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Be like the night to cover others' faults. 

 Be like running water for generosity . 

Be like the Earth for modesty.  

Appear as you are. Be as you appear. 
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ABSTRACT  

Future changes in climate and land use are likely to affect catchment 
hydrological responses and consequently influence the amount of runoff 
reaching roads. Blockages and damage to under-dimensioned infrastructure 
can be extremely costly for the regions affected. This study aims to produce 
scientifically well-founded suggestions on adaptation of road drainage systems 
to climate changes resulting in more frequent floods. This thesis demonstrates 
the need to integrate aspects of climate change and land use impacts into the 
planning and practice of road construction and maintenance in Sweden. Tools 
such as hydrological models are needed to assess impacts on discharge 
dynamics. Identifying a ‘best’ practically performing hydrological model is 
often difficult due to the potential influence of modeller subjectivity on 
calibration procedure, parameter selection, etc. Hydrological models may need 
to be selected on a case-by-case basis and have their performance evaluated on 
an application-by-application basis.  

The work presented here began by examining current practice for road 
drainage systems in Sweden. Various hydrological models were then used to 
calculate the runoff from a catchment adjacent to a road and estimate changes 
in peak discharge and total runoff resulting from simulated land use measures. 
Overall, the results indicate that the specific effect of land use measures on 
catchment discharge depend on their spatial distribution and on the size and 
timing of storm events. Scenarios comprising a changing climate up to 2050 or 
to 2100 and forest clear-cutting were used to determine whether the current 
design of road drainage construction is sufficient for future conditions. Based 
on the findings, the approach developed can be used for similar studies, e.g. by 
the Swedish Transport Administration in dimensioning future road drainage 
structures to provide safe and robust infrastructure.  

Furthermore, a statistical method was developed for estimating and mapping 
flood hazard probability along roads using road and catchment characteristics. 
The method allows flood hazards to be estimated and provides insight into the 
relative roles of landscape characteristics in determining road-related flood 
hazards. Overall, this method provides an efficient way to estimate flooding 
hazards and to inform the planning of future roadways and the maintenance of 
existing roadways.  

 

Key words: Adaptation; extreme rainfall events; runoff; land use; climate 
change; flood hazard 
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1.  INTRODUCTION  

1.1 Background   

A well-functioning road transport system is a critical component 
of society. Therefore, appropriate management and high capital 
investment in the design and maintenance of road transport 
systems are crucially important (Cao et al. 2006). During the past 
few decades, an increase in the frequency of extreme weather 
events such as heavy storms and floods has been reported in 
various parts of the world, for instance northern Europe (Green 
Paper EU, 2007). Extreme precipitation events will very likely 
become more intense and more frequent by the end of this 
century, as global mean surface temperature increases (IPCC, 
2013). Climate change may lead to an increase in the frequency of 
extreme precipitation events, floods and snowmelt periods 
experienced by infrastructure. According to the climate and 
vulnerability inquiry commissioned by the Swedish government, 
Sweden is going to be heavily affected by the changes. Despite 
this, the consequences of climate change and extreme weather on 
the transport sector have hitherto been little studied in Sweden and 
little attention has been paid to the need for adaptation 
(Nordlander et al., 2007; Koetse and Rietveld, 2009). 

According to the Swedish Meteorological and Hydrological 
Institute (SMHI), the mean annual air temperature in Sweden will 
increase by around 2-3 °C by 2050, which is more than the global 
average. This will be coupled with an increase in mean annual 
precipitation of around 10-20 % (SMHI, 2012). This means an 
increase in runoff by 5-25 % in Sweden as a whole, but with large 
regional differences. According to SMHI, flows in rivers will 
increase most in the region of W Götaland (SW Sweden) and in 
the mountains of Norrland (NW Sweden) (Holgersson et al., 2007; 
von Bahr 2013). Elevated water levels and increased water velocity 
in watercourses can result in trees, stones, etc. being displaced as 
well as road culverts and low bridges being clogged during high 
flows. This can lead to erosion of roads and washing away of roads 
and embankments. The risk of landslides adjacent to roads will 
increase due to decreased road slope stability (von Bahr 2013; 
Nordlander et al., 2007).  

An increase in the occurrence of extreme weather events will 
impose greater strain on the facilities for dewatering and drainage 
of roads. Undersized or non-functional culverts, poorly cleaned 
ditches and structures with limited capacity may lead to serious 
damage to the entire road transport system (Hansson et al., 2010). 
Already today, many culverts, trenches and other drainage facilities 
lack the capacity to deal with the current frequency of extreme 
flows. In Sweden, for example, around 200 major road 
infrastructure incidents occurred in the period 1994-2001 due to 
high flows (Vägverket, 2002). The socio-economic consequences 
can include long-lasting disturbance to road transport when 
extensive maintenance or rebuilding work has to be carried out 
(Magnusson et al., 2009).  
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During the period 1995-2007, the total repair costs arising from 
the occurrence of high flows and landslides in Sweden amounted 
to an estimated 1,200 million SEK (Holgersson et al., 2007). An 
example of a specific cost calculation is that for the large landslide 
that took place in December 2006 in Munkedal. The site is located 
in a wide valley and the length of road section affected (European 
Route 6, E6) was approx. 500 m. The rebuilding time took around 
two months. The total socio-economic costs added up to approx. 
520 million SEK, which included amongst other items 
reconstruction of the road itself and restitution of bypass roads, 
which entailed substantial route extensions and ferry connections 
during downtime (Ekström et al., 2009). This is only one example 
to illustrate that an adaptation of transport infrastructure could 
mean high cost savings in the future for the Swedish Transport 
Administration (STA). However, Arvidsson et al. (2012) point out 
that more knowledge is needed on the impact of a changing 
climate on roads. The European Commission's Green Paper 
(2007) on climate adaptation states that it is cheaper and better to 
start climate change adaptation now and that spatial planning and 
land use change are key issues to define cost-effective adaptation 
measures.  

1.2 Road drainage structures in Sweden 

Two types of drainage systems, surface and sub-surface, are 
commonly used to conduct water away from the area surrounