione e monitoraggio nelle zone di interesse. 
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ABSTRACT 

Climate changes are predicted to increase precipitation intensities and occurrence of extreme 
rainfall events in the near future. Scandinavia has been identified as one of the most sensitive 
regions in Europe to such changes; therefore, an increase in the risk for flooding, landslides 
and soil erosion is to be expected also in Sweden. An increase in the occurrence of extreme 
weather events will impose greater strain on the built environment and major transport 
infrastructures such as roads and railways. 

This research aimed to identify the risk of flooding at the road-stream intersections, crucial 
locations where water and debris can accumulate and cause failures of the existing drainage 
facilities. Two regions in southwest of Sweden affected by an extreme rainfall event in 
August 2014, were used for calibrating and testing a statistical flood prediction model. A set 
of Physical Catchment Descriptors (PCDs) including road and catchment characteristics was 
identified for the modelling. Moreover, a GIS-based topographic Index of Sediment 
Connectivity (IC) was used as PCD. 

The novelty of this study relies on the adaptation of IC for describing sediment connectivity 
in lowland areas taking into account contribution of soil type, land use and different patterns 
of precipitation during the event. A weighting factor for IC was calculated by estimating 
runoff calculated with SCS Curve Number method, assuming a constant value of 
precipitation for a given time period, corresponding to the critical event. The Digital 
Elevation Model of the study site was reconditioned at the drainage facilities locations to 
consider the real flow path in the analysis. These modifications led to highlight the role of 
rainfall patterns and surface runoff for modelling sediment delivery in lowland areas. 
Moreover, it was observed that integrating IC into the statistic prediction model increased its 
accuracy and performance. The calibrated model was then validated in another area, located 
in the central part of Sweden, affected by severe rainfall event in August 2004, in order to 
verify its robustness even in ungauged catchments. 

Key words: climate change; flooding; infrastructures; GIS; sediment connectivity; 
surface runoff; statistical modelling. 

1. INTRODUCTION  

Flood hazard is nowadays a widely studied hydro-meteorological phenomenon 
due to the increased frequency of occurrence mainly in urban areas, where 
overflowing of rivers cause huge damages for people, nature and 
infrastructures. Major transport infrastructures such as highways and railways, 
which are characterized by long lifetimes and high investment costs, are 
particularly vulnerable to changes in weather patterns. During heavy 
precipitation events, water carries debris and sediments that accumulate at the 
drainage facilities locations, leading to roads and bridges to be washed away. 
Therefore, the first objective of this Master Thesis is the modelling of sediment 
transport patterns within the catchment in order to detect recharge areas and 
discharge areas as well as to evaluate the potential sediment that might move 
towards the roads. Climate changes, with consequent rising temperatures and 
increasing extreme rainfall events, along with the expansion of urban areas, 
seem to play a fundamental role in the more frequent occurrence of flooding all 
over Europe. In particular, many parts of Sweden are expected to be affected 
by flooding, erosion or landslide events. In this context, it is fundamental to 
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recognize the factors that influence the hydrological catchment response and 
might concur to the occurrence of flooding. A statistical model based on a 
chosen set of Physical Catchment Descriptors (PCDs), including properties of 
the road and of the catchments, will be obtained for predicting flooding at the 
road-stream intersection points. This tool represents a practical adaptation 
measure for improving road management in the long term, taking into account 
changes in climate scenarios that are expected in the near future. 

1.1. Behavior of road infrastructures due to climate changes 
Climate change is affecting many regions in Europe, causing impacts on 
societal, economic and environmental fields (EEA, 2013). At a global scale, the 
average temperature is expected to increase between 1.8°C and 4°C by 2100, 
compared to the temperature levels of 1990 (Holgersson et al., 2007), when 
average annual temperature varied between -8° and +10° for the time series 
1961-1990 (SMHI). Following the climate scenarios simulated by the Swedish 
Meteorological and Hydrological Institute (SMHI), the mean annual air 
temperature in Sweden will increase by around 2-3 °C by 2050 and about 6°C 
by 2100, which is more than the global average. According to Sweden’s sixth 
National Communication on climate change (Ministry of the Environment 
Sweden, 2014), altered precipitation patterns will be involved as well. In 
particular, risk for flooding, erosion and landslides are expected to increase in 
many parts of the Country. 

With a warmer climate in Sweden, torrential rains will be more frequent by the 
end of this century, and the intensity of heavy rainfall is estimated to increase 
by 10-20% (SMHI, 2012). This will in turn increase the runoff by 5-25% in 
Sweden as a whole, but with large differences at a regional scale (Kalantari, 
2014). Following results obtained by SMHI, extreme weather events will be 
more common in large parts of Western Götaland (South-West Sweden), in 
Southern Svealand and in North-Western Norrland (Noth-West Sweden). In 
addition to the spatial component, i.e. the regional factor, the seasonal aspect 
will affect the precipitation trend; forecasting scenarios show that the largest 
changes in precipitation in Sweden can be expected during the winter months 
(Ministry of the Environment Sweden, 2014). Due to this high increase in 
precipitation, the European Commission (Commission of the European 
Communities, 2007) stated that Scandinavia is one of the most vulnerable areas 
for climate change in Europe. 

Vulnerability of any parts of the built environment, defined as “the degree of 
loss that may result from the exposure to a hazard” (Brimicombe, 2009), is 
affected by changes in weather patterns. Major transport infrastructures, such 
as roads and railways which are characterized by long lifetimes and high 
investment costs, are particularly vulnerable for changes in climate 
(Commission of the European Communities, 2007; Kalantari and Folkeson, 
2013). Moreover, the expected increasing occurrence of flooding, landslide and 
erosion will stress the capacity of road and railways to face higher loads 
(Ministry of Environment Sweden, 2014; Nickman, 2014). In particular, roads 
located in the vicinity of lakes or rivers are more likely to be damaged due to 
elevated water levels and water velocities; with subsequent risk for roads, 
embankments and bridges to be washed away (Ministry of the Environment 
Sweden, 2014). The under-dimensioning of drainage solutions such as ditches 
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and culverts may lead to serious damage in the entire road transport system, 
causing obstruction of traffic and failure of structures (Brimicombe, 2009; 
Hansson et al., 2010; Kalantari, 2014).  

The limited, and in some cases insufficient capacity of structures to stand 
extreme weather events can also be addressed to a lack of knowledge on the 
adequate adaptation of infrastructure to climate change (CIRCLE2, 2013; 
Kalantari and Folkeson, 2013). Currently, design of drainage systems is based 
on the previous precipitation events and weather conditions. Therefore, there is 
no consideration of the more intensive rain events consequent to changes in 
climate (Vägverket, 2008; Hansson et al., 2010; European Commission, 2013). 
Land use and land management changes over the years are also likely to affect 
the hydrological response of the landscape to heavy precipitation (Kalantari et 
al., 2014b). All these factors have to be considered for an effective design of 
road related structures in order to reduce the risk of accidents and for a proper 
mitigation plan. The road network directly affects the hydrological response of 
the watershed since it changes the geomorphology of the area and concurs to 
the introduction of new drainage features (Tague and Band, 2000; Nickman, 
2014). Urbanized areas are mainly covered by impervious materials and 
impermeable surfaces that reduce the infiltration capacity and thus accelerate 
surface runoff (Weng, 2001; Vägverket, 2008; Brimicombe, 2009; Fu et al., 
2009). Therefore, the impact of road networks on the hydrological catchment 
response has fundamental importance for flood prediction.  
The occurrence of extreme weather events affects not only the transport 
infrastructure itself, but also the economic and societal systems around 
infrastructure assets (European Commission, 2013). Obstruction of traffic, 
delays, incidents and injuries are some examples of disturbance involved in a 
flooding event. Current maintenance costs due to weather stresses represent 
30% to 50% of road transport infrastructure costs, and 10% of these costs are 
related to extreme weather events (mainly heavy rainfall and floods) (European 
Commission, 2013). Following the research developed by the Rossby Centre of 
the Swedish Meteorological and Hydrological Institute (SMHI) concerning 
climate scenario simulations for the period 2071-2100, the cost for the flooding 
of buildings around the major Swedish lakes – Vänern, Mälaren and Hjälmaren 
– was estimated at a total of SEK 7.9 billion (~850 million €) at today’s 
hundred-year flood (Swedish Commission on Climate and Vulnerability, 2007). 
Moreover, an additional cost of SEK 3.2 billion (~350 million €) has to be 
considered for damage costs of roads, railways, water treatment plants, sewage 
system, agriculture, forestry, power station and industries (Swedish Commission 
on Climate and Vulnerability, 2007). 
Adaptation actions aiming to reduce vulnerability of cities and infrastructures, 
along with methods and solutions for developing new infrastructures in the 
perspective of the long-term climate change, are fundamental for improving the 
quality of environment and life of citizens (CIRCLE2, 2013; Commission of 
the European Communities, 2007). This kind of measure can be seen as a 
strategy involving both science and policy with the objective of facing the 
effects of changing climate scenarios (CIRCLE2, 2013). Therefore, a practical 
adaptation measure is an interdisciplinary challenge for the sustainable 
development of socio-economic and environmental systems.   
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1.2. Problem definition 
Recent flood events, at the road-stream intersection locations, resulted in 
embankment failures and bridge clogging, probably due to the under-
dimensioning of such structures. During severe weather events huge volumes 
of water flow at intense velocity, carrying materials such as stones and debris 
that can accumulate, obstruct drainage facility and subsequently trigger 
occurrence of road flooding.  Road-stream intersections have been identified as 
the most crucial location for assessing flood risk (Eriksson, 2004; Magnusson, 
2009; Nickman, 2014). Here, the accumulation of rocks, boulders and debris 
impedes the normal function of the drainage facilities, thus blocking the water 
flow. This results in high level of water and subsequent high pressure against 
the embankments followed by collapse if them cannot stand the loads 
(Nickman, 2014). In light of that, it is necessary to include material transport 
capacity within the catchment in the flood prediction analysis. In the context of 
this project the mentioned mechanism will be referred to the sediment connectivity, 
defined as the degree of linkage within a catchment for sediment delivery from 
a source to a sink.  

Sediment connectivity dynamics has been deeply analyzed for modelling 
material transport on Swedish terrains. In the recent years the research 
regarding sediment connectivity gave rise to indexes for a quantitative 
assessment of how well the upslope and downslope components of a 
catchment are connected in material transport. Based on these studies (section 
3.3), the question remains whether it is possible to include in the sediment 
connectivity index not only information about topography, soil type and land 
use characteristics but also the information regarding the precipitation intensity 
during the event. In this way, an event-based and catchment-based Sediment 
Connectivity Index has been developed. Once the predominant dynamics of 
the phenomenon was detected, it was possible to distinguish recharge areas, i.e. 
sediment storage locations, from discharge areas, i.e. sediment delivery 
locations. The focus on sediment connectivity leads to assess how this 
mechanism concurs to the hydrologic response of the catchment and 
subsequently to the occurrence of flooding. Moreover, it is possible to obtain 
maps for immediate evaluation of watershed connectivity; and identify locations 
in the vicinity of the roads where debris can accumulate and might cause 
failure. However, use of indexes leads to a relative evaluation of a phenomenon 
among parts of the area of interest. In this perspective, connectivity maps allow 
visual identification of areas where debris delivery is facilitated, i.e. sediment 
areas are more connected to the catchment outlet, and hence are more prone to 
flood during heavy rainfall events. On the other hand, this kind of tool is not 
able to give an absolute result regarding the risk of flooding at a particular 
location.  

With the objective to provide decision makers an easy, unique and integrated 
tool for predicting flood risk along road-stream intersections, a generalized 
statistical model has been developed for predicting flood hazard at the road-
stream intersection locations. Instead of applying a hydrological model, which 
requires dynamic input data and detailed watershed information and thus more 
complex computational skills, the highlighted model aims at a quicker and more 
intuitive identification of flood-prone areas. Both road and catchment 
characteristics (e.g., topography, soil type and land use) concur to the actual 
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hydrological response of the catchment. Therefore, an evaluation of the 
characteristics that mostly affect the catchment response is undertaken. The 
analysis will include in which extent they influence occurrence on flooding and 
the existing interactions and dependence between internal dynamics. Sediment 
connectivity index has been recognized suitable for flood prediction since it 
considers the integrate effect of topographic (elevation, slope, contributing 
area), soil type and land cover properties on hydrologic catchment response. 
Moreover, the proposed adaptation for Swedish terrains considers the role of 
different patterns of precipitation during the event for describing runoff and 
sediment delivery dynamics.  

A clear identification of the most affective factors allow an evaluation of which 
areas along roads and railways are more vulnerable in case of flooding. 
Assessment of such risk-prone areas can result in risk maps or vulnerability 
maps for a conscious planning of future construction works and effective 
maintenance of the already existing infrastructure. 

1.3. Assumptions  
It is important to highlight the assumptions this Master Thesis project is based 
on preliminary to the description of the methodology and of the steps to follow 
in order to reach the expected results: 

1. In this context, the expression “sediment connectivity” refers to 
debris flow and channelized sediment transport modelling (Cavalli 
et al. 2013). Moreover, the performed analysis looks at precipitation-
runoff dynamics for evaluating sediment and water transport within 
the catchment, therefore sediment connectivity is strictly related to 
hydrological connectivity (Bracken and Croke, 2007); 

2. The model is calibrated in two areas of southwest Sweden that 
experienced flooding due to heavy rainfall event in August 2014. 
Areas and triggering precipitation events are considered similar so 
the available observation points can be combined as unique dataset 
for flood prediction; 

3.  Statistical model will be performed following the approach 
proposed by Kalantari et al. (2014) and using data calculated by 
Michelsen (2015) for the same study case. 

1.4. Aims and objectives 
The principal aim of this Master Thesis project is to develop a tool for 
assessing risk of flooding at identified road-stream intersection locations that 
experienced flooding in the past. Focus will be on the study of the sediment 
connectivity and the adaptation measures that could be developed for 
computation in Sweden catchments. Moreover, the role of this factor on 
flooding occurrence will be assessed. Subsequently, a statistical model will be 
obtained and applied based on chosen characteristics of road and catchment, 
including sediment connectivity, identified as the most descriptive for 
predicting flooding. The obtained model should highlight the role of landscape 
features and man-made structures as well as interactions between those factors 
for the final response of road and watershed system. 

In order to reach this aim, some steps will be followed: 
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1. Selection of an area in Sweden in which some road-stream 
intersections experienced or did not experience flooding after an 
extreme precipitation event;  

2. Study of the Sediment Connectivity Indexes, the first version 
proposed by Borselli et al. (2008) and the subsequent revision 
introduced by Cavalli et al. (2013), with solutions for adaptation on 
Swedish terrains; 

3. Inclusion of precipitation intensity and surface runoff for Sediment 
Connectivity computation, with the objective to make the index an 
event-based  and catchment-based parameter;  

4. Investigation of the role of sediment connectivity mechanism as 
Physical Catchment Descriptor in order to produce and apply a 
statistical model for predicting flood hazard at the interesting 
locations. 

In the end, the model will be tested in an area affected by a different heavy 
rainfall event in order to assess whether the model is still reliable.  

2. CASE STUDY  

The study of this Master Thesis project relates to two areas of Western Sweden, 
Värmland and Västra Götaland (Fig. 1). Those areas have been affected by 
heavy rainfall events during summer 2014, which damaged road and railway 
infrastructure and as a consequence resulted in inconveniences such as traffic 
delays and economic losses. This section consists of a description of the flood 
event and the geological and soil type and land use characteristics of the two 
study areas. Regions of Västra Götaland (25247 km2) and Värmland (18204 
km2) are located in the Western part of Sweden. While the former is inhabited 
by 1,615 million people, the latter has a total population of 313.372 inhabitants. 
Counties adjoin and both face onto Vänern Lake. The whole area is surrounded 
by Dalarna in the North, Örebro in the North-East, Östergötland in the East, 
Jönköping in the South-East, Halland in the South and Norway on the West. 

 

  

Figure 1: Map of Sweden and detail on the location of the study area. 
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2.1. Geological characterization  
Acidic intrusive rocks, such as granite and granodiorite, as well as metamorphic 
rocks mainly characterize the bedrock of Västra Götaland and Värmland 
counties (Fig. 2a and Fig. 3a). 
Västra Götaland area, geologically known as the southwestern Swedish gneissic area 
(Sydvästsvenska Gnejsområdet), mainly consists of gneiss rocks. The eastern part of 
the region presents a combination of metamorphic and sedimentary rocks, 
where contact is defined by fractures and cracks. Moving towards the mid part, 
portion of sedimentary rocks increases with formations that follow the 
elevation lines trend (Fig. 2b). Moreover, intrusions of volcanic rocks can be 
noticed. In the Western part, a sedimentary rock strip crosses the area 
longitudinally. Also in this case the contact of the two formations is 
characterized by ductile shear deformation zones in the upper part and by 
brittle to plastic deformation zones in the lower part. 
Almost all the area of Värmland County belongs to the trans-Scandinavian 
granite-porphyry belt province (TMB). Therefore, granites and porphyries 
mainly characterize the bedrock of the region. In the eastern band of the 
region, partly gneissic granite represent the biggest portion of the bedrock with 
rare intrusions of gabbro, characterized by brittle to plastic deformations. 
Moreover, presence of volcanic rocks can be noticed. Here, the deformation 
behaviour is really dense and presents mainly plastic deformations with ductile 
shear zones towards the eastern boundary. The southern part of the area 
presents a brittle deformation zone with faults, cracks and fractures (Fig. 3b). 
The middle band (Fig. 3b) consists of mainly gneissic granite punctuated with 
gabbro especially in the southern part. Here, a lithological contact zone defines 
the stratigraphic surface where two distinct geological bodies meet and 
maintain the mutual stratigraphic relationships acquired at the time of 
emplacement. The boundary with the western band is delimited by the 
Protogine zone, an operating fault zone that crosses the southern Swedish 
highlands and continues between Lake Vänern and extends towards the north-
western Värmland. The fault zone is characterized by bedrock with increasing 
foliation on the east, which gradually passes into granitic gneiss in the 
westbound direction (Fig. 3c).  

2.2. Recent flood events 
Värmland and Västra Götaland Counties have been affected by heavy rainfall 
event during August 2014 which caused damage and failure of roads and h 
embankments. 

The region of Västra Götaland has been identified by Holgersson et al. (2007) 
as especially vulnerable for flooding; due to the combined effect of increasing 
precipitation levels and intensive short-term rainfall events. During the 19th and 
20th of August 2014 a heavy rainfall resulted in severe damages to roads and 
railways mainly concentrated in Uddevalla and Munkedal municipalities. 
Bohusbanan, the railway line between Göteborg and Strömstad, was also 
heavily affected by the event. The culverts under the rail track could not 
withstand the high level of water resulting in the collapse of the railway 
embankment in the two locations of Småröd and Kråkeröd. The rails in these 
areas floated at a height of 1.5 and 0.5 meters in the air respectively (Svenska 
Dagbladet, 2014; Svenska Järnvägsklubben, 2014; SVT, 2014a). The heavy 
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rainfall also affected the E6 motorway causing flooding in many points 
(Svenska Dagbladet, 2014). During the night between 19th and 20th of August, 
the road was closed to traffic between Hogstorpsmotet and Torpsmotet 
followed by the stretch of highway between Håby and Munkedal (Trafikverket, 
2014b; TTELA, 2014).  
Values of precipitation intensity recorded at the observation stations can be 
obtained by SMHI. Data related to the precipitation event of 19th and 20th of 
August 2014 are summarized in Appendix I. Here, coordinates (WGS84 and 
SWEREF99 reference systems) of the observation points are shown. Moreover, 
the column “Precipitation” refers to the total cumulative rain accumulated 
during the two days, expressed in mm. Hällum station reported the highest 
value of precipitation (139.4 mm), which also represents a new landscape 
record for Västra Götaland (SMHI, 2014). Uplo and Vårgårda received 114.5 
and 109.5 mm respectively. The mean rainfall in the entire Västra Götaland 
region was 30.6 mm.  
According to Michielsen (2015), 4 points where flooding occurred and 7 non-
flooded road-stream intersection points were chosen for the analysis (Fig. 4). 
Appendix I shows names and coordinates of each point. For the area that 
contains the 11 points chosen for model development, the mean precipitation 
is 22 mm and maximum intensity approximately 54 mm, recorded at 
Ulricehamn station. 

The province of Värmland was hit by an intense rainfall event between the 21st 
and the 25th of August 2014 that resulted in damage to road related 
infrastructure (Trafikverket, 2014a). One of the most affected locations was 
Kristinehamn, where highway E18 had to be completely closed off for the 
traffic due to the flooding (nwt.se, 2014, Sveriges Radio, 2014b). Here, almost 
100 mm rainfall was noticed in a short period of time during the night to the 
21st of August (Sveriges Radio, 2014b). Also the municipality of Väse was 
heavily affected; where an average of 60 mm of water was received during the 
24 hours of 21st of August (nwt.se, 2014) resulting in flooding and destruction 
of one of the principal roads. The observations of precipitation recorded and 
provided by SMHI have been tabulated in Appendix I. The maximum intensity 
of rainfall reached 87.1 mm at Väse station, followed by 47.4 mm and 47.1 mm 
at Lesjöfors and Svaneholm respectively. 
According to the analysis developed by Michielsen (2015), a total of 21 road-
stream intersection points were chosen for the statistical model. Among them, 
7 points experienced flooding, while 14 did not (Fig.5).  Appendix I shows 
details of the interesting points. The area that includes the chosen 21 flooded 
and non-flooded points has the same maximum as for the entire region, while 
the mean is around 47mm, which is higher than the mean value of the whole 
county, 28mm. Therefore, the portion of analyzed area has been particularly 
affected by the precipitation event.  

In additions to the damages of road, railway and draining facilities, flooding 
event affected several sectors disturbing the daily life of people living the area. 
For instance, damages to buildings, electricity black-outs and problems for 
human services occurred in Västra Götaland (Bohusläningen, 2014; SVT, 
2014b). Moreover, in the area of Värmland, basements of buildings flooded and 
inhabitants were advised not to drink water from local wells due to eventual 
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leakage which could contain contaminated drinking water (Sveriges Radio, 
2014). 

  

 
 

Figure 2 : Geological Characterization of Västra Götaland. a) Representation of bedrock and 
structure lines of the entire region. b) Detail of the geologic map on the eastern region. Area has 
been subjected to plastic deformations. Stratified sedimentary rocks rich in feldspar and carbonates 
together with metamorphic rocks are the predominant lithology. 
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b)                  c)   

Figure 3: Geological characterization of Värmland. a) Representation of bedrock and structural lines 
for the entire region; b) Zoom on the eastern and the middle bands of the area, characterized by 
granite and metamorphic rocks as well as dense and wide deformation structures; c) Focus on the 
western band, where granitic gneiss and volcanic schistose rocks are the predominant bedrocks 
coupled with brittle deformation zones.  
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Figure 4: Selected road-stream intersection locations in the 
area of Västra Götaland that experienced (red points) and 
did not experience (green points) flooding in August 2014, 
according to Michielsen (2015). 

 

 
Figure 5: Selected road-stream intersection locations in the area of Värmland that experienced (red 
points) and did not experienced (green points) flooding in August 2014, according to Michielsen 
(2015). 
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2.1. Soil type and land use characterization of the area chosen for 
modelling 

Focusing on the area comprehending the chosen points that will be used for 
modelling, soil type and land use properties have to be analyzed. As mentioned 
before, the aim of the project is to study the probability of flooding at the road-
stream intersection points in a long term perspective; taking into account the 
changes that will occur in the near future. Therefore, even if the soil type is not 
expected to change in the next 50 years, the current land use might not be the 
same. Moreover, studying soil type and land use can result in an integrate 
analysis that highlights the combined effect of those aspects on the resulting 
surface runoff, as well as the evaluation of the quantity of water flowing and 
reaching the target points (section 3.3.3). For what concerns the soil type, the 
portion of Västra Götaland chosen for modelling is mainly characterized by the 
presence of clay and rock, 35% and 33% of the total soil type, respectively.  
Water is the equal to 32% (Fig. 6). Till consist of small lenses around the area. 
In Värmland, except for water, that represents the 32% of the entire area, the 
soil type mainly consists of till (21%), followed by clay (14%) and rock (15%). 
Till represents the most substantial portion in the eastern part of the region, 
while in the central bend the quantity of clay, till, sand and rock is more 
balanced. A wide area of sand and peat can be noticed in the north-east part of 
the region (Fig. 8). The entire study area is mainly covered by forest, followed 
by wide agricultural lands. Concentrations of urban areas are wide and reflect 
the human activities of the bigger cities, such as Karlstad and Kristinehamn in 
Värmland and Munkedal, Hogstorp and Uddevalla in Västra Götaland. 
Moreover, grassland is spread all over in small concentrations (Fig. 7 and 9). By 
combining soil type and land use, the observed critical points are located in 
correspondence to clay soil and mainly agricultural areas. In Västra Götaland, 
urban areas lay on clay or till, and forest and grassland are mainly on rock, sand 
or till. In these conditions, the occurrence of rainfall will result in high quantity 
of superficial runoff along roads and in the urban areas, where the impervious 
paving impede the direct infiltration in the soil. On the contrary, grassland and 
forest have the capacity to restrain water in the leaves and roots and, if 
combined with draining soils such as sand or gravel, led to quick infiltration and 
water can easily be removed. Unlike Västra Götaland, the urban areas of 
Karlstad and Kristinehamn lye on a soil made of till and sand, which 
contributes to the drainage of water. 
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Figure 6: Soil type of Västra Götaland. Clay and Rock are the predominant soils. Till is 
spread all over the region while peat is concentrated just on the eastern part of it. 

 
Figure 7: Land use of Västra Götaland. The area is mainly covered by forest and 
agriculture. Brown spots reflect the main urban concentrations in Uddevalla (south-
east) and Munkedal (Nord). 
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Figure 8: Soil type of Värmland area. Till, clay and rock are the predominant soils. 

 

 
Figure 9: Land cover of Värmland area. Forest and agriculture mainly cover the region, while urban 
areas are concentrated in Karlstad and Kristinihamn. 
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3. SEDIMENT CONNECTIVITY MODELLING OF THE SWEDISH 

TERRAINS 

In this section, the concept of sediment connectivity is outlined: definition, 
parameters involved, calculation of the existing indexes and proposal of new 
computation for adaptation on Swedish terrains. In the end, results of the cited 
corrections are showed. 

3.1. The concept of connectivity 
The occurrence of extreme precipitation events results in an elevated level of 
water that flows at high velocity in watercourses. In these conditions, the water 
is able to carry stones, trees and sediments that are displaced from their original 
location, causing obstruction of drainage facilities such as ditches and trenches, 
and clogging of road culverts and bridges due to high flows.  

The concept of “connectivity” describes the linkages and internal connections 
in transport networks and it is increasingly and widely applied in many 
disciplines of Earth and Environmental Science (Bracken et al., 2007). In 
particular, sediment connectivity is defined as “the degree of linkage which 
controls sediment fluxes throughout landscape, and, in particular, between 
sediment sources and downstream areas” (Cavalli et al., 2013). Sediments 
produced upslope by erosion and deposition are transported downslope 
creating a connection between the source (storage area) and the “sink” (river, 
road or urban area).  

Topographic properties of the catchment, such as slope, drainage area and 
presence of barriers concur with the actual response of the catchment after 
rainfall events. The complexity of landscape morphology, along with presence 
of landform impediments, can act as disconnecting features impeding sediment 
delivery (Fryris et al., 2007; Baartman et al., 2013). Soil surface irregularity 
(roughness), spatial organization of vegetation together with intensity and 
duration of rainfall have been identified as the three main factors influencing 
connectivity (Cammeraat, 2002). In addition to the spatial variability, the 
temporal factor can affect the operation of sediment cascades (Hooke, 2003; 
Fryris, 2012).  

The study of sediment connectivity can lead to better awareness on how and in 
which extent topographic characteristics affect the hydrological response of the 
catchment at the outlet locations, where road-related structures are more 
sensitive to extreme rainfall events.  

3.2. Literature review 
Water acting on a hillslope can cause erosion which could trigger a transport 
mechanism of soil particles and clastic debris. Generated sediments can be 
deposited either a short distance away down the hillslope or can be transported 
further down to a stream channel. In the latter case, sediment is stored in the 
channel, floodplain, or further down (out of the drainage basin). The 
mechanism concerning sediment storage represents one of the most important 
aspect of the fluvial sediment system, since it enables an assessment of the 
fluvial system response to external changes (Phillips, 1991). Water fluxes and 
transport of sediment and organic matter from a catchment to a major river 
system have a particular interest since they affect, both directly and indirectly, 



Carolina Cantone TRITA LWR Degree Project 16:03 
 

16 

 

many aspects of environmental, societal and economic fields. Negative effects 
due to uncontrolled on-site soil erosion might be related to the reduction of 
storage capacity of the reservoirs downstream, the increasing water turbidity 
and the introduction of chemicals in lakes and rivers (Mekonnen et al., 2014). 
Therefore, many studies developed a sediment budget for a drainage basin 
(Schwalbach and Gorsline, 1985; Piper and Aksu, 1987; Page et al., 1994). The 
sediment budget is defined as a “quantitative statement of the rates of 
production, transport, and discharge of detritus” (Dietrich et al., 1982). It is 
therefore fundamental to describe the interactions and internal mechanics that 
bring the debris from the hillslope down to the channel and then out of the 
basin. Although it is not possible to reproduce the development and the 
movement of each particle due to the complexity of the process, it is still 
essential to know the spatial and temporal variations of transport and storage 
processes (Dietrich et al., 1982).  

Other methodologies for calculation of sediment yield can be found in 
literature. One of the most used is the Sediment Delivery Ratio (SDR) that is 
defined as the ratio between the observed sediment yield at a cross-section of a 
stream and the total quantity of soil eroded in the catchment before this section 
(Jinze and Qingmei, 1980). SDR has been defined as a black box concept, since 
it hides the processes involved in the sediment delivery (Walling, 1983; Walling, 
1988; Lu et al., 2006; Bracken et al., 2007). 

Chorley and Kennedy (1971), introduced a system approach in the study of 
physical geography, where they defined the catchment as the result of 
geomorphic processes that couple landscape elements through sediment 
transport. In light of that, a growing interest developed in the so-called 
geomorphic coupling, that expresses the linkage of distinct landforms or 
landscape units by sediment transport (Harvey, 2001). The (sediment) 
connectivity is thus the degree of coupling, for example the combined effect of 
lateral and longitudinal linkages; for instance from hillslope to channel, and 
from a river to another respectively. In particular, sediment connectivity is 
defined as “the degree of linkage which controls sediment fluxes throughout 
landscape, and, in particular, between sediment sources and downstream areas” 
(Cavalli et al. 2013). The assessment of sediment connectivity results in a spatial 
characterization of connectivity within a catchment, aiming at evaluating the 
contribution of specific parts of the catchment as a sediment source and to 
define the sediment transfer paths.  

The evaluation of linkages between parts of the catchment in terms of sediment 
connectivity is a rather recent approach. Walling (1983) introduced the “sediment 
delivery problem”, stating the inefficiency of catchments in supplying sediment 
to the catchment outlet. Therefore, the percentage of sediment that reaches the 
basin outlet is only a small fraction of the sediment eroded. Starting from this 
point, it became crucial a deeper understanding of the actual internal 
mechanisms within a catchment: elements and features involved and the effect 
of landscape on the transport of sediment. Brierley et al. (2006) proposed a 
conceptual framework for sediment connectivity by distinguishing linkages 
between landscape features at different spatial scales. Moreover, Bracken et al. 
(2014) used the sediment connectivity concept as a conceptual framework for 
scaling up the erosion rates measured at small scales in order to estimate 
landscape changes. Hooke (2003) focused on the river-channel system by 
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defining different types and degrees of connectivity depending on sediment 
source and capacity of the river to transport coarse sediment. Connectivity has 
been distinguished in two terms: structural connectivity that describes the extent to 
which landscape units are physically linked to others, and functional connectivity 
that describes how these interactions affect geomorphic, ecologic and 
hydrologic processes (Turnbull et al. 2008). In particular, Wainwright et al. 
(2010), proposed a holistic approach based on a refined distinction between 
these two concepts, in order to explain patterns of very different environmental 
systems. Fryris et al. (2007) introduced the concept of (dis)connectivity that 
describes the degree to which any limiting factors, or landform impediments, 
create a longitudinal, lateral or vertical blockage for sediment transport.  

In literature, examples regarding the quantification of sediment pathways, e.g. 
the transport of material from a source to the sink, are relatively new. 
Heckmann and Schwanghart (2013) applied a mathematical graph theory to 
study the coarse sediment pathways in a central alpine catchment (Austria) by 
obtaining a graph model where sediment sources, pathways and sinks are 
represented by nodes, edges and paths respectively. Baartman (2013) evaluated 
the sediment connectivity of six cases characterized by very different 
morphologies, studying the complexity-connectivity trend which showed a 
decreasing degree of connectivity in more complex environments. Fryris et al. 
(2006) evaluated the landscape (dis)connectivity of the upper Hunter 
catchment, Australia, by analyzing distribution and presence of obstructing 
elements (buffers, blankets and barriers) through GIS analysis, field mapping 
and air photograph interpretation.  

In recent years an increasing effort has been devoted to developing indexes for 
sediment connectivity evaluation, with the aim to give a numerical value for the 
comparison between differently connected areas and thus easier to monitor 
changes in time. Borselli et al. (2008) were the first in introducing two 
connectivity indexes: IC which is based on landscape information calculated in 
a GIS environment, and the FIC that is directly assessed from the field. In 
order to apply such a method in an alpine catchment, Cavalli et al. (2013) 
proposed some alterations to the IC index with the aim to take into account the 
complex morphology that characterizes mountainous catchments for the 
assessment of sediment transfer along the channel network. Gay et al. (2015) 
integrated the sediment connectivity IC proposed by Borselli et al. (2008) with a 
distributed parameter (IDPR) in order to apply it in the lowland areas of the 
Loire-Brittany River Basin (France). The methodology used in this study is 
based on the last mentioned techniques.  

3.3. Sediment Connectivity Index  

In the recent years an increasing interest has been put in the quantitative 
evaluation of the linkages between landscape units. Borselli et al. (2008), 
proposed a geomorphometric index (IC) combining the effect of the downslope 
component (Ddn) and the upslope component (Dup) (Fig. 10) taking into account land 
use and topography: 
 

log  Eq. (1) 
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IC is defined within the rage [-∞, +∞] and increases when connectivity is 
higher.  

The upslope component Dup is the potential contributing sediment produced 
upslope and is calculated as:  

 ̅√  Eq. (2) 

Where : average weight factor 

̅:  mean slope gradient of the upslope contributing area  

 : upslope contributing area 

The downslope component Ddn is the potential of sediment that move from the 
source towards the sink downslope and is defined as: 

 
 Eq. (3) 

Where, for the ith cell, di is the length of the flow path, Wi is the weight factor 
and Si is the slope gradient. 

The weight factor W represents the impedance to runoff and sediment fluxes 
and is defined within the range [0, 1]. Higher weights reflect high sediment 
delivery capacity, while low values correspond to less connected catchment. 
Hence, this factor is affected by soil surface characteristics and land cover 
(Borselli et al., 2008).  

 

Figure 10: Sediment Connectivity Index concept. IC is calculated as the 
logarithm of the ratio between the upslope and downslope components, 
which take into account the sediment produced upslope and the portion 
of sediment that moves towards the sink, respectively [Figure taken from:  
Crema et al. 2015]. 

Slope  

The slope gradient has been evaluated using the following relation: 
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sin  Eq. (4) 

Where α is the local gradient of the flow line and S0 is the minimum slope value 
equal to 0.005 m/m, a positive number which is introduced in order to avoid 
zeros and infinites.  

Contributing Area 

The contributing area is calculated using the single-direction flow algorithm 
(SDF) D8, which assumes a single flow direction along the steepest downslope 
direction (O’Callaghan and Mark, 1984). First of all, the method requires DEM 
depitting, such as the removal of local depressions in the Digital Elevation 
Model. Furthermore, the elevation of each cell grid is compared to the 
elevation of the eight neighboring cells. Then, the steeper downslope direction 
is assumed to each cell in the grid (Fig. 11).  

 

10  10  10 

 8  9  8 

8  7  8 

Figure 11: Single-direction flow algorithm D8. The 
method assumes a unique direction of flow along 
the steepest downslope direction looking at the 
eight neighboring cells. 

 
Therefore, the contributing area is computed multiplying the number of 
upslope cells that drain into a given cell grid by the cell grid area: 

	 	 	 1
∗ 	 	 	  

Eq. (5) 

Weight factor 

The weight factor W is based on local land use and soil properties and is an 
index of the impedance to sediment fluxes and runoff (Borselli et al., 2008). In 
order to comprehend in a single factor characteristics related to vegetation, soil 
and land use management, the C-factor of the USLE-RUSLE model was 
chosen. This factor is mainly used for evaluating soil losses related to crop 
management systems: it reaches its maximum value for soils at higher risk of 
erosion and goes to zero when the soil is completely protected. Since the 
weight factor W increases for higher efficiency in the sediment delivery, the 
relation between W and C is expressed by Eq. (6) and it varies from 0 to 1. 

  Eq. (6) 

 Surface characteristics, application on mountainous areas 3.3.1.

Cavalli et al. (2013) made some changes to the original model proposed by 
Borselli et al. (2008) with the aim to improve the computation and assess the 
sediment connectivity in two small alpine catchments in Northern Italy. In their 

            Flow Direction 
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study, a focus was put on the mechanism of sediment transport across the 
whole drainage system and on the (dis)connectivity between hillslope and the 
main waterbodies.  

The definition of IC is the same as the one originally proposed in Eq. (1) but 
the computation of Slope, Contributing Area and Weight factor has been 
properly modified in order to adapt IC to mountain catchments.  

Slope  

Due to the use of high resolution DTM, the slope was directly calculated from 
the elevation data and just limit values have been set. As for the original model, 
the lower limit is equal to 0,005 m/m while the upper limit is set to 1 m/m. 
The latter has been introduced in order to limit the bias due to very high values 
of IC on steep slopes.  

Contributing Area 

Calculation of the contributing area has been carried out by using the single 
flow D-infinity approach (Taborton, 1997). This method calculates the steepest 
downslope direction based on triangular facets that allows the steepest direction 
to be routed in any direction instead of the traditional eight cardinal and 
diagonal directions (Sørensen, Zinko and Seibert, 2006). Advantages in the use 
of such a method have been highlighted by Hengl and Reuter (2008) and 
Tarolli and Dalla Fontana (2009), while Sørensen, Zinko and Seibert (2006) 
showed the superior efficiency of Taborton’s method compared to both the 
single-flow direction algorithm (O’Callaghan and Mark, 1984) and Quinn’s 
multiple flow algorithm (Quinn et al. 1991).  

The multiple flow direction algorithm (MDF) MD8 (Quinn et al., 1991) 
distributes the flow among the neighboring downslope cells weighted 
depending on their slope. In this way, the flow occurs in all downslope 
directions (Fig. 12). 

 

10  10  10 

8  9  8 

8  7  8 

Figure 12: Multiple flow directions algorithm MD8. 
The method assumes a multiple flow distributed 
along the neighboring downslope cells depending 
on their slope. 

Compared to D8 algorithm, MD8 gives more realistic spatial patterns of flow 
avoiding the representation of flow by artificial straight lines. Moreover, MD8 
is more robust that the SDF method, since the former is less influenced from 
slight elevation differences (Seibert and McGlynn, 2007). Nevertheless, MD8 is 
a limiting method when the objective is to evaluate the flow of sediments or 
solutes. This happens because the flow is spread in all the downslope 
directions, resulting in a large degree even if the hillslope is convergent.  

            Flow Direction 
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P 

A 

In order to cope with such limitations, Taborton (1997) suggested the use of 
triangular facets that allow description of infinite possible single-direction flow 
pathways, thus called D∞. The calculation of flow direction is carried out in a 3 
x 3 pixel grid considering the eight triangular facets around the midpoint P of 
the pixel of interest (Fig. 13). The D∞ method led only to a single flow 
direction but allows the routing of flow into one or two downslope cells 
depending on the direction. If the steepest downslope direction calculated for a 
facet points within the facet, for example between points A and B (Fig. 13), i.e. 
between two cells, the flow is distributed to the two cells depending on the 
direction of the steepest slope according to the following relations: 

 
45°

								
45°

 Eq. (7) 

If the calculated slope vector is outside its correspondent facet, the steepest 
flow direction is taken along the steepest edge. In this case, the routing of flow 
is allowed just in one downslope cell.  

 

         

 
     

 
 

       
 

 

 
 

 
 

   

           

 
 

 
 

 
 

Figure 13: Single flow D-infinity approach. The method allows the flow to the 
steepest direction calculated considering the 8 triangular facets around the 
middle point of the reference cell (P). The steepest downslope direction (red 
arrow) can point within the facet delimited by A and B (0<γ< 45o) or outside the 
facet (γ<0 or γ>45o). In the first case, the flow is distributed depending on αA and 
αB while in the second case the flow is concentrated to the relative steepest edge. 

 

Weight Factor 

The weight factor is built with the objective to consider the importance of 
surface characteristics in runoff processes and sediment fluxes within the 
catchment. Therefore, Cavalli et al. (2008) used a measure of the topographic 
surface roughness, the roughness index (RI), as weighting factor W. Increasing 
the surface roughness, the sediment delivery is limited, while for smoother 
surfaces the transport of sediment is easier. Thus, the behaviors of RI and W 
are the opposite, resulting in the relation: 
 

1  Eq. (8) 

Where the roughness index is calculated as the standard deviation of the 
residual topography over 25 cells (2.5 meters resolution). 

B 

αA 
αB 

β 

              Steepest downslope 
direction 

: Portion of area flowing to 
cell with midpoint A 

: Portion of area flowing to 
cell with midpoint B 
β: Flow direction is measured 
as counter clockwise angle 
from east 
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∑

25
 Eq. (9) 

The residual topography is computed as the difference between the original 
DTM and a smoother version of it obtained averaging the original DTM values 
in a 5 x 5 cells moving window. In Eq. (9), xi is the value of the residual 
topography in one specific cell within the moving window, and xm is the mean 
of the 25 cells values.  

 Real water pathways, need of the Reconditioned DEM 3.3.2.
Digital Elevation Model data, referred to as DEMs, are used for assessment of 
topographic, hydrologic and geomorphic characteristics. Both methodologies 
proposed by Borselli et al. (2008) and Cavalli et al. (2013) are based on the use 
of high resolution DTMs for the calculation of slope, contributing area and 
weight factor. On the other hand, DEMs derived from airborne LiDAR just 
reflect the topographic features and thus they are often not suitable for 
hydrologic modelling.  
In several cases DEMs fail in showing sub-surface drainage structures due to 
culverts, ditches and other artificial drainage systems. This non-overlapping of 
DEM with the real stream network might result in a wrong evaluation of the 
quantity of water flowing and in particular of the path that the water will 
follow. Indeed, culverts and embankments result in false digital dams in the raw 
DEM. In order to cope with such limitation, it is fundamental to modify the 
DEM accounting for the real pathways of the water flow and sediment 
transport. The “break dams” process relates to the modification of the original 
DEM with the aim to “burn” the location of the false dams. In GIS-
environment, this is done by reconditioning the DEM, a process that lowers 
the DEM along the subsurface drainage structures in order to allow the flow 
through the digital dams. DEM reconditioning is obtained by the use of the 
AGREE method, a process developed by the Centre for Research in Water 
Resources at the University of Texas at Austin (for detailed method, see 
Appendix IV) and implemented in ArcHydro, a plugin of ArcGIS. The 
resulting AgreeDEM will show a continuous flow path passing through the 
previous false dams in correspondence to bridges, culverts and other drainage 
structures. 

The first improvement to the methodology proposed by Cavalli et al. (2013) is 
the correction of the raw DEM with the reconditioned DEM. This choice was 
driven by the consideration that using the original DEM the resulting water 
pathway runs parallel to the road, creating accumulation of water along the 
entire road. This misleading configuration does not reflect the real water flow. 
On the contrary, reconditioned DEM leads to a more realistic modelling of 
hydrologic processes and, subsequently, to a more correct terrain processing, 
avoiding over- or under-estimations of the actual volume of water involved. 

 Evaluation of the surface runoff by using SCS-Curve Number method 3.3.3.
The method proposed by Cavalli et al. (2013) focuses on the effect of 
topography on the evaluation of sediment connectivity. This approach was 
chosen with the aim to adapt the original index of sediment connectivity to 
mountain catchments, where coupling or decoupling of landscape features is 
driven mainly by the topography, in particular by slope, contributing area and 
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surface roughness. In the first proposal by Borselli et al. (2008), vegetation and 
land use were used as weight factor for assessing the connectivity, stressing 
anyway that the weight factor should have been derived from surface 
characteristics. Moreover, Cammeraat (2002) pointed out that, together with 
surface irregularities and vegetation, effective rainfall is one of the main factors 
influencing connectivity. 

The use of a weight factor based only on the soil roughness (RI) or just on the 
crop management (C) seems to be too restrictive in Swedish areas, hilly lands 
mainly covered by forest or agricultural terrains, with high share of till and clay 
soils. Moreover, no one of the two methods take into account the effect of the 
rainfall intensity and duration to the evaluation of the hydrological response of 
the catchment. With the aim to combine the effects of topography, land use, 
soil type and different patterns of precipitation during the event in the 
evaluation of sediment connectivity, a weight factor based on the surface runoff 
is here proposed. Effective runoff can be calculated by the Soil Conservation 
Service – Curve Number, a method developed by the USDA Natural Resources 
Conservation Service that is based on the runoff curve number, an empirical 
parameter used for predicting direct runoff or infiltration due to rainfall event.  

The SCS-Curve Number method is based on two equations referred to 
cumulated volumes: 

Continuity equation: 

  Eq. (10) 

Proportionality hypotheses 

 
 Eq. (11) 

Where Q (t) is the cumulated runoff volume [mm]; 

 P (t) is the cumulated rainfall volume [mm]; 

 F (t) is the cumulated infiltrated volume [mm]; 

 S is the saturated soil capacity [mm]. 

The last term S represents the maximum volume of water that can be stored in 
the soil and is assumed to be a function of a further parameter CN that varies 
from 0 to 100, limit values that correspond to completely pervious and 
completely impervious soil respectively. 

 25400
254 Eq. (12) 

Combining Eq. (10) and Eq. (11), the runoff Q (t) can be calculated as: 

 
 Eq. (13) 

Considering an initial abstraction 0.2  the relation becomes 

 0.2
0.8

 Eq. (14) 

Curve Number parameter is determined by several factors: soil infiltration 
capacity, cover type, hydrologic condition and Antecedent Moisture Condition 
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(AMC) (United States Department of Agriculture, 1986). Depending on the 
permeability of the soil, i.e. capacity of the soil to store water, soils are divided 
in four Hydrologic Soil Groups (HSG) defined as follows (United States 
Department of Agriculture, 1986; Mishra, Singh and Dufrenot, 2003): 

 Group A: soils with high infiltration rates even when they are 
thoroughly wetted, high rate of water transmission and low runoff 
potential; 

 Group B: soils that have moderate rates of infiltration and water 
transmission. Moderately fine to moderately coarse textures; 

 Group C: low infiltration rates and slow rate of water transmission. 
Moderately fine to fine textures; 

 Group D: very low rates of infiltration and water transmission. 
Cohesive soils with high swelling potential.  

Values of Curve Number can be either calculated by solving Eq. 14 for 
different values of direct runoff (Q (t)) and rainfall intensity (P (t)) or by using 
tables that assign different values of CN depending on the HSG and on the 
land cover of the area. In our analysis, CN values have been derived by the 
tables calculated by Mishra, Singh and Dufrenot (2003). 

In its implementation, the surface runoff Q is dependent on the time t, 
resulting in a dynamic parameter depending on the changing precipitation 
intensity with time, P (t). In order to maintain IC a static index, the formulation 
is modified considering a constant value of precipitation equal to the total 
cumulative precipitation at the end of the rainfall event. Precipitation intensities 
are thus calculated as the sum of the cumulative daily precipitations (i.e. 
integration over 24 hours of the precipitation rate reaching the ground) for the 
entire event period. This assumption corresponds to the consideration of the 
worst case scenario. For calculations in GIS, Precipitation will be a raster data 
obtained by interpolation of limited number of points of known values 
corresponding to the observation stations. Curve number CN, storage capacity 
of soil S and superficial runoff Q will also be computed as raster files obtained 
by raster calculations in GIS environment (for more details, see Appendix IV – 
ICQ). 

The surface runoff Q seems to be a good solution for weighting connectivity 
index since it includes the main parameters affecting the sediment transport 
dynamics. Moreover, if the surface runoff is high, it means that the transport of 
sediments and materials is more easily permitted and in consequence the 
catchment is more connected. Therefore, the relation between W and Q will be 
linear. Since W is defined in the range [0, 1], normalization of Q is applied: 
 

 Eq. (15) 

The corrected version of IC with consideration of land use, soil type, 
topography and rainfall intensity comprehended in the Q factor is defined as: 

 
	 log

̅√

∑
 Eq. (16) 
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 Integrated contribution of runoff and morphology complexity 3.3.4.
The connectivity index proposed by Borselli et al. (2008) and subsequently 
revised from Cavalli et al. (2013) is defined as a topographic index, based on the 
concept that the path of sediment transport is driven by topographic 
characteristics such as the slope. This aspect is clearly evident if we look at the 
computation of IC: the steeper is the slope, the more connect the catchment is. 
In flat areas the connectivity or disconnectivity between landscape features is 
driven by other factors than topography (Fryris et al., 2007). 

With the objective of adapting the sediment connectivity index to lowland 
areas, Gay et al. (2015) adjusted the original weight factor proposed by Borselli 
et al. (2008), e.g. the C-factor of USLE-RUSLE model, multiplying it for a 
parameter which reflects the infiltration and saturation properties of the 
landscape. This recent approach introduces a parameter that takes into account 
infiltration and saturation processes of the landscape due to the underling 
geologic formations. In order to maintain a range of values between 0 and 1 as 
for the W factor, Gay et al. (2015) normalized their new parameter using a 
linear and a sigmoid function.  In this way, they were able to quantify in which 
extent the ICrevised was able to modify the sediment connectivity values 
calculated with the original index. Especially, they showed the effectiveness of 
such adjustment in evaluating the sediment connectivity in areas with gentle 
slopes. Whereas the pevious approach section describes a substitution of the 
roughness-based weight factor by estimating runoff, the method proposed by 
Gay et al. (2015) is an adjustment of the original weighting factor. Therefore, 
while the former allows the assessment of connectivity with no needed 
information about surface irregularity, the latter leads to evaluate the 
contribution of both parameters in the final results.  

The further proposal for weighting the index proposed by Cavalli et al. (2013) is 
based on the multiplication of the original roughness weight factor by a 
normalized version of the surface runoff. Values of Q have been rescaled in 
two ways: using a linear function and the sigmoid function. Both functions 
allows the Q to be expressed in the interval [0, 1] and in particular the logistic 
function stretches the extreme values of Q in order to highlight areas where 
surface runoff is predominant.  

 

1

 Eq. (17) 

Looking at the sigmoid equation, parameters have the following meanings: 

L: curve’s maximum value; 
k: steepness of the curve; 
x0: x-value of the sigmoid midpoint.  

Expressions of Qlinear and Qsigmoid are obtained depending on the distribution of 
Q and thus they change between Värmland and Västra Götaland.  

In the case of Västra Götaland the frequency of occurrence of Q has a trimodal 
distribution form with peaks at 0 and 76 and a third peak centered on 38, so the 
relations will be:  
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ä 	 ö :	 76
1

1 .

 Eq. (18) 

For what concerns Värmland, the peaks are for 0, minimum value, and 84, 
maximum value. A central peak is for Q=40. 

	

ä :	 84
1

1 .

 Eq. (19) 

Naming Wrevised the weight factor obtained by multiplying W based on RI 
(WCavalli) with the normalized Q, the expression of IC will result as follows: 

	
log

̅√

∑
 Eq. (20) 

 
Figure 14: Linear (blue) and sigmoid (red) normalizations of 
Q calculated in Västra Götaland. 

 

 
Figure 15: Linear (green) and sigmoid (orange) 
normalizations of Q calculated in Värmland. 
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3.4. Data Collection 
The spatial data needed for the calculation of the Index of Sediment 
Connectivity (e.g., high-resolution DEM, soil type and land use maps) were 
obtained from the Geological Survey of Sweden (Sveriges Geologiska 
Undersökning) and from the Swedish land survey agency (Lantmäteriet), made 
available through the Swedish University of Agriculture Sciences (Geodata, 
2015; Sveriges Geologiska Undersökning, n.d.; Sveriges lantbruksuniversitet, 
n.d.). Moreover, a rainfall map was obtained by interpolating the observation 
points downloaded from the SMHI LuftWebb and SMHI OppnaData services 
(SMHI, LuftWebb; SMHI, OppnaData). 

Several authors stressed the importance of high-resolution DEM for the 
derivation of topographic characteristics (Sørensen and Seibert, 2007; Vianello 
et al., 2009) and geomorphological interpretation (Cavalli et al., 2015).  With the 
aim to guarantee high quality data and precision in the calculation of the index, 
the 2 x 2 m resolution spatial data were used (Appendix IV).  

The sediment connectivity index has been computed using SedInConnect 
(Crema et al., 2015), a free, stand-alone and open source software that follows 
the approach proposed by Cavalli et al. (2013) using the surface roughness as 
default weighting factor. However, it is possible to choose another raster data 
file for the weight factor as well as the shapefile of targets (e.g., roads, streams) 
and of sinks (e.g., lakes). The latter leads to decouple sink-draining areas from 
the connectivity index calculations. 

3.5. Results 
Following the progression of IC as described in the previous section, sediment 
connectivity results are here showed, highlighting how the proposed 
modifications concur to effectively modelling the material transport in Swedish 
catchments. Deduced results are referred to the raster data files obtained from 
the SedInConnect software and analyzed in GIS environment with 
ArcMAp10.2. Connectivity values have been classified in five classes (High, 
Medium-High, Medium, Medium-Low, Low) by applying the Natural Breaks 
algorithm (Jenks, 1967) for the IC distributions of each catchment. The Jenks 
natural breaks classification method is used for data clustering operations 
aiming at the optimal arrangement of values in different classes. In particular, 
this approach minimizes the variance within a catchment and maximizes the 
variance between classes. Both areas of Värmland and Västra Götaland show 
the same principal features and characteristics of connectivity calculated with 
the different methods, therefore just the most evident results will be described. 

IC by Cavalli et al. (2013) 
The resulting sediment connectivity has been obtained using the original DEM 
filled, weighted on the Roughness Index (RI), and considering the roads as 
target. Major lakes had already been removed from the DEM, so that they are 
automatically considered as sinks in the computation.  

The sediment connectivity computed with this method is highly affected by the 
topography of the area. As already mentioned, IC increases for steeper areas, 
whereas in lowland areas the connectivity is very low. Superimposing the slope 
map (obtained in ArcaMap as: Spatial Analyst Tool Surface  Slope) with 
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the connectivity map it is evident that the pattern of IC follows exactly the 
changings in slope (Fig.16). 

The target input file consists of highways and railways with a 30-meter buffer 
around the polyline shapefile. The buffer consists of a zone around the selected 
layer, which distance is defined in the control window. The choice of 30 meters 
buffer is due to the use of the original DEM for the computation. As explained 
in section 3.3.2, raw DEM is not able to detect the sub-surface water pathways, 
so it creates false digital dams where bridges, culverts or ditches are located. 
The considered buffer includes the total width of the road and of the existing 
drainage systems. This configuration leads to the identification of unrealistic 
high connectivity spots in correspondence to the fake dams, because it 
considers a high quantity of water and sediments accumulated in proximity of 
the road. Moreover, where culverts are not detected from the DEM, routes of 
water run parallel to the road section (Fig.18). 

a)  

b)   
Figure 16: Relation between ICCavalli and Slope.  a) Territorial 
framework of the area. Focus on Ikea catchment in Värmland. b) 
The superimposition of slope and connectivity map obtained with 
ICCavali shows that IC is higher for steeper areas, whereas it results 
in very low values for valleys and flat lands. 

 

IC by Cavalli et al. (2013) with reconditioned DEM 
Input data chosen in this second case are the same of the previous one except 
for the DEM and the target. The original DEM has been substituted with the 
reconditioned one and the roads have a buffer of 4 meters, corresponding to 
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the width of the road. Reconditioning process detects the presence of culverts 
or sub-surface drainage systems; hence the 30-meter buffer is no more needed.  
The use of the filled reconditioned DEM results in a more realistic modelling 
of the water pathways, which is not forced to stop in proximity of false dams 
but can flow through the road. In particular, comparing the results obtained 
with the reconditioned DEM and with the original one, the former shows that 
the water streams are conveyed to the culverts or ditches, as it actually happens 
is reality, while the latter is not able to describe this behavior (Fig.17). 
Moreover, sediment connectivity modelled on the reconditioned DEM 
overcomes limitations occurred using the original DEM: water is allowed to 
cross the road and there are not false accumulations of water and debris, i.e. 
high connectivity spots, in the vicinity of the road (Fig. 18). 

a)   

b)  

c)  

Figure 17: Advantages of using reconditioned DEM (1). a) Territorial framework of the area, focus 
on Ikea catchment in Värmland. b) Representation of the flow path modelled by using the raw DEM 
in ICCavalli. Water courses are disconnected and the streams are unrealistic. c) IC computed by using 
the reconditioned DEM. Water is conveyed towards the drainage system.  
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a)  

b)  

c)  

Figure 18: Advantages of using Reconditioned DEM (2). a) Territorial framework of the 
area, focus on Småröd catchment in Västra Götaland. b) Connectivity index computed 
using the raw DEM. It is not able to detect presence of culverts (light blue lines) and 
presents high connectivity spots between roads. c) Connectivity index calculated with the 
reconditioned DEM: the water can flows through the road and there is no fake 
accumulation of water and sediments. 
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IC weighted on runoff Q  
After identification of reconditioned DEM as a useful tool for representing and 
studying topographic and hydrologic conditions of the region, the aim of the 
work has been the use of a different weight factor in order to adapt IC to 
Swedish catchments taking into account the role of precipitation in the 
transport dynamics. Therefore, a weight factor based on the surface runoff 
calculated by SCS-Curve Number method has been computed and tested.  

As already mentioned, IC weighted on the roughness index is mainly affected 
by the slope and, even with the use of the reconditioned DEM, it is not able to 
reflect the real connectivity of hilly areas characterized by gentle slopes, for 
which the resulting values are very low in any case. IC weighted on the surface 
runoff shows more precision in defining the connectivity in lowland areas, 
where the effect of the slope is not the predominant factor in the mechanism of 
sediment and water transport (Fig.19). 

Observed results show the importance of the combination of soil type and land 
use in the computation of IC. The comparison between the connectivity 
computed by ICCavalli, reconditioned DEM and by ICQ shows that in some areas the use 
of a different weight factor critically modifies the sediment connectivity values. 
For example, forested areas lying on sandy soils will generate very low 
superficial runoff.  Subsequently, also the connectivity index will be low. On 
the contrary, high rate of superficial runoff can be expected for agricultural 
lands combined with clay soil. These behaviors cannot be detected from ICCavalli 
since it does not directly accounts for these characteristics of soil and land use 
(Fig.20-21). 

Another interesting consideration concerns the effect of the precipitation in the 
computation of ICQ. According to its formulation, precipitation plays a 
fundamental role in the estimation of the runoff: doubling the intensity of 
precipitation, the surface runoff will raise 4.5 times its initial value. 
Subsequently, higher values of precipitation intensity result in more connected 
areas. This influence is particularly evident in some parts of the studied areas, 
where the importance of precipitation overcomes the effect of all the other 
factors. High values of connectivity can be observed in areas where the 
precipitation has been more intense, even if the land cover in mainly 
characterized by forest or grassland along with draining soils (Fig.22). 

IC revised. Linear and Sigmoid normalization of the runoff 
The last revision in the calculation of IC consists of a correction of the weight 
factor obtained multiplying the surface roughness for the normalized values of 
runoff. Unlike the previous analysis, in which the assessment of the 
connectivity index was estimated by substituting the surface runoff to the 
roughness index, the present modification considers the runoff as a correction 
factor. The main difference between the two revisions has already be 
highlighted by Gay et al. (2015), who pointed out that normalization with 
sigmoid function is able to stretch on the extreme values and gives more weight 
to those areas where the runoff is the principal mechanism. Therefore, Qsigmoid 
is able to describe connectivity in detail showing even secondary hydraulic 
networks. On the other hand, computation with Qlinear does not result in a real 
description of connectivity, rather it is a good adjustment of the original IC 
(Fig.23). However, the use of Qsigmoid can result in strong modifications of IC 
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distribution. In particular, these variations consists of critical lowering of 
sediment connectivity (Appendix V). 

a)  

b)    

c)    

Figure 19: Influence of slope on IC computation. a) Territorial framework of the area, 
focus on Småröd catchment in Västra Götaland.  a) IC weighted on the RI on a lowland 
area: average value of IC is low except of the areas at higher slope. b) IC weighted on Q, 
the effect of the slope is still visible but other factors affect the value of IC. 
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a)  

b)  

c)  

d)  

e)  
Figure 20: Effect of soil type and land use on IC (1). a) Territorial 
framework of the area. Focus on Fintatorp catchment, Värmland. b) Land 
cover consists of forest and grassland. Hence, rainfall can be retained in 
the leaves and intercepted by the plants. c) Soil type consists mainly of 
sand, a non-cohesive, draining material. d)  ICCavalli, AgreeDEM shows high 
values of connectivity. e) ICQ is lower than in d) because of the combined 
effect of soil type and land use in the resulting connectivity.  
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a)   c)  
 

d) e)  
Figure 21: Effect of soil type and land use on IC (2). a) Territorial framework of the area. Focus on 
Korpås catchment, Västra Götaland. b) Land use map: the central branch is agricultural land mixed 
with urban areas, surrounded by forested areas. c) Soil type map. Area corresponding to the agricultural 
land is clay, while all around, soil is made of rock, till and sand. d) ICCavalli, ReconditionedDEM. e) ICQ. The 
trend of the calculated connectivity follows the soil type and land use features: the central zone results 
more connected than the lower or the upper part. Agricultural land and clay soil concur to higher the 
connectivity of the catchment, the former makes the soil less protected and water and sediments are not 
retained in the roots or in the trees, the latter is characterized by poor storage capacity and the water 
does not infiltrate the soil. 
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a)   

b)   c)  

d)  
Figure 22: Effect of precipitation on ICQ. a) Territorial framework of Väse Gamla catchment, 
Värmland. In the area, the precipitation intensities vary between 62 and 74mm, that is high 
considering that the maximum rainfall in the whole Värmland area was equal to 87.1mm. b) Land 
use map: shear of forest is the predominant, with small agricultural land in the lower part. c) Soil 
type consists of rock and clay with intrusions of sand and till soils. d) Computed IC is high even in 
correspondence to forest and sandy soil. This behavior is due to the elevated precipitation intensity 
occurred during the event. 
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a)  

b)  

c)  
Figure 23: Comparison between IC revised with Qlinear and Qsigmoid. a) Territorial 
framework of the area. Particular of Värmland. b) Q rescaled with linear 
function. c) Q rescaled with sigmoid function. Qlinear is not able to detect primary 
and secondary flow networks, while Qsigmoid highlights the extreme values of 
connectivity distribution.  

3.6. Limits and uncertainties 
Main limits of the proposed method are the following: 

 Reconditioning process requires identification of the false dams 
which elevations have to be “burn” for allowing water flow across 
these facilities. In reality, the exact location of all culverts and 
bridges is not known, but those have been identified directly looking 
at the original Digital Elevation Model; 

 Computation of surface runoff requires three main parameters: 
Curve Number (CN), Soil moisture (S) and precipitation intensity 
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(P). Curve Number is assumed to be chosen from tabular data 
depending on hydrologic soil group and land cover, so the choice of 
the right number is subjected to personal interpretation or 
availability of data in the study area. Computation of CN directly 
affect the Soil moisture values. For what concerns precipitation 
intensity, the analysis is developed considering the cumulative values 
of precipitation at the end of the event (hence, a constant value) 
over an entire region where meteorological stations are located, and 
then interpolated. This consideration limits the evaluation of the 
effects that the evolution of rainfall with time might cause on runoff 
dynamics; 

 The use of an Index for Sediment Connectivity leads to a relative 
evaluation of sediment delivery within a catchment depending on 
the implemented input data. Therefore, it is possible to compare 
which areas of a catchment behave as recharge areas (where 
sediment is storage) or as discharge areas (where material transport 
is facilitated) but an absolute measurement of connectivity is not 
applicable.  

3.7. Identification of flood-prone areas by using IC 
The derivation of sediment connectivity maps allows qualitative evaluation of 
catchments that are more likely to flood during heavy precipitation events. As 
mentioned previously, high values of IC correspond to more connected basins, 
where water and sediments are easily delivered towards the outlet, and hence 
may cause clogging of ditches and obstruction of culverts and of other drainage 
facilities along the roads. Therefore, it is interesting to assess whether derived 
results of index of sediment connectivity reflect the observed occurrence of 
flooding for each considered catchment.  

The maximum values of IC for the 33 catchments in Västra Götaland and 
Värmland areas, computed by using the five methods proposed in the previous 
sections,  have been classified in three groups: “Low”, “Medium” and “High” 
corresponding to poorly to highly connected catchments, respectively. In 
particular, for “Low” IC, basins are expected not to have experienced flooding, 
whereas for “High” results flooding may be more likely to occur. Assuming 
uncertain behavior of the catchment for “Medium” connectivity, a qualitative 
relation between connectivity classes (“High” and “Low”) and “occurrence” or 
“non-occurrence” of flooding can be assessed. In particular, Table1 shows 
correspondence between connected and flooded catchments. As it can be 
noticed, ICCavalli computed on the original DEM as well as ICrevised, linear result in 
very poor correspondence with the observations. On the other hand, IC 
weighted on the surface runoff (Q) is able to reproduce the observed flooding 
in the best way, followed by IC revised with Q normalized by sigmoid function 
and the IC of Cavalli et al. (2013) and reconditioned DEM. 

This kind of evaluation is strictly relative between all the considered 
catchments. In fact, by using connectivity maps it is not possible to assess an 
absolute capacity of material transport. However, more connected areas can be 
detected and further investigated for a more refined analysis of the likelihood of 
flooding.  
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On the other hand, a quantitative evaluation of flood hazard is required for 
understanding flood-prone locations along major roads. In order to do so, the 
Index of Sediment Connectivity seems suitable as descriptive variable for 
evaluating flood hazard since it is computed considering topographic 
characteristics of the catchment, soil type and land use conditions as well as 
precipitation intensities at the end of the triggering event. Therefore, a binomial 
statistic regression has been performed (see section 4.5.2 for details about the 
method) by considering just the Index of Sediment Connectivity as 
independent variable. This analysis led to the evidence that IC alone is not able 
to well describe the system, since the model is not able to distinguish between 
flooded and non-flooded points (Table2); all the predicted values are indeed 
below 0.5 and hence are considered non-flooded, except for the statistical 
model obtained by considering ICrevised, linear. Therefore, the results reflect the 
need to combine IC with other properties of the catchment or of the roads that 
might improve the accuracy of the method and concur to make it more robust. 
In light of that, the Index of Sediment Connectivity will be included in a set of 
17 variables already tested in the same study area (Kalantari et al., 2014, 
Nickman, 2014; Michielsen, 2015) for identifying the most influencing 
descriptors and evaluate flood hazard at the given locations. 

Table 1: Correspondence between IC values and occurrence of flooding. The Index of Sediment 
Connectivity weighted on the surface runoff is the one that better reflects the relation between 
occurrence of flooding and potential sediment delivery towards the outlets. In fact, more connected 
areas, where debris and water are easily transported from the upslope source to the downslope sink, 
should result in more sensitive road-stream locations, due to the accumulation of high quantity of 
water and material during heavy rainfall event.  
  IC Cavalli  IC Cavalli, 

 AgreeDEM 
IC Q  IC revised, 

Q linear 
IC revised, 
Q sigmoid 

Number of Low connected and non‐flooded 
catchments 

7  8  7  5  9 

Number of Low connected and flooded 
catchments 

4  3  4  6  2 

Number of High connected and non‐flooded 
catchments 

7  7  4  8  9 

Number of High connected and flooded 
catchments 

4  4  7  3  3 

Total number of cases correctly evaluated/Total 
number of estimated cases 

11/22  12/22  14/22  8/22  12/22 

 
Table 2: Flood hazard probability obtained by computing binomial logistic regression considering IC 
as only descriptive variable. Except for IC Cavalli, AgreeDEM, all the other methods esult in all non-
flooded points, reflecting the inability of IC alone to distinguish between areas that experienced and 
did non-experience flooding during the extreme precipitation event.  

Binomial Logistic 
Regression 

ICCavalli  ICCavalli, AgreeDEM  IC Q  IC revised, Q linear  IC revised, Q 
sigmoid 

Pi  66.7%  66.7%  66.7%  72.7%  66.7% 

 

3.8. Comparison of ICs 
Once the Index of Sediment Connectivity has been adapted for modelling on 
Swedish catchments and used as tool for assessing in a qualitative and 
quantitative way areas more sensitive to floods, a comparison among the 
proposed methods has to be outlined in order to make some considerations 
about advantages and disadvantages of each cited methodology (Table 3).  
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As mentioned above, the aim of the project is to improve the prediction of 
flood hazard at some critical locations along roads taking into consideration the 
effect of sediment connectivity in the statistical analysis. Looking at the results 
obtained with the different proposed methodologies, the coupling of the 
surface runoff as weight factor for IC with the reconditioned DEM reflects the 
effectiveness in modelling water and sediments in Swedish terrains. Unlike the 
index originally proposed by Cavalli e al. (2013), which is strictly dependent on 
morphometric properties, the novel ICQ is rather more affected by the soil and 
land use characteristics as well as the precipitation intensities.   

The evolution in Sediment Connectivity Index computation from ICCavalli, 

(weighted on the roughness index and computed on the original DEM), to the 
ICCavalli, agreeDEM (for which the raw DEM was substituted with the reconditioned 
one aiming at accounting for the real pathways of water flows), until ICQ 

showed a dramatic improvement not only in modelling catchment connectivity 
but also in evidencing the correspondence with the observed sensitivity of the 
chosen points to the occurrence of flooding (Table 1).   

In addition, the combined effect of surface morphology (i.e., Roughness Index) 
and surface runoff was investigated for assessing the extent in which those 
factors concur to the occurrence of flooding. However, ICrevised, linear shows a 
poor ability in describing the real physics of sediment and water delivery within 
the catchments and shows low correspondence with observed flooding 
(Table1). Moreover, except for the latter case, all the computation 
methodologies give the same results in terms of correct prediction of flooding 
by binomial logistic regression (Table2). Therefore, IC has to be integrated in a 
set of more variables in order to give a real contribution in flood hazard 
prediction. 

The considerations here outlined concerning advantages and disadvantages of 
the IC computations in terms of (i) modelling real physics of sediment delivery, 
(ii) qualitative identification of more sensitive catchments and (iii) suitability of 
IC as descriptive variable, led to the choice of performing more comprehensive 
statistical analyses for two cases: IC weighted on surface runoff (ICQ) and IC 
corrected by the surface runoff normalized by sigmoid function (ICrevised, sigmoid) 
in addition to the other set of chosen Physical Catchment Descriptors. 

Table 3: Advantages and disadvantages of different computed ICs. 
IC method  Advantages  Disadvantages 

ICCavalli  ‐ Easy to calculate since it is automatically 
computed by the software SedInConnect if the 
command “use W (Cavalli et al., 2013)” is 
chosen 

‐ Does not account for the real pathways of the water 
flow 

‐ Only the contribution of topography is considered 

ICCavalli, AgreeDEM  ‐ Model of the real water network   ‐ Only the effect of topography is considered  

ICQ  ‐ Takes into account contribution of soil type, 
land use and precipitation 

‐ Subjective considerations for the assessment of CN 
value 

‐ Requires rainfall intensity values 
ICrevised, linear  ‐ Takes into account both the contributions of 

roughness and superficial runoff 
‐ Does not reflect the real physic dynamics of sediment 
transport 

ICrevised, sigmoid  ‐ Highlights points where superficial runoff is the 
predominant mechanism 

‐ Critical decrease of connectivity in some areas 
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4. STATISTICAL MODELLING FOR PREDICTING FLOOD HAZARD 

This section concerns the description of the statistical model used for 
predicting risk of flooding at the road-stream intersection points. First, the state 
of the art regarding methods for flood modelling will be outlined; second, 
Physical Catchment Descriptors (PCDs) will be defined and calculated. Then, 
the two probabilistic methods will be built and the results will be showed. 

4.1. Literature review 
The growing concerns about flood hazards has created an urgent need of 
developing methods for evaluating the risk and spatially showing areas prone to 
flood. The sensitivity of Sweden to climate change resulted in a legislation with 
one of the highest standards for flood extent mapping within the European 
countries (de Moel et al., 2009). Nevertheless, regional and watershed-scale 
flood hazard maps are still needed.  

Flood forecasting has traditionally been performed using hydrological models. 
Such physically-based, distributed models rely on conservation equations of 
mass and momentum for constructing a watershed model (Vieux et al., 2004). 
Although this kind of model has been widely used, it is inefficient in describing 
the spatial aspect and the local heterogeneities of the catchments; such as 
terrain complexity due to scale limitations (Beven, 2001; Tehrany, Pradhan and 
Jebur, 2014). Moreover, uncertainties related to the model can be addressed to 
lack of spatial-temporal data and limited range of available measurement 
techniques (Pechlivanidis et al., 2011). Therefore, hydrologic models have often 
been coupled with other models. Both Bartholomes and Todini (2005) and 
Jasper et al. (2002) developed a hybrid meteorological and hydrological model 
for flood forecasting in Northern Italy, pointing on the evident limits of the 
method for flood runoff prediction. Aronica et al. (2012), used a probabilistic 
approach based on Monte Carlo simulation for deriving a flood hazard map in 
urban areas; based on a hydrological model taking into account the topographic 
complexity of the area. Nguyen et al. (2015) explores the advantages of 
hydraulic models for forecast improvement using a flexible computational 
mesh in order to keep the coupled system feasible for large areas and 
maintaining the ability to capture flood details.  

Another limitation of the traditional hydrological models has been the 
assumption of static catchment parameters. This approach results in non-
realistic qualitative results because of the missing effect of future climate and 
land use changes. The relevance of climate and land use changes in catchment 
response has been studied by simulating peak discharge and water levels for 
several scenarios, with different characteristics of temperature and vegetation, 
in order to predict the watershed dynamics and verify the safety of existing 
infrastructures (Tu, 2009; Dobler et al., 2012; Jothityangkoon et al., 2013; 
Kalantari et al., 2014b). Although this method provides good results for long 
term prediction, it requires huge quantity of data that might be not available in 
the case of ungauged or poorly gauged basins. 

In order to overcome the explained limitations, Geographic Information 
Systems (GISs) can replace traditional methods. GIS has the ability to capture, 
store, manipulate, analyse, and visualize the diverse sets of geo-referenced data 
(Singh and Fiorentino, 1996). GIS and Remote Sensing (RS) techniques have 
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many advantages for hydrological modelling: easier data acquisition, smaller 
quantity of data required, ability to visualize spatial data at different scales and 
model their evolution in time, as well as fast processing and analysis of data 
(Neumann et al., 1992; McDonnel, 1996; Teng et al., 2008; Wanders et al., 
2014). GIS and RS have been applied for hydrological modelling in different 
fields; for instance Kurse et al. (2010) assessed the hydropower potential of a 
hilly watershed in Assam (India); and Singh and Gosain (2011) applied a GIS-
based tool for assessing the impacts of climate changes on the hydrological 
regime of the Cauvery river basin (India). 

Examples for flood prediction can be seen by Kuenzer et al. (2013) who 
assessed the flood regime in Mekong Delta (Vietnam) by monitoring the area 
with microwave sensors; that allows discrimination of inundated and non-
inundated areas regardless of weather conditions. Another method for 
evaluating flood risk in ungauged areas was proposed by Kahn et al. (2011), 
who integrated satellite RS data with a raster-based hydrological model, 
Coupled Routing and Excess STorage (CREST) for the Nzoia basin, a sub 
basin of the Lake Victoria (Africa).  Joyce et al. (2014) compared the application 
of optical (LiDAR) and synthetic aperture (RADAR) technologies for 
evaluating the pre-risk and the post-event damages due to landslides, erosion, 
earthquakes, subsidence, flooding and tsunami. For what concerns flood 
modelling in urban areas, two examples have particular relevance: Dawod et al. 
(2012) and Kulkarni et al. (2014). Dawod et al. (2012) developed a hazard factor 
to quantify the expected risk level for each road in Makkah City (Saudi Arabia) 
by integrating topographic, meteorological, geological and land use data sets in 
a GIS environment that uses the Curve Number method for flood modelling. 
Kulkarni et al. (2014) used a web based GIS framework for organizing the 
spatial dataset and to run an Integrated Flood Assessment Model (IFAM) 
which simulated the flood in the coastal urban watershed of Navi Mumbai, 
India.  

Moreover, GIS and RS methods have been integrated with statistical models. 
Chormanski et al. (2011), used GPS and multispectral remote sensing for 
obtaining a map that shows inundated and dry areas. Subsequently, authors 
applied Principal Component Analysis (PCA) and Cluster Analysis (CA) on the 
measured water chemistry for identifying the water source during the flood. 
Jaafari et al. (2014) assessed the landslide susceptibility for the Caspian forest 
(Iran) by extracting landslide-conditioning factors from a spatial database (GIS 
environment), and analysing them by frequency ratio and index of entropy 
models. Tehrany, Pradhan and Jebur (2014), combined a weights-of-evidence 
based statistical method with a support vector machine model in a GIS 
environment for a flooding event that occurred in Malaysia in 2009. 

Recent studies focused on the prediction of flood hazard at the road-stream 
intersections based on catchment and road characteristics (Michielsen, 2015; 
Kalantari et al., 2014a; Nickman, 2014; Daeminezhad, 2011). This Master 
Thesis project is based on the method proposed by these authors. 

4.2. Physical Catchment Descriptors for Flood Modelling  
Physical Catchment Descriptors (PCDs) comprehend the characteristics of 
both the catchment and road identified as the most influencing for the 
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prediction of flood hazard at the road-stream intersection. Several authors 
proposed methods for predicting the flooding along roads based on PCD 
calculation in GIS environment (Daeminezhad, 2011; Kalantari et al., 2014a; 
Nickman, 2014; Michielsen, 2015). First, Daeminezhad (2011) chose a set of 24 
PCDs, 18 related to watershed characteristics and 6 to road characteristics and 
applied them in order to explain the flooding event occurred in Värmland in 
2004. Subsequently, Kalantari et al. (2014a) refined the proposed methodology 
by introducing a Principal Component Analysis (PCA) with the aim to remove 
the redundant variables. Furthermore, Kalantari et al. (2014a) performed a 
multicollinearity analysis based on the partial least square regression (PLS) on 
the remaining PCDs for obtaining a regression equation with the presence or 
absence of flooding as response.  

Michielsen (2015) followed the proposed methodology of Kalantari et al. 
(2014a) in order to assess the flooding in Värmland and Västra Götaland of 
summer 2014. Michielsen (2015) chose the first two variables that resulted from 
the PLS analysis as the most influential in predicting the flooding and 
performed a binomial logistic regression just on them. The model was able to 
correctly predict the 84.6% of the cases. 

4.3. Assumptions 
The methodology here described was implemented starting from the analysis 
performed by Michielsen (2015). Therefore, the following features have been 
assumed as background knowledge and have not been recalculated: 

 Location of the culverts that experienced and did not experience 
flooding in the regions of Värmland and Västra Götaland; 

 Watershed delineation; 
 Set of Physical Catchment Descriptors chosen; 
 Computation of PCDs for each catchment. 

4.4. PCD Calculation 
According to Michielsen (2015) and Kalantari et al. (2014a) a set of 17 PCDs 
was used (Table 4). The descriptors can be divided in three categories: 
topography, soil type and land use.  In addition, the Index of Sediment 
Connectivity was included in the original list.  

 Catchment Size [m2]: size of the upstream area draining to the road-
stream intersection; 

 Catchment Elevation [m]: average height of the catchments; 

 Channel Slope [m]: local channel slope at the road-stream 
intersection; 

 Drainage Density [m/ha]: quantity of drainage network in the 
catchment area; 

 Topographic Wetness Index: index used to evaluate the role of 
topography in the development of hydrologic processes (Sørensen, 

Zinko and Seibert, 2006). It is calculated asln  , where a(x) 

is the local upslope area draining to a point x per unit contour 
length of that point x, and β(x) is the local slope expressed in 
radians. Following this relation, the TWI of the entire area was 
calculated and then clipped to the watersheds. The maximum value 
of TWI was taken as PCD; 
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 Road Density [m/ha]: density of roads and railways in the watershed 
area; 

 Soil type [%]: shear of Gravel, Sand, Peat, Till,  Clay and Rock in the 
catchment area; 

 Land use [%]:Shear of Agriculture, Forest, Grassland, Urban and 
Water in the catchment area; 

 Sediment Connectivity Index: index for evaluating the degree of 
linkage within a catchment in the movement of sediments from 
upslope towards the downslope outlet. 

4.1. Statistical methods 
Once identified and calculated the 18 PCDs for the flooded and non-flooded 
points of the watersheds, two statistical methods are applied with the aim of 
predicting the risk of flooding at the road-stream intersections. The two 
explained models are the Partial Least Square regression and the Binomial 
Logistic regression. The overall methodology consists of (i) the computation of 
the PLS regression, (ii) the identification of the most affecting independent 
variables, and (iii) binomial logistic regression on the chosen sub-set of 
predictors. 

 Partial Least Square regression 4.1.1.
Partial Least Square regression (PLS) is a multivariate model that is used when a 
dependent variable, called response, is affected by a large number of independent 
variables, called predictors. PLS is an extension of the multiple linear regression 
model (MLR) that in its simplest form results in a linear relationship between 
dependent variables Y and a set of independent variables Xi linked by the 
regression coefficients b. Matrix E represents the errors or residuals. 

 ⋯ ⋯  Eq. (21) 

Among the several existing multivariate models, such as Discriminant Analysis, 
Principal Component regression and Canonical Correlation, PLS is the only 
one able to find a solution in which the prediction factors are represented by 
factors extracted from a matrix that involves X and Y at the same time 
(Statsoft, 2015). Moreover, PLS is efficient even when the number of 
observations is much lower than the number of predictor variables or when 
predictors are highly correlated. Both aspects occur in the studied case, where 
there are 33 observations, that is very low number if compared with the 
number of predictors, 18 variables. Furthermore, variables belonging to soil 
type and land use categories are correlated since their sum is equal to 100%. As 
for the traditional multiple linear regression model, PLS aims to the definition 
of a linear relation between response Y and predictors X minimizing the 
residuals. Therefore, PLS aims at obtaining a general equation like: 

   Eq. (22) 

Where Y is an n*p matrix of responses (n number of points and p number of 
responses), X is an n*m matrix of predictors (n number of points and m 
number of predictors), B is an m*p matrix of regression coefficients and F is an 
n*m matrix of residuals. 
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Table 4: Physical Catchment Descriptors identified by Kalantari et al. (2014a) and Michielsen (2015) 
for performing statistical analysis 

Typology  ID  Physical 
Catchment 
Descriptor 

Unit  Calculation in GIS  Formula 

Topography 

1 
Catchment 

Size 
m2  ‐  ‐ 

2 
Catchment 
Elevation 

m 
Original  DEM was  clipped  to  the  boundaries  of 
the  catchment  and  the  average  value  of  the 
elevation was noted 

 

3 
Channel 
Slope 

% 

Original  DEM  was  clipped  to  the  watershed 
boundaries.  Elevations  at  the  road‐stream 
intersection  (z1) and  at  50m  far  from  the  point 
(z2) were noticed 

S
z z ∗ 100

50
 

 

4 
Drainage 
Density 

 
Stream was clipped to the watershed boundaries 
and the total  length was calculated. Then,  it was 
divided by the catchment area 

	 	 	 	
	

 

5 
Topographic 
Wetness 
Index 

‐ 

Flow accumulation raster defines  the number of 
cells where  the  flow  accumulates  upstream  the 
interesting  cell.  Flow  accumulation  raster  is 
increased  by  1  for  taking  into  account  the  cell 
itself and  is multiplied by  the  cell  size  (2  x 2m). 
Slope  was  derived  from  the  original  DEM  in 
degrees  (ArcToolbox Spatial  Analyst  Tool   
Surface  Slope) and then converted to radians 
multiplying  it by  π/180  (Raster Calculator).Then, 
it is divided by the contour length (2m). Resulted 
TWI  raster  was  then  clipped  to  the  catchment 
boundaries and the maximum value was noticed. 

TWI ln
flow	acc 1 ∗ 2

tan slope ∗
π
180

 

 

 

Soil Type 

6  Gravel  % 

First,  the  soil  type  vector  shapefile  was 
reclassified according with Appendix II. Then, the 
shear of each soil type was calculated as the ratio 
between its area and the watershed area. 

	 	 	
	

∗ 100 

7  Sand  % 

8  Till  % 

9  Peat  % 

10  Clay  % 

11  Rock  % 

Land Use 

12  Agriculture  % 

The  land  cover  raster  shapefile  was  first 
reclassified  following  the criteria  in Appendix  III, 
then  it was clipped to the watershed boundaries 
and the shear of each land cover was calculated 

	 	
	

∗ 100 

13  Forest  % 

14  Grassland  % 

15  Urban  % 

16 
Surface 

water and 
wetlands 

 

17 
Road 
Density 

% 

All  roads  and  railways  were  clipped  to  the 
catchment  boundaries,  the  total  length  was 
calculated  and  summed.  Then,  the  total  length 
was divided by the watershed area 

	 	 	
	

 

Sediment 
Connectivity 

18 

ICQ  ‐   IC  is  calculated  by  using  the  software 
SedInConnect,  resulting  in  a  raster  data  file. 
Then,  statistics  of  IC  for  each  catchment  are 
derived  in Table format (Spatial Analyst  Zonal 
  Zonal  Statistics as Tables) and  the Maximum 
value is noted.  

log
̅√

∑
 

ICrevised, 
sigmoid 

‐  log
̅√

∑
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In this case Y is a one variable matrix (33*1) where the response is the 
occurrence or non-occurrence of flooding, X is a (33*18) matrix where 33 is 
the number of watershed and 18 are the predicting variables. Therefore, B and 
F are two vectors of dimensions (18*1) and (33*1) respectively.  

PLS method is built on the NIPALS algorithm (Non-linear Iterative Partial 
Least Squares), an iterative procedure that uses simple least square regression 
for computing Principal Component Analysis (PCA). This method decomposes 
a generic matrix A in a sum of the matrix product SL’ and the residual matrix R 
as follows: 

 
 Eq. (23) 

Where A is n x m matrix, S is an n x a matrix in which , , … ,  are the 
scores and represent the principal components, and L’ is a x m matrix with 
′ , ′ , … , ′  are called loading and represent the principal axes (Sanchez, 

n.d.; Geladi and Kowalski, 1985). The NIPALS algorithm calculates s1 and l’1 

from X, the outer product s1l’1 is subtracted from X leaving the residual matrix 
E1 that is used to calculate s2 and l’2, and goes on for the estimation of all the 
principal components.  

Following the PCA configuration of Eq. (23), the outer relations of the single 
blocks X and Y are defined as: 

  Eq. (24) 

  Eq. (25) 

Where X is the n x m matrix of predictors, Y is the n x p matrix of responses, T 
and U are the n x a matrixes of projections or scores of X and Y, P and Q are 
the a x m and a x p orthogonal loading matrices. E and F are errors or residuals 
and have the dimensions of X and Y respectively (Fig.24). 

PLS analysis aims to represent the relation between predictors (X) and 
responses (Y) and at the same time minimize the residuals (F) as much as 
possible. In order to do so, the PLS looks for a latent variable that allows for an 
inner relation between the scores of X (T) and the scores of Y (U). The 
simplest model for describing this relation is a linear one: 

  Eq. (26) 

Therefore, Eq. (25) can be rewritten as  

  Eq. (27) 

In this way, B represents the factor which relates T and U scores, through an 
inner relation in which T is used to regress U with regression coefficients given 
by B. This methodology imposes the condition of orthogonality of the principal 
components, avoiding problems of collinearity. Furthermore, PLS regression 
reduces sources of noise ignoring the lesser principal components from the 
analysis.   
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Figure 24: graphic representation of the matrix system involved in PLS analysis 

 Binomial Logistic Regression 4.1.2.
The Binomial Logistic Regression is a statistical model that aims at estimating 
the probability of success of an event defining a relation between a categorical 
dependent variable and one or more continuous or categorical independent 
variables (Laerd Statistics, 2013). The dependent variable is binary, i.e. the 
response has two possible outcomes: “success” 1 or “failure” 0. 
The relation between the responses and the explanatory variables is estimated 
using a logistic function, therefore the binomial logistic regression can be seen 
as generalized linear regression model, with the main differences that (i) the 
conditional distribution | is a Bernoulli distribution due to the dichotomy of 
the dependent variable, and (ii) the predicted values are probabilities defined 
among the interval (0, 1) through logistic distribution function.  

Probability of the response yi to be a success (yi 1) or a failure (yi 0) 
depending on the explanatory variables (Xi), |  will be equal to p 
for the first case and 1-p for the second case. The distribution of Yi is a 
Bernoulli and can be written as 

 1  Eq. (28) 

In order to describe the relation between  and the explanatory variables , 
the logit transformation is used. Following the formulation of Rodriguez 
(2007), we move from the probability p to the odds, the ratio of the probability 
to its complement: 
 

1
 Eq. (29) 

Then, we calculate logarithms, or logit 

 ln
1

 Eq. (30) 

 
1

 Eq. (31) 

 

1
 

Eq. (32) 
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The last relation is the logistic function, and the exponential term logit is a linear 
function of the explanatory variables, such as 

 
 

Eq. (33) 

In this analysis, the Binomial Logistic Regression is used for assessing the 
probability of occurrence of flooding at the road-stream intersections. 
Response is a dichotomous variables with the two categories flooding and non-
flooding while the explanatory independent variables are the 18 chosen PCDs 
(in our case, they are all continuous). 

Binomial Logistic Regression is based on five assumptions (Laerd Statistics, 
2013): 

1. Cases must be independent; 
2. A linear relation between independent variables and logit has to be 

valid; 
3. Dependence of variables is not allowed; 
4. There shouldn’t be any influential points; 
5. Categories are mutually exclusive. 

Moreover, a minimum sample size of 15 cases is recommended.  

Looking at the entire list of PCDs identified for the analysis, assumptions of 
collinearity and exhaustive categories are not satisfied. This happens because 
variables included in the soil type or land use categories give a total sum of 
100%, so the hypothesis of multicollinearity cannot be excluded. Moreover, 
some of the predictors are related, as for example TWI and channel slope. Due 
to these reasons, it is not possible to apply the Binomial Logistic Regression 
considering all the PCDs, instead we will use this method just to a sub-set of 
variables that had been identified from the PLS analysis as the most influencing 
the prediction. 

4.2. Results 
Prediction of flooding has been carried out using two statistical models: Partial 
Least Square regression (PLS) and binomial logistic regression. As explained in 
the previous sections, the first method was applied using all the chosen PCDs 
with the aim to identify the variables that mostly influence the prediction. The 
sub-set of descriptor was then used for performing the second probabilistic 
regression in order to find a relation between explanatory variables able to 
describe occurrence of flooding.  

 Partial Least Square Regression 4.2.1.
Partial Least Square regression (PLS) was performed using the STATISTICA 
software (StatSoft Inc. 2015) using the chosen 18 PCDs as independent 
variables and the Flooding  as dependent variable, assigning 1 for occurrence of 
flooding or 0 for non-occurrence of the event. STATISTICA gives several 
tables and graphs that allow analyzing the whole results. Here, just the four 
most representative graphs are presented and discussed.  

First of all, it is interesting to explore the capacity of the model to explain the 
variability of the system. This can be done by looking a graph that shows the 
relation between the number of components (here, 18) and R2 value. Thanks to 
this graph it is possible to choose how many components are going to be used 
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for studying the problem: the Y response average curve increases until it levels 
off, which is the point that is usually chosen as a good balance in explaining the 
system without using too many components that might carry noises to the 
results. Fig.25 shows the ability of the statistical model to explain the variability 
of the data in the case of using ICQ and ICrevised, sigmoid. In both cases, the 
response Y average curve (blue line) levels off for 7 components. The PLS 
model in both cases explains more than the 85% of variability of the system 
(85.5% using ICQ and 86% using ICrevised, sigmoid).  

a)  

b)  

Figure 25: Summary of PLS. a) 17 PCDs + ICQ . b) 17 PCDs + ICrevised, 

sigmoid. In both cases, Y average curve (blue line) levels off for 7 
components and more than the 85% of variability of the system is 
explained. 
 

Once the number of components that will be used is chosen, the probability 
equation can be derived for the flooding prediction. As explained in the 
methodology section, this relation will have the general formulation: 
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 Eq. (34) 

Looking at the parameters of the regression given by STATISTICA, the 
following equations can be derived. In particular, Eq. 35 refers to the IC 
weighted on the surface runoff, while Eq. 36 refers to the revised version 
normalized by sigmoid function. 

1.08 0.0000 ∗ 0.0161 ∗
0.0117 ∗ 	 	0.2795

∗ 	 0.0376 ∗ 0.0094
∗ 	 0.577 ∗ 0.0073
∗ 0.0194 ∗ 0.0033 ∗
0.0145 ∗ 0.0041 ∗ 0.0855

∗ 0.063 ∗ 0.0259
∗ 0.0014 ∗ 0.0044
∗ 0.2637 ∗  

Eq. (35) 

	 0.7654 0.0000 ∗ 0.0168 ∗
0.0196 ∗ 	 0.2266

∗ 	 0.0404 ∗ 0.0088
∗ 	 0.500 ∗ 0.0039
∗ 0.0211 ∗ 0.0026 ∗
0.0179 ∗ 0.0048 ∗ 0.0778

∗ 0.0053 ∗ 0.0159
∗ 0.0004 ∗ 0.0047
∗ 0.0553 ∗ ,  

Eq. (36) 

Using a cut-off of 0.5, values below 0.5 are classified as “non-flooded” and 
values above 0.5 are classified “flooded”. In both the analyzed cases, PLS 
regression is able to correctly detect all the observed points (Fig.26 and Fig. 27) 
reaching the 100% of correct predictions. 

Since Partial Least Square is a multivariate regression method that accounts for 
a large number of variables for predicting the final response, it is important to 
analyze also the associations between the descriptors for detecting eventual 
dependences. This can be done by studying the graph that displays the PCDs 
weight for the first component against the second component (Fig.28 and 
Fig.29). The first component is able to explain the largest variation in the X 
space, followed by the second component, and so forth. The graph shows an 
ellipse in which descriptors are spread. If a variable is located towards the red 
boundary it means that it is independent and it will strongly affect the 
probabilistic model; on the contrary, PCD located in the middle of the ellipse 
will influence the model less. Presence of clusters reflects a correlation between 
the involved variables, which affect the PLS in the same way. This means that 
some predictors are redundant and thus, if they belong to the same category 
(Topography, Soil Type or Land Use) it is better to consider just one of those.  

By comparing weights of the PCDs for the first and the second component the 
most independent variables and the redundant ones can be identified. Share of 
urban areas and share of till soil are the most distant variables from the middle 
of the ellipse, so they are also the most affecting the model. Even though 
channel slope and drainage density are located externally they belong to the 
same category (topography) and are really close, so that it is preferable to keep 



Carolina Cantone TRITA LWR Degree Project 16:03 
 

50 

 

just one of them. Moreover, share of clay and elevation seem to be 
decentralized and isolated. Statistical model is based on all the chosen 
explanatory variables depending on the number of components. Based on the 
same number of components it is interesting to look at the “X weight 
distances” graph (Fig.30 and Fig.31) that shows the Euclidean distance of the 
explanatory variables from the origin (StatSoftInc., 2015) with the aim to 
identify the major contributors to the prediction of the response (Partial least 
squares - statistics textbook, n. d.). Therefore, variables with higher distance will 
be more relevant in the resulting prediction, while smaller distances will reflect 
less influence on the model. 

Looking at the model obtained by considering ICQ (Fig. 30) the component of 
topography that mostly affects the model is elevation followed by channel 
slope, while for the soil type the share of till is predominant and for what 
concerns land use shares of urban areas and grassland have the highest 
cumulative weights. For what concerns the model with ICrevised, sigmoid, the most 
influencing variables belonging to topography and soil type categories are the 
same as the ones in the previous case, while the representative descriptor of 
land use is just the share of urban area (Fig.31). 

In order to test the performance of PLS method, an iterative point cross-
validation technique has been performed. This test consists of leaving one 
point out from the list, run the analysis and apply the obtained equation on the 
catchment that has been excluded. This process is repeated for all the available 
observations. Results of point cross-validation show the capacity of PLS of 
correctly predict the 90.9% and 84.5% of the cases for ICQ and ICrevised, sigmoid 

respectively (Appendix VI). This means that the method is robust and should 
give good explanation even if applied to another areas with different 
characteristics. 

 Binomial Logistic Regression 4.2.2.
Based on the results obtained for the PLS regression, the binomial logistic 
regression in SPSS (IBM Corp., 2013) was performed. As pointed out in the 
methodology section, this kind of regression gives significant results if the 
chosen variables are independent. Therefore, the probabilistic method was 
obtained considering the three main categories in which the predictors are 
grouped, such as Topography, Soil Type and Land Cover, and the computed 
Connectivity Index. For each category, the variable with highest weight distance 
was taken as representative for the entire class. The aim of the analysis is to 
detect the importance of each indicator category in affecting the resulting 
prediction.  

IC weighted on superficial runoff Q 

According to the PLS results, the binomial logistic regression was performed 
considering the elevation (topography), share of till (soil type), share of urban 
area (land use) and ICQ as most influencing parameters. Statistical significance 
of the model can be detected looking at two tables given by the software. In the 
“Omnibus Test of Model Coefficient” table, the last row (named ‘Model’) shows 
that the model is significant since 27,498 and the p-value, corresponding 
to the column Sig., is smaller than 0.05. Another way to define the significance 
of the model is to look at the “Hosmer and Lemeshow Test” table, which 
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express the poorness of the model in predicting occurrence of flooding. In this 
case, we look for high p-values, indicating that the model is not a poor fit. In 
this case Sig. is equal to 0.714, hence the model is not poor.  

 

Figure 26: ICQ .Predicted vs. Observed point 

 

Figure 27: IC revised, Qsigmoid. Observed points vs. predicted points 
 

0.5 

0.5 



Carolina Cantone TRITA LWR Degree Project 16:03 
 

52 

 

 
Figure 28: ICQ .PCDs weights for component1 vs. component2. 

 
Figure 29: IC revised, Qsigmoid. PCDs weights for component1 vs. component2. 

 
“Classification Table” shows that the model is able to correctly classify the 
87.9% of the overall observations. Moreover, measures of sensitivity and 
specificity can be detected. Sensitivity represents the number of cases where 
flooding was observed that have been correctly predicted by the model (81.8%) 
and the specificity corresponds to the percentage of cases where flooding was not 
observed neither predicted of being occurred (90.9%) (Laerd Statistics, 2013).  
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Figure 30: ICQ. PCDs weight distances. Elevation, till and urban are the most 
influencing variables 

 

 
Figure 31: ICrevised, sigmoid. PCDs weight distances. Elevation, till and urban are the 
most influencing variables 
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The “Variables in the Equation” table shows the contribution of each 
independent variable in the statistical modelling. 
 

 

Table 6: Hosmer and Lemeshow test for the analysis performed with ICQ. The test 
expresses the poorness of the model. Therefore, high values of “Sig.” correspond to a 
good effectiveness of the model. 

 
  
 

 
 
Table 7: Classification Table for the analysis performed with ICQ. Table shows how 
many cases are correctly predicted 

Classification Tablea 

Observed 

Predicted 

Flooding 
Percentage Correct 

0  1 

Step 1 
Flooding 

0  20  2  90,9 

1  2  9  81,8 

Overall Percentage  87,9 

a. The cut value is ,500 

 
Table 8: Variables in the Equation for the analysis performed with ICQ. Column ‘B’ lists the regression 
coefficients used in the equation for predicting the risk of flooding at the interesting points. Regression 
coefficients are in log-odds units, that means that this estimation expresses the amount of increase (if 
positive) or decrease (if negative) in the predicted log-odds considering a 1 unit increase (or decrease) in 
the predictor, holding all the other variables constant. Column ‘S.E.’ displays the standard errors of the 
coefficients. ‘Wald’ and ‘Sig.’ columns provide the chi-square value and 2-tailed p-value respectively. 
These values are used for testing the null hypothesis that the parameter is equal to 0 (non-occurrence of 
flooding). Considering the 2-tailed test, each p-value has to be compared with a chosen limit value α: if 
the p-value related to a coefficient is smaller than α, it means that the coefficient is statistically 
significant. Usually, values of α=0.05 or α=0.01 are used. Considering α=0.05, we can see that just the 
coefficient ICmax is not statistically significant. 

Variables in the Equation 

 
B  S.E.  Wald  df  Sig.  Exp(B) 

95% C.I.for EXP(B) 

Lower  Upper 

Step 1a 

Elevation  ,253  ,115  4,804  1  ,028  1,288  1,027  1,614 

Till  ‐,335  ,161  4,345  1  ,037  ,715  ,522  ,980 

Urban  1,280  ,537  5,690  1  ,017  3,597  1,257  10,299 

ICmax  ‐2,028  1,831  1,227  1  ,268  ,132  ,004  4,761 

Constant  ‐15,765  6,837  5,317  1  ,021  ,000 

a. Variable(s) entered on step 1: Elevation, Till, Urban, ICmax. 

 

Omnibus Tests of Model Coefficients 

Chi‐square  df  Sig. 

Step 1 

Step  27,498  4  ,000016 

Block  27,498  4  ,000016 

Model  27,498  4  ,000016 

Table 5: Omnibus tests of Model Coefficients for the analysis performed with ICQ. The 
most interesting term is the last row, which expresses the significance of the model is 
describing the system. 

Hosmer and Lemeshow Test 

Step 1 
Chi‐square  df  Sig. 

5,404  8  ,714 
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Coefficients in the B column are used for determining the probability of 
flooding at the road-stream intersection points.  

 	 15.765 0.253 ∗ 0.335 ∗ 1.280
∗ 2.028 ∗  

Eq. (37) 

Therefore, the probability of flooding Pi is calculated as follows 

. . ∗ . ∗ . ∗ . ∗

1 . . ∗ . ∗ . ∗ . ∗  
Eq. (38) 

Due to the formulation of the binomial logistic regression, the meaning of the 
B factors is not intuitive since it shows the change in logit when the 
independent variable changes in one unit while all the other independent 
variables are kept constant. It is instead easier to comprehend the meaning of 
each indicator looking at the Exp(B) values since they express the change in the 
logit for one-unit change in the descriptor. For example, an increase of one unit 
of land cover will increase the odds ration by 3.597 times. Values smaller than 
1.000 indicate a decrease odds ratio for an increase in one unit of that variable, 
as for the cases of soil type and IC. Furthermore, the Wald test (Wald column) 
is used for evaluating the statistical significance of each independent variable 
(Sig. column). All the categories Topography, Soil Type and Land Use are 
particularly significant since their p-value is smaller than 0.05.  

IC revised. Sigmoid function, 
Binomial logistic regression was performed considering elevation, till and urban 
area as the main variables for topography, soil type and land use categories, 
respectively. ICmax was calculated using the reconditioned DEM and weight 
factor adjusted with superficial runoff normalized by sigmoid function (ICrevised, 

sigmoid). The model is able to correctly predict the 87.9% of the cases and both 
Omnibus and Hosmer and Lemeshow tests show the high statistical 
significance of the model. Moreover, measures of sensitivity and specificity 
result in the 72.7% and 95.9% respectively. 

The probability of occurrence of flooding is derived from the B coefficients in 
the “Variables in the Equation” table, as follows 
 

	 20.274 0.282 ∗ 0.443 ∗ 2.157
∗ 1.371 ∗ ,  

Eq. (39) 

. . ∗ . ∗ . ∗ . ∗ ,,

1 . . ∗ . ∗ . ∗ . ∗ ,

Eq. (40) 

Moreover, the Sig. column show that no one of the considered variables is 
statistically significant since p>0.05 for all of them. 
In order to test the performance of Binomial Logistic regression, an iterative 
leave-one-out point cross validation was performed. In each passage, a 
probability equation was obtained leaving out one point and was used to 
predict the occurrence of flooding in that excluded catchment. The procedure 
was repeated for all the observations. Using a cut-off of 0.5, the model was able 
to correctly predict the 84.5% and the 81.8% of the cases with ICQ and ICrevised, 

sigmoid, respectively (Appendix VII).  
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Table 9: Hosmer and Lemeshow Test for the analysis performed with ICrevised, sigmoid 

  

 

 
 

Table 10: Omnibus Tests of Model Coefficients for the analysis performed with ICrevised, sigmoid 

 

 

 

 
 

Table 11: Classification Table for the analysis performed with ICrevised, sigmoid. The overall correct 
percentage is equal to 87.9%. 

Classification Tablea 

Observed 

Predicted 

Flooding 
Percentage Correct 

0  1 

Step 1 
Flooding 

0  21  1  95,5 

1  3  8  72,7 

Overall Percentage  87,9 

a. The cut value is ,500 

Table 12:  Variables in the Equation for the analysis performed with ICrevised, sigmoid. According to the 
comments in Table5, if a limit value of α=0.05 is chosen for the test, no one of the variables result to 
be statistically significant for the analysis. 

Variables in the Equation 

 
B  S.E.  Wald  df  Sig.  Exp(B) 

95% C.I.for EXP(B) 

Lower  Upper 

Step 1a 

Till  ‐,443  ,252  3,107  1  ,078  ,642  ,392  1,051 

Urban  2,157  1,135  3,614  1  ,057  8,648  ,935  79,962 

ICmax  1,371  ,895  2,347  1  ,126  3,939  ,682  22,761 

Elevation  ,282  ,166  2,876  1  ,090  1,326  ,957  1,838 

Constant  ‐20,274  11,372  3,178  1  ,075  ,000 

a. Variable(s) entered on step 1: Till, Urban, ICmax, and Elevation. 

 

4.3. Flood Susceptibility Assessment 
Statistical models discussed in the previous sections leads to the prediction of 
flood risk at the critical road-stream intersection locations. Therefore, a value in 
the range [0, 1] is assigned in each point included in the analysis. These values 
represent the probability of occurrence of flooding at the correspondent 
location, considering 0.5 as boundary value between “non-flooded” and 
“flooded” points. Information regarding flood forecasting along roads can lead 
to the realization of hazard map, if it concerns the likelihood of the event, or 
risk map, if also the damage on society is shown. In the context of this project, 
focus has been on realization of hazard maps aiming at improving decision 
makers’ awareness of most critical areas along major infrastructures. Fig. 32 
shows the probability of flood hazard obtained by performing binomial logistic 
regression with ICQ at the identified critical points in Västra Götaland and 
Värmland Counties due to the heavy rainfall event of August 2014.  

Hosmer and Lemeshow Test 

Step  Chi‐square  df  Sig. 

1  2,208  8  ,974 

Omnibus Tests of Model Coefficients 

Chi‐square  df  Sig. 

Step 1 

Step  30,730  4  ,000003 

Block  30,730  4  ,000003 

Model  30,730  4  ,000003 
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a)  
 

b)  
Figure 32: Flood hazard maps. Probability of flooding occurrence at the road-stream 
intersection locations identified by Michielsen (2015) for the 33 catchments in Västra 
Götaland (a) and Värmland (b). The showed values correspond to the statistical model build 
by binomial logistic regression considering Elevation, Till, Urban areas and ICQ as most 
influencing PCDs. 
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5. METHODOLOGY VALIDATION 

The method proposed in this project has been applied to the areas of Värmland 
and Västra Götaland with the aim to predict the flood hazard based on the 
heavy precipitation events occurred in summer 2014. The studied area was 
characterized by 33 observation points that lead to reach consistent results. The 
question now is whether the methodology is still valid if applied in an area with 
different characteristics of soil type, land cover and topography and affected by 
a non-comparable intensity of precipitation event.  

The process of validation consists of testing the methodology on the area of 
Hagfors, chosen because affected by a heavy rainfall event in summer 2004. 
The area has been already studied by Kalantari et al. (2014a) and Nickman 
(2014) who applied the PLS regression based on a set of PCDs identified 
performing Principal Component Analysis with the aim to predict the risk of 
flooding at the road-stream intersections. This section presents a brief 
introduction of the study area and of the extreme event occurred, followed by 
the application of the methodology and presentation of results.  

5.1. Hagfors and the rainfall event of August 2004 
The study area is located in the county of Värmland (W Sweden) between the 
towns of Hagfors and Munkfors, north of Karlstad City. Forest and grassland 
are the predominant land uses, followed by the shear of agricultural lands in 
proximity of the major lakes (Appendix VIII). Soil type is mainly glacial till that 
represents the 89% of the entire soil, with sediments and sands (Appendix 
VIII). The climate is moderately cold with average annual temperature of +5° 
(SMHI, 2009) ranging between -5° in February and +15.7° in July. Average 
annual precipitation is 798 mm (1960-2011). For the case study the heavy 
rainfall event that occurred during the 4th and 5th of August 2004 has been 
considered. SMHI meteorological stations located in Råda and Sunnemo 
recorded 210 mm and 185 mm of precipitation respectively during 12 hours 
from 16.00 of 4th of August. Due to the high flow, several failures were 
reported in private and public roads as well as sewer systems and electricity 
network, causing isolation of 170 people for 2.5 days in different areas. 
(Eriksson, 2004; Magnusson et al., 2009; Myndigheten för samhällsskydd och 
beredskap, 2010). Damages to the transport infrastructures resulted in at least 
150 meters of road washed away and high volume of sediments and soil eroded 
(Myndigheten för samhällsskydd och beredskap, 2010; SMHI, 2010). In the 
municipality of Hagfors, the County Roads 240 and 842, running along the 
eastern and western part of Lake Rådasjön respectively, experienced the most 
severe damages due to the intense rainfall. Five different locations were injured 
with formation of gorges. Moreover, County Road 929 between Hagfors and 
Bergsäng, along with the national highways 62 and 63 were eroded and 
completely impassable (Karlstads Universitet, n.d.). About 100 injuries were 
estimated just in terms of private roads, while total costs have been around 47 
million SEK (Myndigheten för samhällsskydd och beredskap, 2010). The area 
that was mainly affected by the intense precipitation extends for about 400km2. 
Data set of 2 x 2 meters resolution was used for elevation, soil type, land use 
and precipitation. Data were obtained from the same sources as indicated in 
section 4.2. Moreover, Table 29 in Appendix VIII shows cumulative values of 
precipitation, expressed in mm, at a number of observation points spread in the 
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area affected by the rainfall event. Those points have been interpolated by IDW 
function for obtaining Precipitation in a raster format in GIS-environment. 

5.2. Application of the method 
Methodology described previously has been applied in the area of Hagfors on a 
total of 10 road-stream intersection locations (4 flooded and 6 non-flooded) 
identified by Kalantari et al. (2014a) (Fig.33 and Table28 in Appendix VIII).  

Due to the considerations about the proposed method for computing the 
sediment connectivity index, IC was calculated just for two cases: 

1. ICQ: weight factor based on superficial runoff Q (derived by 
applying SCS-CN); 

2. ICrevised, sigmoid: weight factor based on the roughness index RI 
adjusted with Q normalized by sigmoid function.  

From soil type and land cover maps was possible to determine the raster data 
of Curve Number values that was used for defining the Soil moisture. Then, 
raster data of Soil moisture and Precipitation (the latter obtained from 
interpolation of the rainfall observation stations) were used for computing the 
superficial runoff according to the relations in section 3.5 – IC weighted on runoff 
Q. Sediment connectivity indexes have thus been computed by using the 
software SedInConnect 2.1 using, besides W, the following input data: 

‐ Reconditioned DEM filled, which consists of the original DEM 
with lowered elevations at the locations of bridges or culverts and 
with removal of depressions through the command Pit Remove; 

‐ Major roads, such as highways and railways, with a 2-meters buffer 
used as target.  

Since major lakes have been removed from the DEM, they are automatically 
considered as sinks from the software (for details see Appendix IV – ICQ).  

Furthermore, the other 17 chosen PCDs (Size, Elevation, Channel slope, 
Drainage density, TWI, Sand, Gravel, Till, Peat, Clay, Rock, Road density, 
Urban, Agriculture, Grassland, Forest, Water and waterbodies, IC) were 
calculated.  

Once all the descriptors were calculated, Eq. (37) and Eq. (39) obtained from 
the binomial logistic regression for Värmland and Västra Götaland were applied 
for predicting the risk of flooding at the critical locations in Hagfors. Those 
equations are linear correlations between the response Y (flooded=1; non-
flooded=0) and the explanatory variables Xi through the regression coefficients 
Bi (Eq. 33). Descriptors Xi correspond to the most influencing variables resulted 
from PLS regression in terms of cumulative weight distances. With the aim to 
understand the contribution of topography, land use, soil type and IC to the 
statistical modelling of flooding, for each category its corresponding most 
influencing descriptor was considered as representative for the entire class. In 
this way, the equations become: 

IC weighted on superficial runoff Q 

 	 15.765 0.253 ∗ 0.335
∗ 	 1.280 ∗ 	
2.028 ∗  

Eq. (41) 
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 . . ∗ . ∗ . ∗ . ∗

1 . . ∗ . ∗ . ∗ . ∗  Eq. (42) 

IC revised. Sigmoid function 

 	 20.274 0.282 ∗
0.443 ∗ 	
2.157 ∗ 	
1.371 ∗ ,  

Eq. (43) 

 
. . ∗ . ∗ . ∗ . ∗ ,

1 . . ∗ . ∗ . ∗ . ∗ ,

Eq. (44) 

 

  

Figure 33: Selected road-stream intersection locations in the area of 
Hagfors that experienced (red points) and did not experienced (green 
points) flooding in August 2004, according to Kalantari et al. (2014a). 
[Image modified after Kalantari et al. (2014a) and Nickman (2014)]. 
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5.3. Results 
In order to predict occurrence of flooding at the 10 identified critical road-
stream locations, equations (41-44) have been applied using the PCDs 
calculated for Hagfors (Appendix VIII). Logistic regression is expressed in 
terms of the four descriptive categories, therefore is it important to understand 
which variables among the 18 PCDs should be chosen as the most influencing 
of each class. In order to do so, regression coefficients (B) of the model have 
been investigated. In general, positive values of B correspond to a characteristic 
that concur to the success of the event (in our case the occurrence of flooding), 
while negative values reflect those factors that reduce the probability of 
occurrence of the event.  

Equations (41) and (43) were solved with IC calculated as described in previous 
sections, while Channel slope, Draining Soils and Roads were chosen as the 
representative variables for Topography, Soil Type and Land Use, respectively.  

Topography positively affects the flooding but it is not the most significant 
factor, therefore Channel Slope was chosen among the variables included in 
this category because it affects the hydrologic response of the catchment but it 
is not the most relevant variable. Soil Type seems to negatively affect the 
occurrence of flooding, which happens for soils with high storage capacity and 
let the water infiltrating the soil. Therefore, shares of gravel and sand were 
added and named “Draining soils”. Lastly, Land Cover strongly influences 
flooding at the critical locations, therefore the variable Road – calculated as the 
shear of roads in the catchment - was chosen.  

Statistical models result in 50% of correct predictions for the IC weighted on 
the surface runoff (ICQ) and in 60% of correct predictions for the IC weighted 
on the revised Weight factor normalized by sigmoid function (ICrevised, sigmoid). 
All the observed flooded points have been correctly explained, while just one 
(in the first case) or two (in the second case) out of six non-flooded points 
resulted correct.  

Prediction of almost all the points as “flooded” might be due to the role of 
precipitation in the computation of the sediment connectivity index: IC and the 
intensity of precipitation are strongly related because for increasing intensities 
of rainfall the superficial runoff will be incremented and subsequently the 
sediment delivery will be more efficient. During summer 2014, areas of 
Värmland and Västra Götaland have been affected by an overall values of 
precipitation that is lower than the rainfall occurred in Hagfors in August 2004. 
Therefore, in the statistical model obtained from the binomial logistic 
regression, the regression coefficient B related to “IC max” was weighted in a 
way that concur to predict the occurrence of flooding (Pi=1) even with low 
values of precipitation (i.e., low values of IC). 

This effect is evident looking at the column Exp(B) in the “Variables in the 
equation” table (Table5 and Table8 in section 4.6.2) which  shows in which 
extent the response is affected for an increase of one unit of the correspondent 
variable. In the case of IC revised with Q sigmoid, the Exp(B) related to “IC 
max” is equal to 3.94.  This means that an increase of one unit of IC max will 
affect the response 3.94 times the initial value. So, since in Hagfors the rainfall 
event has been more intense, it is expectable that the prediction will turn in 
"flooded" points since it is calibrated on lower values of precipitation.  
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6. DISCUSSION 

In the present section results obtained for the sediment connectivity index 
calculation and for the statistical method are discussed. A particular focus is put 
to the validation attempt on the area of Hagfors and related effects on the 
development of the method. As last, limitations are highlighted. 

6.1. Sediment Connectivity Modelled in Swedish catchments 
This Master Thesis focuses on the study of Sediment Connectivity in terms of 
definition and computation in order to gain a deeper understanding on 
mechanisms that concur to material transport. In this particular case, the 
project was aimed at identifying dynamics describing sediment and debris 
delivery in Swedish terrains, characterized by hilly slopes and mainly agricultural 
and forest lands. In order to develop the analysis, IC proposed by Cavalli et al. 
(2013) was used as reference index for evaluating the improvements made by 
the proposed revisions and adaptations in sediment connectivity modelling. In 
particular, the role of superficial runoff was investigated as driving mechanism 
in material transport in the study areas.  

The proposed Connectivity Index looks at the combined effect of soil type, 
land use, topography and precipitation intensity for the definition of 
connectivity patterns for transport of water and sediments on the surface. The 
model, based on the use of SCS-Curve Number method, shows significant 
improvements in describing watershed dynamics. Availability of high resolution 
DEM (2 x 2 meters) together with the reconditioning process allow 
identification of real paths and routings of water and sediments for both 
surface and sub-surface main and secondary networks. Moreover, inclusion of 
rainfall intensity in the computation of sediment connectivity index represents 
the unicity of the methodology, which leads to directly consider the weather 
changes that will occur in the near future.  

In order to account for both the topography and the runoff effects on the 
sediment transport, a revised version of IC where surface runoff plays as 
correction factor of the roughness was investigated. Hence, surface runoff was 
normalized by linear and sigmoid function. In particular, the latter computation 
stretches the limit cases in which the superficial runoff is the predominant 
dynamic in the sediment transport. On the other hand, this approach causes a 
critical decrease of connectivity values in almost all the catchments. 

Estimation of the surface runoff for modelling the sediment transport 
represents a substantial and innovative improvement since it directly includes 
the intensity of precipitation in the computation, allowing the assessment of the 
extent the rainfall influences erosion and detachment of materials that are 
carried away from the water. Moreover, the combination of topographic, soil 
type and land cover characteristics leads to the definition of a catchment-based and 
event-based Index of Sediment Connectivity. Therefore, this methodology allows 
direct assessment of the effect of changes in land management and climate 
patterns in flood occurrence. Nevertheless, the methodology keeps its 
simplicity of application and a rapid spatial characterization of connectivity 
patterns.  

Sediment Connectivity, computed according to the five analyzed methods, was 
then tested for evaluating the ability of the tool to reflect catchment sensitivity 
to flood during severe rainfall event. The qualitative identification of critical 
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areas based on the comparison between “High” or “Low” values of IC with 
observed occurrence or non-occurrence of flooding showed a good relation, 
especially for ICQ since it directly expresses the precipitation/runoff dynamics. 
Moreover, the probabilistic analysis performed using the Index of Sediment 
Connectivity as only descriptive variable revealed the low capacity of the index 
in distinguish between flooded and non-flooded areas, reflecting the need to 
combine IC with other influencing variables for a more accurate analysis. 

6.2. Interpretation of Statistical Modelling results 
The multivariate model derived from Partial Least Square regression shows an 
accuracy of 100% for predicting flooding at the observed road-stream 
intersections, and point-cross validation results in 90.9% and 84.5% of correct 
predictions for cases with ICQ and ICrevised, sigmoid respectively. This method 
shows that the main predictors contributing to the road-related flood hazard 
model are Elevation, Channel slope, Till, Clay, Urban areas and Grassland. 
Elevation and channel slope influence the routing of water from the upslope to 
the road-stream intersection: upslope areas located at high elevation, as well as 
steep channel slopes, lead to a faster and easier flow of water downslope 
towards the target (here, the roads). Soil type affects the occurrence of flooding 
depending on its permeability. Fine and cohesive soils such as silt and clay have 
very low infiltration capacity, impeding the vertical draining of water towards 
the underground water network. Combination of such soil type with 
impervious land covers, such as urban areas, results in high volume of water 
flowing increasing the risk of flooding to occur at the road-stream intersections. 
Among the emphasized predictors, PLS regression showed the particular effect 
of Elevation, share of Till and share of Urban areas in the flood prediction. 
Therefore, those variables and the Sediment Connectivity Index have been used 
for performing the binomial logistic regression.  

Binomial logistic regressions were able to correctly predict almost the 88% of 
the all cases, for both the calculations of the connectivity index. Moreover, the 
cross-validation resulted in a correct prediction of 84.5% and almost 82% of 
the observed points for ICQ and ICrevised, sigmoid respectively, revealing the 
robustness of the method. These results lead to the evidence that combining IC 
with just other three variables dramatically increases the accuracy of the model. 
This means that the calculated statistical model should be able to predict the 
risk of flooding even in another area, characterized by different topography, soil 
type and land use and affected by a more (or less) intense rainfall.   

With the objective to verify its robustness, the proposed method has been 
performed on the area of Hagfors. In order to do so, the calibrated statistical 
model derived from the binomial logistic regression was validated for predicting 
the flood hazard at the 10 observed road-stream intersections. Validation of the 
method has also the aim to detect the contribution of the four main descriptive 
categories of PCDs (topography, soil type, land use and sediment connectivity) 
to the prediction as well as to identify which predictors of the test area are the 
most suitable for explaining the process of flooding.  

Results of the test revealed just the 50% and 60% of correct predictions for 
ICQ and ICrevised, sigmoid, respectively. The low probability of correct predictions 
can be assessed to the strong catchment-based calibration of the model, since it 
takes into account several details of the watershed. Moreover, the inclusion of 
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IC in the list of PCDs makes the model to be also event-based, since it directly 
takes into account the intensity of rainfall that caused the flood. If calibrated 
with small quantities of precipitation, the model will be prone to detect flooded 
points even when not observed. Nevertheless, both statistical models were able 
to correctly predict all the observed flooded points.  

The proposed method can be used for predicting the flood probability in 
ungauged river basins where few data and observation points are available. In 
any case, precautions are needed for detecting factors that mainly influence the 
model.  

6.3. Flood hazard probability mapping 
The flood probability prediction method proposed here can be used for 
producing flood hazard maps that are able to represent areas prone to flooding 
and quantify the probability of flood occurrence. Another type of risk map can 
be obtained combining levels of sediment connectivity index (i.e., High, 
Medium and Low) with risk levels of physical mechanisms that might concur to 
the occurrence of flooding during an extreme rainfall event, i.e. erosion 
loadings, for having a visual representation of the effects that these dynamics 
can have on the likelihood of flooding.  

This kind of tool is essential for optimal flood management, since it helps 
increasing awareness of decision makers in taking decisions about maintenance 
and in promoting solutions for preventing the risk. The first use of such maps 
is the identification of the most critical areas along the road, such as those 
points that are more sensitive to high quantity of water flow and that can turn 
into flooded areas. Once location of these critical points is known, protection 
and monitoring actions might be established. For example, land use changes 
might be restricted controlling future clear cutting and promoting reforestation. 
Another example might be the renovation of the legislation regarding 
delimitation of floodable areas. Moreover, sensors for detecting the intensity of 
rainfall could be installed at the sensitive point locations with the aim to 
monitor the quantity of water accumulated and give the signal when the level 
overcomes the established safe one.  

6.4. Limitations of the method 
The principal limitations of the proposed method can be grouped as follows: 

 Requirement of large amount of data that have to be collected, 
processed and analyzed. This might create a limitation if the method 
is applied to an area where these data are not available; 

 Lack of data regarding the exact location and size of the road 
drainage facilities where the flooded or non-flooded road-stream 
intersection points have been positioned;  

 Uncertainties on the computation of the superficial runoff. This 
factor is based on the Curve Number, an empirical parameter 
subjected to substantive interpretation. Soil and land use maps 
might influence considerations. Moreover, cumulative values of 
precipitation are used, leading to a limited interpretation of the real 
development of the event; 

 Uncertainties in the statistical analysis. The low number of 
observations may lead to high influence of outliers on the obtained 
results. Moreover, model outcomes have to be interpreted, so 
statistical knowledge is required; 
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 Statistical models give results about the probability of flooding 
occurrence at some points that were observed as critical locations 
during heavy rainfall event. Therefore, this methodology is able to 
give just punctual responses; 

 Validation of the method on a test area requires high knowledge of 
dynamics of material transport for understanding the contribution 
of the descriptive categories and for identifying the most 
representative variables for each category. 

7. CONCLUSIONS 

The method suggested in this project is based on the identification and 
calculation of road and catchment characteristics in GIS-environment for 
building a statistical model aiming at predicting flooding along major roads.  

In addition to the explanatory variables already identified by Kalantari et al. 
(2014a) and Michielsen (2015), the Index of Sediment Connectivity has been 
considered in the list of Physical Catchment Descriptors. A new methodology 
has been proposed for the calculation of IC with the aim to better describe 
material transport within flat areas where slope and topography are not the 
predominant factors. The proposed index results as a unique and integrate tool 
for modelling sediment and water delivery in relation with precipitation and 
runoff mechanisms. Hence, the combined effect of rainfall intensity, soil type, 
land use and topography is investigated. In light of that, IC results in a catchment-
based and event-based parameter. Correction of the originally proposed weight 
factor along with the use of the reconditioned DEM lead to substantial 
improvements for deriving terrain characteristics, for identifying the realistic 
routings of water and for assessing sediment connectivity. Connectivity maps 
can be realized for a qualitative evaluation of the more connected catchments 
where flooding is more likely to occur. By comparing the computed sediment 
connectivity and observed flooding at the studied catchments, high 
correspondence was noticed. This assessment gives qualitative outcomes that 
lead to distinguish between more connected and less connected basins, but a 
quantitative result in terms of flood probability is still needed. 

The integration of a GIS-based tool with the statistical model has the main 
advantage to derive all considered descriptors directly from available data 
without need of complex and detailed hydrological modelling. 

Two statistical models have been applied on the areas of Värmland and Västra 
Götaland, which experienced flooding during the intense rainfall event of 
August 2014, considering the 17 PCDs used by Michielsen (2015) and the 
sediment connectivity index. The first model produced a partial least square 
regression that was able to correctly predict the 88% of the cases and 
highlighted the importance of elevation, channel slope, till, clay, urban, 
grassland and IC in the prediction of flood risk. Based on these results, 
binomial logistic regression has been computed with the aim of obtaining a 
simpler model for highlighting the contribution of topography, soil type, land 
use and connectivity index to the prediction. Point-cross validation technique 
resulted in more than 81% correct predictions, revealing robustness of the 
proposed method.  

In order to assess the reliability of the method, the probabilistic model was 
tested on the area of Hagfors that had already been studied by Kalantari et al. 
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(2014a) and Nickman (2014). This area was affected by an extreme 
precipitation event occurred in August 2004 that caused several damages to 
roads, embankments and infrastructures. The model was able to detect just the 
50%-60% of the behavior observed at the 10 critical points. Nevertheless, all 
the flooded points were correctly predicted and the role of each descriptive 
category was outlined. Hence, the proposed method proved suitable and robust 
for predicting flood probability even in ungauged basins.  

The multivariate statistical model is a useful tool for deriving flood hazard maps 
that lead to increase awareness of decision makers in taking actions for 
preventing washouts. Maintenance of road drainage facilities such as culverts 
and ditches has to be prioritized at the road-stream intersection locations 
resulted more prone to flooding. In order to further improve the method and 
obtain more general results, a large amount of available data is needed. 
Moreover, a deep comprehension of the predominant mechanisms influencing 
the flow paths of water and sediments is fundamental for identifying main 
descriptors in terms of topography, land use and soil type contributions.  
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APPENDIX I: VÄRMLAND AND VÄSTRA GÖTALAND, ADDITIONAL 

INFORMATION 

1. Flooded and Non-Flooded points 

 
Study Area  ID  Name  SWEREF99 TM   WGS84  Flooding 

Y  X  Y  X 

Västra Götaland  1  Hogstorpsmotet  6474655  312167  58,37239  11,788116  Flooded 

2  Småröd  6480988  308678  58,42767  11,723292 

3  Säleby  6487562  303768  58,48443  11,633728 

4  Båthamnen  6482531  305097  58,43992  11,660764 

5  Älvbacken  6487535  300207  58,48257  11,57280  Non‐
Flooded 

6  Bro  6481540  294895  58,42637  11,487225 

7  Gravröse  6471709  310282  58,34516  11,758364 

8  Hällkista  6472391  308160  58,35035  11,721607 

9  Holmen  6466578  316006  58,30159  11,860052 

10  Korpås  6467189  315978  58,30705  11,859119 

11  Störreberg  6481962  295116  58,43026  11,490626 

12  Svälte  6471697  306662  58,34347  11,696631 

Värmland  13  ikea  6583611  409847  59,38153  13,413126  Flooded 

14  Fintatorp  6583608  408176  59,38114  13,383729 

15  VäseGamlaE18  6587308  432947  59,41903  13,818473 

16  Kristinehamn 
Strandvägen 

6577155  448338  59,33004  14,092079 

17  KirstinehamnE18  6577328  448641  59,33163  14,097347 

18  Lagmansgatan  6576477  450592  59,32422  14,131819 

19  ÖstraRingvägenF  6575815  449806  59,31818  14,118172 

20  Skattkärrsmotet  6586150  423175  59,40696  13,646736  Non‐
Flooded 

21  Solberg  6586253  429774  59,40904  13,762919 

22  Silkesta  6585449  431031  59,40203  13,78531 

23  Karlabron  6575407  450380  59,31458  14,128343 

24  Sorkan  6582130  442685  59,37398  13,991411 

25  Väsemotet  6583794  435484  59,38788  13,86422 

26  Björkebol  6576575  452525  59,32533  14,165765 

27  Heden  6576245  452296  59,32234  14,161817 

28  Bymon  6588526  420836  59,42786  13,604679 

29  Gunnerud  6587165  420972  59,41566  13,607576 

30  Kappstad  6590884  427395  59,45021  13,719456 

31  Öckna  6591892  428021  59,45937  13,730142 

32  ÖstervikE18  6579936  447001  59,35484  14,067886 

33  Spånga  6588318  426153  59,42696  13,698438 
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2. Precipitation intensity of August 2014 event 

 

Rainfall event Västra Götaland 19‐20 August 2014 

ID  Y  X  P [mm] 

1  6392806.0  297499.3  6.7 

2  6400174.4  320908.9  18.2 

3  6369096.8  344778.3  23.1 

4  6380888.2  348283.2  28.1 

5  6389079.9  324784.4  6.2 

6  6387707.6  377240.8  24 

7  6403949.7  377971.5  45.8 

8  6361525.3  397623.3  31.4 

9  6359811.2  382656.3  34.6 

10  6380579.3  397262.9  37.7 

11  6408112.9  405392.4  21.3 

12  6406249.1  391012.2  23.8 

13  6440064.1  302530.9  21.3 

14  6435594.9  283365.8  6.2 

15  6459445.9  305258.5  5.1 

16  6464426.3  290754.5  3.2 

17  6473985.9  320799.8  53.9 

18  6491730.4  297632.4  29.6 

19  6507644.1  318735.1  19 

20  6511950.2  282652.7  6.3 

21  6535008.3  269910.9  7.1 

22  6534516.7  314106.1  11 

23  6539489.1  295268.8  9.5 

24  6433392.3  373367.6  109.5 

25  6440410.3  323643.8  32.9 

26  6442241.1  361910.4  111.4 

27  6461054.1  362447.1  57.8 

28  6471260.5  345640.6  30.6 

29  6499686.5  337333.9  16.1 

30  6502194.6  349820.0  15.9 

31  6521934.3  335834.2  3 

32  6528633.3  361115.1  2.4 

33  6439947.6  384964.4  73.1 

34  6447231.0  414085.1  48.1 

35  6449312.8  440191.0  71.9 

36  6466229.9  385256.4  139.4 

37  6469782.6  397831.6  57.4 

38  6473268.7  432425.9  18.1 

39  6475080.0  408901.7  48.5 

40  6479917.1  422208.1  40.2 

41  6503783.6  392736.9  4.2 

42  6507901.1  428211.9  11.5 

43  6469901.1  458464.4  13.1 

44  6465720.8  445183.2  19.4 

45  6486597.2  471631.7  5.5 

46  6500742.0  449328.3  32.1 

47  6577216.9  474738.0  19.2 

48  6538833.6  448847.7  39.9 

Rainfall event Värmland 21‐25 August 2014 

ID  Y  X  P [mm] 

1  6529919,8  398474,3  13,3 

2  6605211,1  321382,5  9,1 

3  6557578,7  381915,7  22,6 

4  6562114,3  359862,7  47,1 

5  6568426,8  333240,7  33,2 

6  6596319,8  369513,2  22 

7  6647012,8  383408,1  12,3 

8  6580549,3  392585,3  4 

9  6581591,7  434808,8  87,1 

10  6546436,9  439138,4  16 

11  6605846,0  388612,7  5 

12  6623919,2  399611,4  39,3 

13  6637760,9  394661,2  11,6 

14  6575027,4  448874,8  34,3 

15  6614053,1  453966,4  25,9 

16  6623691,7  458300,4  11,9 

17  6649356,0  454234,1  47,4 

18  6684413,9  381324,5  21,8 

19  6726987,0  374835,3  37,7 

20  6736026,0  374550,2  35,3 

21  6738643,6  382820,9  44 

22  6754843,3  368967,2  41,2 

23  6668835,1  433263,5  22 

24  6700699,3  403394,0  29,5 
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APPENDIX II: SOIL TYPE RECLASSIFICATION 

 
 
 

Soil type Description  Reclassification 
Name 

Hydrologic Soil 
Group 

       

Wave‐washed gravel   Gravel   A    Rock raft of sandstone   Rock  D 

Shingle   Gravel   A    Young fluvial sediment, coarse silt to 
fine sand  

Till   B 

Shell deposit   Gravel   A    Glacial coarse silt to fine sand   Till   B 

Glaciofluvial sediment, 
cobbles to boulders  

Gravel   A    Till alternating with sorted 
sediments  

Till   C 

Glaciofluvial gravel   Gravel   A    Till, sand   Till   B 

Young fluvial sediment, 
gravel  

Gravel   A    Till, cobbles to boulders   Till   B 

Boulder deposit   Gravel   A    Clay till or clayey till   Till   C 

Wave‐washed gravel to 
boulders  

Gravel   A    Till, clay content 5–15%   Till   C 

Cobbles to boulders   Gravel   A    Bog peat   Peat   D 

Young fluvial sediment, 
sand  

Sand   A    Fen peat   Peat   D 

Aeolian sand   Sand   A    Young fluvial sediment, clay to silt   Peat   C 

Sand   Sand   A    Peat   Peat   D 

Postglacial fine sand   Sand   B    Fluvial sediment, clay to silt   Peat   C 

Postglacial sand   Sand   A    Mud   Clay   D 

Glaciofluvial sediment   Sand   B    Muddy clay (or clay mud)   Clay   D 

Glaciofluvial sand   Sand   B    Postglacial clay   Clay   D 

Scree, gravel   Sand   A    Postglacial fine clay   Clay   D 

Postglacial sand to gravel   Sand   A    Postglacial coarse clay   Clay   C 

Sand to gravel   Sand   A    Glacial clay   Clay   D 

Fractured bedrock   Sand   A    Glacial clay, clay content >25%   Clay   D 

Fluvial sediment, sand   Sand   A    Glacial clay, clay content 15–25%   Clay   D 

Saprolite, sand to gravel   Sand   A    Saprolite   Clay   D 

Postglacial silt   Till   C    Clay   Clay   D 

Silt   Till   C    Clay to silt   Clay   C 

Glacial silt   Till   C    Clay till, clay content 15–25%   Clay   D 

Postglacial coarse silt to 
fine sand  

Till   B    Clay till, clay content >25%   Clay   D 

Gravelly till   Till   B    Clay till   Clay   C 

Sandy till   Till   B    Saprolite, clay to silt   Clay   D 

Silty to fine sandy till   Till   C    Water   Water   ‐ 

Till   Till   C    Unclassified, at times under water   Water   ‐ 

Artificial fill   Till   C    Phanerozoic dolerite   Rock  D 

Artificial fill, waste from 
alum shale  

Till   C    Sedimentary rock   Rock  D 

Fluvial sediment, coarse silt 
to fine sand  

Till   B    Rock   Rock  D 

        Crystalline rock   Rock  D 

Rock raft of sedimentary 
rock  

Rock  D    Rock raft of sedimentary rock   Rock  D 
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APPENDIX III: LAND USE RECLASSIFICATION 

 
Landcover 
Description 

Reclassification 
Number 

Reclassification 
Name 

       

Continuous urban 
fabric  

1  Urban areas    Coniferous forest, not on 
lichen land, height >15m  

3   

Town > 200 
inhabitants, limited 
green areas  

1    Coniferous forest on wetland   3  Grassland 

Town > 200 
inhabitants, large 
green areas  

1    Mixed forest on rock outcrops   3 

Town < 200 
inhabitants  

1    Natural grassland   4 

Single houses   1    Moors and heathland (not 
grass)  

4 

Industrial or 
commercial units  

1    Bushes   4 

Road and rail 
networks and 
associated land  

1    Clear cut   4 

Port areas   1    Young forest   4 

Airports   1    Free category  5  Other 

Gravel and sand 
deposits  

1    Beaches, dunes and sand 
plains  

5 

Other mineral 
excavation sites  

1    Bare rock   5 

Dump sites   1    Sparsely vegetated areas   5 

Construction sites   1    Burnt areas   5 

Green urban areas   1    Glaciers and perpetual snow   5 

Sport fields   1    Grass heathland   5 

Airport grass areas   1    Herbs   5 

Ski areas   1    Inland marshes   6  Water bodies 
and Wetlands Golf courses   1    Wet mires   6 

Non‐urban park   1    Other mires   6 

Camping and cabin 
areas  

1    Peat quarry   6 

Arable land   2  Agriculture    Salt marshes   6 

Fruit trees and berry 
plantations  

2    Water courses   6 

Pastures   2    Lakes and ponds, open water   6 

Broad‐leaved forest, 
not on wetland or 
rock outcrops  

3  Forest    Lakes and ponds, with 
vegetation  

6 

Broad‐leaved forest 
on wetlands  

3    Coastal lagoons   6 

Broad‐leaved forest 
on rock outcrops  

3    Estuaries   6 

Coniferous forest on 
lichen land  

3    Sea and ocean, open water   6 

Coniferous forest, 
not on lichen land  

3    Sea and ocean, with vegetation   6 

Coniferous forest, 
not on lichen land, 
height 7‐15 m  

3         
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APPENDIX IV: IC CALCULATION 

Computation the sediment connectivity index (IC) can be done in two ways: by 
using the software SedInConnect (Sedalp, 2012; Crema et al., 2015) or the 
Connectivity Tool in ArcGIS. Both methods are free and have been downloaded 
and installed following the instructions of Cavalli, Crema, and Marchi (2014). 
The tools lead to the same result but SedInConnect has some advantages: it is an 
open source and stand-alone application, is less time-consuming than the 
ArcGIS toolbox and allows introducing sink features in order to decouple the 
sink mechanisms from the connectivity assessment. 
Opening the stand-alone application SedInConnect, a dialogue window will 
appear, where the user can choose how to perform the analysis. 
 

 

Requirements of the software (marked with the black bold numbers) are here 
explained: 

1) Input DTM (filled) raster (*tif): Digital Terrain Model or Digital 
Elevation model in TIFF format is asked. The raster data has to be 
hydrologically correct, i.e. pits have to be removed since often 
depressions are not real but are due to the creation process of the 
DEM. In order to do so, Cavalli, Crema and Marchi (2014) 
recommend the use of Pit Remove (ArcToolbox  TauDEM Tools 
 Basic-Grid Analysis) for consistency with the algorithm used for 
the connectivity model. This function detects and raises all the pits in 
the DEM to the elevation of the lowest pour point around their 
boundary; 

2) Use targets: allows the user to calculate IC with respect to a 
particular target, such as stream or roads. If the selected target is a 
polyline data, it is enough to create a buffer of realistic width around 
the selected feature; 

3) Use sinks: this function leads to decouple the sink-draining areas to 
the sediment connectivity dynamics; 

4) Use W (Cavalli et al., 2013) as Impedance f.: this function allows 
the user weighting IC on the roughness index as default. If this 
option is chosen, the roughness and its normalization (that in turn 
gives W) are automatically calculated; 

1) 

2) 
3) 

4) 

5) 

6) 

7) 
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5) Input weight raster (*tif): if the weight factor is different from the 
default one, it can be uploaded in this box; 

6) Input cell size: cell size of the input data has to be specified. All the 
input data must have the same resolution, that will correspond to the 
cell size of the outlet; 

7) Output IC raster (*tif): destination folder and name of the output 
file must be defined.  

SedInConnect 2.1 has been used for calculating the combinations of IC outlined 
in section 3.3. In all the discussed cases, the input raster data, originally of 2 x 2 
meters resolution, have been transformed to 4 x 4 meters due to the extreme 
slowness of the analysis performed with the former conditions. Presence of low 
elevation areas lead to the identification and computation of wide zones of 
draining flats by the program, which results in a critical time-consumption. The 
reduced resolution of raster data has been obtained in ArcMap according to the 
following steps: ArcToolbox  Spatial Analyst Tool  Generalization  
Aggregate and choosing a cell factor equal to 2, since the cell factor of the input 
file will be multiplied by this factor. Therefore, input cell size will always be 4. 
Moreover, in all the input raster data the major lakes have been removed. In this 
condition, the software automatically reads these areas as sinks, so sink features 
are never checked in the starting dialogue box. 

ICCavalli 
Sediment connectivity index has been computed following the methodology 
proposed by Cavalli et al. (2013). Therefore, the input data of the software are 
the following: 

 Input DTM: original DEM, pit removed; 
 Target: major roads, such as highways and railways (Vägar and 

Järnvägar layers) have been clipped to the interesting area, in a way 
that all the chosen road-stream intersections could be included. Then, 
a buffer of 30 meters has been created around the original polyline; 

 Weight raster: the default weight raster calculated following Cavalli 
et al. (2013) has been used for the analysis. 

ICCavalli, AgreeDEM 

In this combination, IC calculation is improved by using the reconditioned DEM 
instead of the original one, with the aim of taking into account sub-surface water 
networks allowed from the constructed draining facilities.  

 Input DTM: AgreeDEM, pit removed. AgreeDEM refers to as the 
process of reconditioning of the rawDEM, done by using the DEM 
Reconditioning tool (ArcHydroTools  Terrain Pre-processing  
Dem Manipulation). AGREE algorithm requests the “AGREE 
Stream”, a polyline that is used for lowering the elevations of the 
original DEM. Here, the layer containing the cross-sections 
corresponding to the road-stream intersection locations has been 
introduced. Moreover, boxes “Stream buffer” and “Smooth drop/raise” 
have been kept as the default values (5 and 10 respectively), whereas 
“Sharp drop/raise” has been put equal to 10. The result of the 
reconditioning process is a DEM which presents grooves in 
correspondence to the artificial dams that blocked the flow of water 
through the roads. 

 Target: major roads with a buffer of 4 meters have been considered 
as target for the connectivity calculation. Thanks to the use of the 
reconditioned DEM, the buffer of 30 meters is no more necessary; 

 Weight raster: factor based on the normalization of the roughness 
index (weight factor proposed by Cavalli et al., 2013) has been used. 
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ICQ 

Due to the properties of the study area (hilly, mainly agricultural and forest 
lands) the originally proposed IC weighted on the surface roughness was 
reckoned not to be able to correctly model sediment transport.  In this 
condition, surface runoff was identified as one of the main mechanism that 
influence sediment dynamics within a catchment. Therefore, the contribution of 
soil type, land use, topography and precipitation has to be combined in order to 
comprehend the role of these aspects in the connectivity evaluation. The 
superficial runoff calculated by using the Soil Conservation Service-Curve 
Number method meets the cited requirements and so it was used as a measure 
of the weight factor.  
Runoff (Q) mainly depends on two parameters: the precipitation intensity (P) 
and the saturated soil capacity (S). In its original formulation, both Q and P are 
temporal dependent factors. In order to keep the sediment connectivity a 
stationary index, the cumulative level of rainfall accumulated at the end of the 
event has been considered (i.e., summing the daily reported intensities of 
precipitation of 19-20 August 2014 for Västra Götaland and 21-25 August 2014 
for Värmland). Precipitation raster file has been obtained by interpolating the 
points corresponding to the observation stations with the Inverse Distance 
Weighting (IDW) method. IDW is a deterministic method that assigns to the 
unknown point a value resulting from the weighted average values of its nearest 
known points. The weight is usually a function of the distance, since the method 
assumes that close elements are likely to be more similar than those that are 
farther apart. Usually, the weight is based on the inverse square of the distance, 
as follows: 
 ∑ ,

∑ ,
 Eq. (45) 

Where:  is the unknown value that is given to the point ; 
 is the known value of the close point  ; 

, is the distance between the interesting point  and the point 
where 

the measurements are known.  
In GIS-environment, the interpolation is made following the steps 
ArcToolboxSpatial Analyst ToolInterpolationIDW and setting the power 
equal to 2.  
Soil infiltration capacity (S) is based on the curve number (CN), which is defined 
following tabulated values depending on Hydrologic Soil Group and Land use. 
Appendix II shows the reclassification of soil types in terms of macro categories 

0 0.10.05

Kilometers

±
Hillshade_Original DEM

High : 254

Low : 0

0 0.10.05

Kilometers

±
Hillshade_Recond.DEM

High : 254

Low : 0
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and of hydrologic soil group following the criteria described in section 3.3.3. 
Land uses found for the studying area, with a cover description depending on 
the reclassification group, have been assigned according to United States 
Department of Agriculture-TR55 (1986). Once hydrologic soil groups and land 
uses are defined, CN values can be assigned. 

Land Cover  Reclassification Name  Cover Description 

Other mineral excavation sites   URBAN AREAS  Urban District: Industrial 

Continuous urban fabric  

Industrial or commercial units  

Green urban areas  

Road and rail networks and associated land  

Dump sites  

Airports 

Arable land   AGRICULTURE  Fallow‐CR: good conditions 

Coniferous forest  FOREST  Woods: fair conditions 

Mixed forest 

Broad‐leaved forest 

Natural grassland   GRASSLAND  Woods‐grass combination: fair combination 

Lakes and ponds   WATER  ‐ 

 
    LAND COVER 

    Urban Area  Agriculture  Forest  Grassland  Water bodies and Wetlands 

SO
IL
 T
YP
E 

A  81  74  36  43  99 

B  88  83  60  65  99 

C  91  88  73  76  99 

D  93  90  79  82  99 

 
Calculation of the weight factor has been performed following some steps in 
GIS-environment (ArcMap 10.2): 

1) Soil type layer (vector file) was reclassified in the six categories of 
Gravel, Sand, Till, Peat, Clay and Rock. Moreover, depending on the 
grain size and on the permeability capacity, the hydrologic soil group 
has been assigned; 

2) Land cover (raster file) was firstly converted to vector format and 
reclassified in Urban areas, Agriculture, Forest, Grassland and Water; 

3) Soil type and land use vector layers were edited in order to have same 
dimensions (rows and columns) and intersected by the function 
Geoprocessing  Intersect. This tool computes a geometric 
intersection of the input features. Moreover, in the Join Attributes 
window, the option ALL was selected, since in this way all the 
attributes from the input layer are transferred to the output feature 
class; 

4) Once obtained a unique data file, CN values were added to the 
Attribute Table. Subsequently, the vector file was converted to raster 
format (ArcToolbox  Conversion Tools  To Raster  Polygon 
to Raster); 

5) Saturated soil capacity S, superficial runoff Q and weight factor W 
were calculated by computing equations (12), (14) and (15) with 
Raster Calculator (ArcToolbox  Spatial Analyst Tool  Map 
Algebra. 

In the end, the following data were chosen as inputs in SedInConnect: 
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 Input DTM: reconditioned DEM, pit removed; 
 Target: major roads (highways and railways) with a 4-meter buffer; 
 Weight factor: W calculated as the normalization of the superficial 

runoff Q of the SCS-CN method. 
ICrevised 

This method follows the approach proposed by Gay et al. (2015) of accounting 
for parameter that better describes transport mechanisms in lowland areas as a 
correction factor of the original weight for the computation of IC. In the revised 
combination, superficial runoff is mathematically linearized in a range on [0, 1] in 
order to act as adjustment factor to the weight based on the superficial 
roughness.  

 Input DTM: reconditioned DEM, pit removed; 
 Target: major roads (highways and railways) with a 4-meter buffer; 
 Weight factor: it is calculated multiplying the originally weight factor 

proposed by Cavalli et al. (2013) by the linearized superficial runoff Q 
calculated as described above. Normalization of Q is made by linear 
function (ICrevised, linear) and by sigmoid function (ICrevised, sigmoid). All 
the calculations are made by the Raster Calculator function. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

IC  Input DTM  Target  Sinks  Input W  Equation W 

IC Cavalli  Original DEM   Major roads 
 30‐meter buffer 

‐  W Cavalli 
1  

∑

25
 

IC Cavalli, 
AgreeDEM 

Reconditioned 
DEM 

Major roads 
 4‐meter buffer 

‐  W Cavalli 
1  

IC Q  Reconditioned 
DEM 

Major roads 
 4‐meter buffer 

‐  W Q 
										

0.2 ∗
0.8 ∗

 

IC revised,  
Q linear 

Reconditioned 
DEM 

Major roads 
 4‐meter buffer 

‐  W revised, 
Q linear  , ∗ 1  

IC revised, 
Q sigmoid 

Reconditioned 
DEM 

Major roads 
 4‐meter buffer 

‐  W revised,  
Q sigmoid  , 	 1

∗ 1  
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APPENDIX V: IC RESULTS 

Resulting maximum values of Index of sediment connectivity for each 
catchment using the five methods discussed in section 3. Box colors correspond 
to the three classes of High (red), Medium (yellow) and Low (green) 
connectivity. Depending on the correspondence between observed flooding and 
computed IC, Table 1 in section 3 has been built. 

 
  ID  Name  Flooding  ICCavalli max  ICCavalli and 

AgreeDEM 

max 

ICQ max  ICrevised 
Qlinear max 

ICrevised 
Qsigmoid max 

V
äs
tr
a 
G
ö
ta
la
n
d
 

1  Hogstorpsmotet  1  2,39  2,39  1,62  0,68  1,83 

3  Småröd  1  2,45  2,55  1,71  0,90  0,26 

4  Säleby  1  2,37  2,37  1,51  0,54  ‐5,94 

5  Båthamnen  1  2,25  2,25  1,26  0,52  ‐0,86 

6  Älvbacken  0  2,73  2,74  1,80  0,99  ‐1,30 

8  Bro  0  2,47  2,47  1,06  0,25  ‐7,84 

9  Gravröse  0  2,34  2,34  1,52  0,77  ‐3,44 

10  Hällkista  0  2,13  2,17  1,01  0,14  ‐0,79 

11  Holmen  0  1,45  1,50  0,65  ‐0,04  ‐3,82 

12  Korpås  0  2,17  2,07  1,37  0,56  ‐3,90 

14  Störreberg  0  2,64  2,65  1,49  0,72  ‐2,87 

15  Svälte  0  2,29  2,33  0,99  0,19  ‐0,77 

V
är
m
la
n
d
 

16  ikea  1  1,99  2,00  0,95  ‐1,58  0,59 

17  Fintatorp  1  1,84  1,85  0,66  ‐0,01  0,36 

19  VäseGamlaE18  1  2,15  1,54  1,14  ‐0,46  1,07 

20  Kristinehamn 
Strandvägen 

1  1,33  1,41  0,23  0,69  0,00 

21  KirstinehamnE18  1  2,03  2,05  0,99  0,00  0,72 

23  Lagmansgatan  1  2,75  2,75  2,15  ‐0,92  2,09 

24  ÖstraRingvägenF  1  2,00  2,00  0,94  ‐0,16  0,64 

25  Skattkärrsmotet  0  2,12  2,13  1,49  0,84  1,32 

26  Solberg  0  1,61  1,72  1,39  0,49  1,36 

27  Silkesta  0  2,08  2,10  1,69  0,33  1,63 

28  Karlabron  0  2,07  2,28  1,30  1,33  1,12 

29  Sorkan  0  2,63  2,64  1,95  1,12  1,74 

31  Väsemotet  0  2,01  2,01  1,54  0,41  1,48 

32  Björkebol  0  2,30  2,31  1,24  0,10  0,98 

33  Heden  0  1,79  1,77  0,81  ‐0,81  0,70 

34  BymonNF  0  1,98  1,99  1,29  ‐0,21  1,13 

35  GunnerudNF  0  1,69  1,70  0,80  0,84  0,43 

36  Kappstad  0  2,11  0,95  0,14  0,19  ‐0,22 

37  Öckna  0  1,55  1,59  0,66  0,10  0,32 

38  ÖstervikE18NF  0  2,33  2,34  1,53  0,65  1,32 

39  SpångaNF  0  1,65  1,68  0,98  0,69  0,78 
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APPENDIX VI: PARTIAL LEAST SQUARE REGRESSION 

Partial Least square regression has been performed by using the software 
STATISTICA (StatSoft Inc., 2015). Steps followed for the analysis are here 
described: STATISTICA  Statistics  Advanced Models  General Partial 
Least Squares  Multiple Regression. The default options (no intercept, 
autoscale) are accepted. The regression is performed using the chosen 18 PCDs 
as independent variables, while the column flooding is the response and so it is 
included in the analysis as the dependent variable (1 means the occurrence of 
flooding while 0 non-occurrence of flooding).  
The software allows deriving many graphs, tables and plots for having a 
thorough perspective of the results. Here, some tables are showed for better 
comprehend the resulting figures already described in section 4.6.1. Furthermore, 
resulting prediction performing PLS and leave-one-pout point cross validation 
technique are displayed; here, values in red correspond to wrong prediction, 
considering a cut off of 0.5. 
Summary of PLS Regression show the results obtained in Fig. 25. The column 
“Average R2 of Y” describes the total portion of variability that the model is able 
of explain; seven components allow describing the 85.5% and the 85.9% of the 
variability of the system respectively. “Increase R2 of Y” show the contribution 
of each component in describing the variability of the system in incremental 
values. The first component is the one that mostly concur to model the 
variability of the system, followed by the second and the third component. The 
other components give just a small contribution to the prediction. This is the 
reason why it is used to show the behavior of the independent variables for 
component 1 versus component 2 (Fig. 28-29) because just from these two 
variables it is possible to understand the associations between predictors or 
major dependence/independence of variables.  
Predictor weights tables refer to as the PCDs weights for each component 
(STATISTICA, 2015). From this spreadsheet it is possible to calculate the 
distance of X weights displayed in Fig. 30-31 as the Euclidean distance of the 
explanatory variable	 x from the origin computed for the PCDs weights W over 
the chosen number of components N:	
 

 Eq. (46) 

For example, considering ICrevised, sigmoid its distance for seven components is 
equal to:  

,

0.132 0.006 0.385 0.183 0.095 0.174 0.440
0.657~0.7  

Eq. (47) 

 

a. ICQ    b. ICrevised, sigmoid 

Summary of PLS    Summary of PLS 

  Increase 
R2 of Y 

Average 
R2 of Y 

Increase 
R2 of Y 

Average R2 
of Y 

    Increase 
R2 of Y 

Average 
R2 of Y 

Increase 
R2 of Y 

Average 
R2 of Y 

Comp 1  0.416726  0.416726  0.142561  0.142561    Comp 1  0.413942  0.413942  0.156032  0.156032 

Comp 2  0.110991  0.527717  0.235495  0.378056    Comp 2  0.120755  0.534697  0.254424  0.410456 

Comp 3  0.162239  0.689957  0.062131  0.440187    Comp 3  0.164901  0.699598  0.054891  0.465346 

Comp 4  0.052815  0.742772  0.151428  0.591615    Comp 4  0.065852  0.765450  0.098407  0.563754 

Comp 5  0.072643  0.815415  0.075227  0.666842    Comp 5  0.054130  0.819580  0.103054  0.666807 

Comp 6  0.028581  0.843996  0.043384  0.710226    Comp 6  0.030297  0.849876  0.057730  0.724538 

Comp 7  0.011055  0.855051  0.045659  0.755885    Comp 7  0.009966  0.859843  0.050102  0.774640 
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ICQ 

Predictor weights 

  Size  Elevation  Drainage 
Density 

Channel 
Slope 

TWI  Gravel  Sand  Till  Peat  Clay 

Comp 1  0.230  0.272  0.460  0.434  0.016  0.146  ‐0.115  0.143  ‐0.048  ‐0.041 

Comp 2  0.104  ‐0.007  0.178  0.289  ‐0.082  0.183  ‐0.207  0.082  ‐0.494  ‐0.215 

Comp 3  0.075  0.231  0.075  0.386  ‐0.025  ‐0.240  ‐0.089  0.074  ‐0.529  0.036 

Comp 4  ‐0.213  0.408  ‐0.192  0.412  ‐0.402  ‐0.109  ‐0.050  0.235  ‐0.341  ‐0.066 

Comp 5  ‐0.112  0.522  ‐0.175  0.212  ‐0.262  ‐0.141  ‐0.249  0.174  ‐0.279  0.092 

Comp 6  ‐0.214  0.676  ‐0.246  0.065  ‐0.188  ‐0.055  ‐0.331  ‐0.044  ‐0.315  0.196 

Comp 7  ‐0.281  0.568  ‐0.052  ‐0.265  ‐0.012  ‐0.307  ‐0.127  ‐0.209  ‐0.220  0.192 

Rock  Road Density  Urban  Agriculture  Grassland  Forest  Water 
wetlands 

ICQ max 

0.064  ‐0.106  0.589  ‐0.179  ‐0.095  0.098  0.022  ‐0.021 

0.370  0.265  0.474  0.074  ‐0.051  ‐0.103  ‐0.116  0.171 

0.151  0.354  0.116  ‐0.209  0.345  0.003  0.104  0.315 

0.225  ‐0.025  0.066  ‐0.101  0.397  ‐0.030  ‐0.048  0.052 

0.350  ‐0.224  0.056  0.044  0.309  ‐0.228  0.110  0.187 

0.231  0.072  ‐0.023  ‐0.033  ‐0.228  0.157  0.086  ‐0.033 

0.149  0.133  0.336  0.046  0.091  0.018  ‐0.214  ‐0.276 

ICrevised, sigmoid 

Predictor weights 

  Size  Elevation  Drainage 
Density 

Channel 
Slope 

TWI  Gravel  Sand  Till  Peat  Clay 

Comp 1  0.228  0.270  0.456  0.430  0.016  0.144  ‐0.114  0.142  ‐0.048  ‐0.040 

Comp 2  0.096  ‐0.009  0.193  0.302  ‐0.100  0.223  ‐0.204  0.084  ‐0.464  ‐0.230 

Comp 3  0.088  0.178  0.057  0.325  ‐0.012  ‐0.199  ‐0.131  0.024  ‐0.573  0.013 

Comp 4  ‐0.102  0.589  ‐0.219  0.313  ‐0.407  ‐0.111  ‐0.041  0.013  ‐0.304  ‐0.058 

Comp 5  ‐0.072  0.627  ‐0.116  0.048  ‐0.216  ‐0.159  ‐0.275  0.027  ‐0.332  0.119 

Comp 6  ‐0.375  0.585  ‐0.026  ‐0.096  ‐0.208  ‐0.154  ‐0.262  0.190  ‐0.421  0.188 

Comp 7  0.022  0.577  ‐0.030  ‐0.129  ‐0.106  ‐0.243  0.140  ‐0.309  ‐0.269  0.266 

Rock  Road 
Density 

Urban  Agriculture  Grassland  Forest  Water 
wetlands 

ICrevised, sigmoid 

max 

0.063  ‐0.105  0.584  ‐0.178  ‐0.094  0.097  0.022  0.132 

0.368  0.241  0.502  0.077  ‐0.096  ‐0.082  ‐0.135  ‐0.006 

0.231  0.389  0.117  ‐0.130  0.268  ‐0.044  0.089  0.385 

0.389  ‐0.057  ‐0.024  ‐0.014  0.178  ‐0.022  ‐0.018  0.183 

0.465  ‐0.172  0.003  0.071  0.101  ‐0.164  0.130  0.095 

0.196  0.009  0.055  ‐0.148  0.030  0.164  0.036  ‐0.174 

 0.090  0.204  0.248  ‐0.046  0.067  0.060  ‐0.067  ‐0.440 
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PLS results for the analysis performed with ICQ 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a. PLS Regression results 

ID  Name  Flooding  Pi 

1  Hogstorpsmotet  1  1.11 

3  Småröd  1  0.52 

4  Säleby  1  0.80 

5  Båthamnen  1  0.90 

6  Älvbacken  0  0.13 

8  Bro  0  0.13 

9  Gravröse  0  0.11 

10  Hällkista  0  ‐0.26 

11  Holmen  0  0.11 

12  Korpås  0  0.24 

14  Störreberg  0  0.28 

15  Svälte  0  ‐0.16 

16  ikea  1  1.03 

17  Fintatorp  1  1.11 

19  VäseGamlaE18  1  0.86 

20  Kristinehamn Strandvägen  1  0.85 

21  KirstinehamnE18  1  0.83 

23  Lagmansgatan  1  0.77 

24  ÖstraRingvägenF  1  1.16 

25  Skattkärrsmotet  0  0.11 

26  Solberg  0  0.14 

27  Silkesta  0  0.12 

28  Karlabron  0  0.23 

29  Sorkan  0  ‐0.18 

31  Väsemotet  0  ‐0.03 

32  Björkebol  0  ‐0.13 

33  Heden  0  0.13 

34  BymonNF  0  0.30 

35  GunnerudNF  0  0.04 

36  Kappstad  0  ‐0.19 

37  Öckna  0  ‐0.15 

38  ÖstervikE18NF  0  0.06 

39  SpångaNF  0  0.05 

Correct Prediction  100% 

b. PLS  Point Cross Validation Results 

ID  Name  Flooding  Pi 

1  Hogstorpsmotet  1  0.98 

3  Småröd  1  0.24 

4  Säleby  1  0.58 

5  Båthamnen  1  0.81 

6  Älvbacken  0  0.24 

8  Bro  0  0.26 

9  Gravröse  0  0.14 

10  Hällkista  0  ‐0.47 

11  Holmen  0  0.88 

12  Korpås  0  0.42 

14  Störreberg  0  0.35 

15  Svälte  0  ‐0.21 

16  ikea  1  1.05 

17  Fintatorp  1  1.64 

19  VäseGamlaE18  1  0.77 

20  Kristinehamn Strandvägen  1  1.18 

21  KirstinehamnE18  1  0.71 

23  Lagmansgatan  1  0.59 

24  ÖstraRingvägenF  1  1.56 

25  Skattkärrsmotet  0  0.21 

26  Solberg  0  0.19 

27  Silkesta  0  0.15 

28  Karlabron  0  0.30 

29  Sorkan  0  ‐0.29 

31  Väsemotet  0  ‐0.02 

32  Björkebol  0  ‐0.22 

33  Heden  0  0.21 

34  BymonNF  0  0.47 

35  GunnerudNF  0  0.09 

36  Kappstad  0  ‐0.40 

37  Öckna  0  ‐0.45 

38  ÖstervikE18NF  0  0.07 

39  SpångaNF  0  1.42 

Correct Prediction  90.9% 
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PLS results for the analysis performed with ICrevised, sigmoid 

 
 
 
 
 
 

 

 

 

a. PLS Regression results 

ID  Name  Flooding  Pi 

1  Hogstorpsmotet  1  1.06 

3  Småröd  1  0.61 

4  Säleby  1  0.68 

5  Båthamnen  1  1.09 

6  Älvbacken  0  0.24 

8  Bro  0  0.01 

9  Gravröse  0  0.06 

10  Hällkista  0  ‐0.32 

11  Holmen  0  0.12 

12  Korpås  0  0.06 

14  Störreberg  0  0.31 

15  Svälte  0  ‐0.15 

16  ikea  1  1.08 

17  Fintatorp  1  0.98 

19  VäseGamlaE18  1  0.88 

20  Kristinehamn 
Strandvägen 

1  0.92 

21  KirstinehamnE18  1  0.77 

23  Lagmansgatan  1  0.69 

24  ÖstraRingvägenF  1  1.19 

25  Skattkärrsmotet  0  0.14 

26  Solberg  0  0.17 

27  Silkesta  0  0.13 

28  Karlabron  0  0.20 

29  Sorkan  0  ‐0.14 

31  Väsemotet  0  ‐0.09 

32  Björkebol  0  ‐0.16 

33  Heden  0  0.25 

34  BymonNF  0  0.17 

35  GunnerudNF  0  0.04 

36  Kappstad  0  ‐0.02 

37  Öckna  0  ‐0.05 

38  ÖstervikE18NF  0  0.05 

39  SpångaNF  0  0.03 

Correct Prediction  100% 

b. PLS  Point Cross Validation Results 

ID  Name  Flooding  Pi 

1  Hogstorpsmotet  1  0.94 

3  Småröd  1  0.29 

4  Säleby  1  0.09 

5  Båthamnen  1  1.06 

6  Älvbacken  0  0.45 

8  Bro  0  ‐0.04 

9  Gravröse  0  0.08 

10  Hällkista  0  ‐0.55 

11  Holmen  0  0.89 

12  Korpås  0  0.14 

14  Störreberg  0  0.38 

15  Svälte  0  ‐0.19 

16  ikea  1  1.35 

17  Fintatorp  1  0.97 

19  VäseGamlaE18  1  0.78 

20  Kristinehamn 
Strandvägen 

1  1.58 

21  KirstinehamnE18  1  0.65 

23  Lagmansgatan  1  0.41 

24  ÖstraRingvägenF  1  1.44 

25  Skattkärrsmotet  0  0.25 

26  Solberg  0  0.24 

27  Silkesta  0  0.17 

28  Karlabron  0  0.28 

29  Sorkan  0  ‐0.19 

31  Väsemotet  0  ‐0.12 

32  Björkebol  0  ‐0.26 

33  Heden  0  0.35 

34  BymonNF  0  0.26 

35  GunnerudNF  0  0.12 

36  Kappstad  0  0.02 

37  Öckna  0  ‐0.10 

38  ÖstervikE18NF  0  0.06 

39  SpångaNF  0  0.38 

Correct Prediction  84,85% 
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APPENDIX VII: BINOMIAL LOGISTIC REGRESSION 

In order to perform Binomial Logistic Regression, SPSS software (IBM Corp., 
2013) has been used. Procedure and comments follow the description of Laerd 
Statistics (2013).  The 18 PCDs are the Independent variables while flooding is the 
Dependent one.  
SPSS Results of the analysis performed with ICQ 

 

a. Binomial Logistic Regression Results 

ID  Name  Flooding  logit  Pi 

1  Hogstorpsmotet  1  2.33  0.91 

3  Småröd  1  5.98  1.00 

4  Säleby  1  2.37  0.91 

5  Båthamnen  1  2.09  0.89 

6  Älvbacken  0  ‐0.92  0.28 

8  Bro  0  ‐1.75  0.15 

9  Gravröse  0  ‐4.15  0.02 

10  Hällkista  0  ‐9.31  0.00 

11  Holmen  0  ‐5.29  0.01 

12  Korpås  0  0.50  0.62 

14  Störreberg  0  ‐2.58  0.07 

15  Svälte  0  ‐6.70  0.00 

16  ikea  1  11.86  1.00 

17  Fintatorp  1  7.81  1.00 

19  VäseGamlaE18  1  ‐1.32  0.21 

20  Kristinehamn 
Strandvägen 

1  2.02  0.88 

21  KirstinehamnE18  1  ‐1.61  0.17 

23  Lagmansgatan  1  0.86  0.70 

24  ÖstraRingvägenF  1  3.97  0.98 

25  Skattkärrsmotet  0  ‐4.05  0.02 

26  Solberg  0  ‐8.73  0.00 

27  Silkesta  0  ‐4.12  0.02 

28  Karlabron  0  ‐0.42  0.40 

29  Sorkan  0  ‐10.21  0.00 

31  Väsemotet  0  ‐5.32  0.00 

32  Björkebol  0  ‐4.47  0.01 

33  Heden  0  0.12  0.53 

34  BymonNF  0  ‐9.53  0.00 

35  GunnerudNF  0  ‐10.87  0.00 

36  Kappstad  0  ‐5.52  0.00 

37  Öckna  0  ‐1.34  0.21 

38  ÖstervikE18NF  0  ‐6.49  0.00 

39  SpångaNF  0  ‐5.13  0.01 

Correct Prediction  87.9% 

   

b. Point Cross Validation Results 

ID  Name  Flooding  Pi 

1  Hogstorpsmotet  1  0.88 

3  Småröd  1  1.00 

4  Säleby  1  0.89 

5  Båthamnen  1  0.85 

6  Älvbacken  0  0.43 

8  Bro  0  0.19 

9  Gravröse  0  0.02 

10  Hällkista  0  0.00 

11  Holmen  0  0.01 

12  Korpås  0  0.99 

14  Störreberg  0  0.08 

15  Svälte  0  0.00 

16  ikea  1  1.00 

17  Fintatorp  1  1.00 

19  VäseGamlaE18  1  0.02 

20  Kristinehamn Strandvägen  1  0.74 

21  KirstinehamnE18  1  0.00 

23  Lagmansgatan  1  1.00 

24  ÖstraRingvägenF  1  0.98 

25  Skattkärrsmotet  0  0.02 

26  Solberg  0  0.00 

27  Silkesta  0  0.02 

28  Karlabron  0  0.61 

29  Sorkan  0  0.00 

31  Väsemotet  0  0.01 

32  Björkebol  0  0.01 

33  Heden  0  0.88 

34  BymonNF  0  0.00 

35  GunnerudNF  0  0.00 

36  Kappstad  0  0.00 

37  Öckna  0  0.30 

38  ÖstervikE18NF  0  0.00 

39  SpångaNF  0  0.01 

Correct Prediction  84.5% 
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SPSS Results of the analysis performed with ICrevised, sigmoid 

a. Binomial Logistic Regression Results 

ID  Name  Flooding  logit  Pi 

1  Hogstorpsmotet  1  4.86  0.99 

3  Småröd  1  7.92  1.00 

4  Säleby  1  ‐0.18  0.46 

5  Båthamnen  1  4.98  0.99 

6  Älvbacken  0  0.98  0.73 

8  Bro  0  ‐12.97  0.00 

9  Gravröse  0  ‐7.10  0.00 

10  Hällkista  0  ‐12.16  0.00 

11  Holmen  0  ‐12.97  0.00 

12  Korpås  0  ‐0.04  0.49 

14  Störreberg  0  ‐5.60  0.00 

15  Svälte  0  ‐9.08  0.00 

16  ikea  1  22.17  1.00 

17  Fintatorp  1  10.22  1.00 

19  VäseGamlaE18  1  ‐0.53  0.37 

20  Kristinehamn 
Strandvägen 

1  2.71  0.94 

21  KirstinehamnE18  1  ‐0.50  0.38 

23  Lagmansgatan  1  4.40  0.99 

24  ÖstraRingvägenF  1  3.82  0.98 

25  Skattkärrsmotet  0  ‐3.04  0.05 

26  Solberg  0  ‐8.94  0.00 

27  Silkesta  0  ‐2.03  0.12 

28  Karlabron  0  ‐0.53  0.37 

29  Sorkan  0  ‐9.50  0.00 

31  Väsemotet  0  ‐2.86  0.05 

32  Björkebol  0  ‐7.85  0.00 

33  Heden  0  ‐2.82  0.06 

34  BymonNF  0  ‐11.58  0.00 

35  GunnerudNF  0  ‐15.23  0.00 

36  Kappstad  0  ‐10.80  0.00 

37  Öckna  0  ‐3.16  0.04 

38  ÖstervikE18NF  0  ‐6.81  0.00 

39  SpångaNF  0  ‐6.99  0.00 

  Correct Prediction  87.9 % 

     

b. Point Cross Validation Results 

ID  Name  Flooding  Pi 

1  Hogstorpsmotet  1  0.99 

3  Småröd  1  1.00 

4  Säleby  1  0.00 

5  Båthamnen  1  0.99 

6  Älvbacken  0  #NUM! 

8  Bro  0  0.00 

9  Gravröse  0  0.00 

10  Hällkista  0  0.00 

11  Holmen  0  0.00 

12  Korpås  0  0.86 

14  Störreberg  0  0.00 

15  Svälte  0  0.00 

16  ikea  1  1.00 

17  Fintatorp  1  1.00 

19  VäseGamlaE18  1  0.02 

20  Kristinehamn 
Strandvägen 

1  0.90 

21  KirstinehamnE18  1  0.03 

23  Lagmansgatan  1  0.99 

24  ÖstraRingvägenF  1  0.97 

25  Skattkärrsmotet  0  0.05 

26  Solberg  0  0.00 

27  Silkesta  0  0.15 

28  Karlabron  0  0.85 

29  Sorkan  0  0.00 

31  Väsemotet  0  0.07 

32  Björkebol  0  0.00 

33  Heden  0  0.08 

34  BymonNF  0  0.00 

35  GunnerudNF  0  0.00 

36  Kappstad  0  0.00 

37  Öckna  0  0.05 

38  ÖstervikE18NF  0  0.00 

39  SpångaNF  0  0.00 

  Correct Prediction  81.8 % 
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APPENDIX VIII: HAGFORS AREA 

1. Flooded and Non-flooded points 
 

Validation Area   ID  Name  SWEREF99 TM   WGS84  Flooding 

Y  X  Y  X 

Hagfors  1  Haftersbol  6644306  425959  59,92955  13,67533  Flooded 

3  Backa  6646361  425826  59,94797  13,67221 

4  Prästbol  6647113  423836  59,95436  13,63632 

5  Ås  6645605  424475  59,94094  13,64831 

2  CM1  6645097  426118  59,93668  13,67789  Non‐Flooded 

6  CM2  6640686  426034  59,89707  13,67796 

7  CM3  6637210  427587  59,86614  13,70692 

8  CM4  6635058  427826  59,84686  13,71194 

9  CM5  6634832  430186  59,84524  13,75412 

10  CM6  6636720  429252  59,86203  13,73681 

 

2. Soil Type and Land Cover Map 
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3. Precipitation intensities during August 2004 

ID  X  Y  T [◦]  P [mm]   ID  X  Y  T [◦]  P [mm]  

1  1375971  6654266  19  184.8  45  1383058  6643167  18.9  86.2 

2  1375242  6653536  18.5  102.5  46  1383683  6643271  18.9  86.2 

3  1374721  6652598  18.5  102.5  47  1381078  6644417  18.5  90.4 

4  1374095  6652077  18.5  102.5  48  1379306  6644417  18.5  90.4 

5  1375450  6651973  18.5  102.5  49  1376388  6649941  19.2  97.9 

6  1376597  6653641  18.5  102.5  50  1377535  6648482  19.2  97.9 

7  1376701  6653328  18.5  102.5  51  1379306  6646398  19.1  96.2 

8  1376492  6652494  18.5  102.5  52  1379202  6654943  18.8  100.3 

9  1376180  6652077  18.5  102.5  53  1380974  6651817  19  100 

10  1374721  6651869  18.5  102.5  54  1383579  6649107  18.4  90.3 

11  1375867  6652129  18.5  102.5  55  1381599  6650149  19  100 

12  1375242  6651087  18.5  102.5  56  1385247  6646189  18.4  90.3 

13  1377326  6649524  19.2  97.9  57  1384830  6643792  18.9  86.2 

14  1380453  6649003  19.1  96.2  58  1382537  6644105  18.9  86.2 

15  1379515  6648482  19.1  96.2  59  1385664  6644678  18.9  86.2 

16  1380765  6644105  18.5  90.4  60  1385247  6643010  18.9  86.2 

17  1384517  6645460  18.9  86.2  61  1385455  6641343  19  81.4 

18  1383579  6642958  18.9  86.2  62  1385872  6640197  19  81.4 

19  1381912  6646919  19.1  96.2  63  1382016  6641968  19  81.4 

20  1382224  6643479  18.9  210.2  64  1383579  6641968  19  81.4 

21  1383683  6643584  18.9  86.2  65  1382120  6640197  19  81.4 

22  1382954  6646606  18.4  90.3  66  1380244  6646762  19.1  96.2 

23  1380765  6647544  19.1  96.2  67  1384100  6640718  19  81.4 

24  1382120  6647023  18.4  90.3  68  1383267  6646241  18.4  90.3 

25  1381599  6646398  19.1  96.2  69  1381807  6642125  18.5  90.4 

26  1383683  6646293  18.4  90.3  70  1384621  6640978  19  81.4 

27  1381703  6650670  19  100  71  1383058  6640666  19  81.4 

28  1380557  6651191  19  100  72  1384830  6643896  18.9  86.2 

29  1377014  6654057  19  102.6  73  1386393  6641708  18.3  76.5 

30  1378577  6651973  19  100  74  1386289  6640249  18.3  76.5 

31  1380036  6649889  19.1  96.2  75  1383579  6643896  18.9  86.2 

32  1380974  6647492  19.1  96.2  76  1379932  6641812  18.7  85.6 

33  1381599  6645720  18.5  90.4  77  1382120  6640770  19  81.4 

34  1382641  6643740  18.9  86.2  78  1384726  6640770  19  81.4 

35  1382850  6642802  18.9  86.2  79  1385247  6637904  18.6  76.4 

36  1383162  6640718  19  81.4  80  1387435  6640092  18.3  76.5 

37  1383683  6639884  19  81.4  81  1387748  6637591  18.8  72.4 

38  1385142  6640926  19  81.4  82  1386810  6636549  18.8  72.4 

39  1382433  6641291  19  81.4  83  1385247  6636236  18.6  76.4 

40  1383058  6639936  19  81.4  84  1388060  6634986  18.8  72.4 

41  1384413  6640874  19  81.4  85  1390874  6637174  18.6  67.1 

42  1384621  6639415  19  81.4  86  1382745  6636758  18.6  76.4 

43  1383892  6639207  19  81.4  87  1390353  6641239  18.4  71.4 

44  1383267  6644417  18.9  86.2  88  1394313  6636758  18.7  60.7 
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4.  PCDs Overview 
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APPENDIX IX: METHODOLOGY VALIDATION 

Results of the Point Cross Validation technique applied on the statistical model 
showed the robustness of the binomial logistic regression. Therefore, the model 
was validated on the area of Hagfors that experienced flooding during the 
extreme rainfall event of August 2004. Testing the statistical model has the 
main objective of verifying the reliability of the method if applied on other 
areas where less observations are available.  
First, all the PCDs have been calculated. Even the validation was developed 
considering two options of sediment connectivity index: ICQ and ICrevised, sigmoid. 
Moreover, reconditioned DEM with no pits was used as input DEM. 
Calculation of the surface runoff follows the same steps used for the area of 
Värmland and Västra Götaland except for the values of precipitation 
considered. As already outlined, in the calibration phase intensities of 
precipitation are taken as the cumulative value of the daily measurements at the 
end of the event. In the case of Hagfors, hourly values have been considered 
and summed since constant intensities of precipitation has been observed 
during the event of the 4th Agusut 2004. 
In order understand the contribution of soil type, land use, topography and 
sediment connectivity in the prediction of flooding, Eq. 37-40 have been 
rewritten in terms of these four descriptive categories. Then, looking at the 
values of the regression coefficients B and at the PCDs calculated for Hagfors 
(Appendix VIII), the most representative variable for each category has been 
chosen.  

 Topography: among the variables belonging to this group 
(Elevation, Drainage density, TWI and Channel Slope) the Channel 
Slope has been considered the optimal descriptor of topography 
since it positively affects the occurrence of flooding (increasing the 
local channel slope, the water is facilitated to flow downstream at 
the road-stream intersection. On the other hand, weight of 
topography in the statistical model is not very high therefore 
channel slope proves consistent for describing this category; 

 Soil type: according with the Eq. 42 and Eq. 44, soil type negatively 
affects occurrence of flooding. Therefore, coarse grain soils with 
high permeability capacity should be chosen to be the most 
representative for the category. Looking at the PCDs overview, 
values of gravel and sand are very low so they have been summed 
and grouped under the column “Draining Soils” (%); 

 Land Use: this category has the positively highest weight on the 
prediction model. Hence, it is fundamental to consider that 
predictor that better describes a land cover that impedes the 
infiltration of water and increments the runoff. Due to the lack of 
urban areas in the 10 consider catchments, an unique variables 
called “Roads” has been calculated as the share of road for each 
catchment, as follows: 

′ 	 	 	 ′	 ∗ ′ 	 	 ′	
′ 	 	

∗ 100 Eq. (48) 

 IC: sediment connectivity index has been calculated as ICQ and 
ICrevised, sigmoid. 

Statistical model presented above results in a correct prediction of 50% for 
calculations with ICQ and 60% for calculation with ICrevised, sigmoid. All the 
observed flooded points (Haftersbol, Backa, Prätsbol and Ås) have been 
correctly predicted, while almost all the non-flooded points have not been 
detected from the model. This response cannot be neglected since it might lead 
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to false alarms or unnecessary money investments for preventive measures and 
protection facilities. However, it is likely that the model detects almost all the 
points as flooded due to the overall higher precipitation intensity of the 4th 
August 2004 event, while the model has been calibrated on lower values of 
precipitation.  
 
 
 
 
 
 
 

ID  Name  flooding  ICQ  ICrevised, sigmoid 

logit  Pi  logit  Pi 

1  Haftersbol  1  9.23  1.00  6.14  1.00 

3  Backa  1  8.69  1.00  5.32  1.00 

4  Prätsbol  1  2.63  0.93  1.51  0.82 

5  Ås  1  7.37  1.00  14.79  1.00 

2  CM1  0  1.12  0.75  ‐6.73  0.00 

6  CM2  0  8.09  1.00  10.84  1.00 

7  CM3  0  27.82  1.00  61.63  1.00 

8  CM4  0  ‐0.33  0.42  ‐9.94  0.00 

9  CM5  0  18.22  1.00  34.08  1.00 

10  CM6  0  8.29  1.00  5.87  1.00 

Correct Prediction  50%    60% 


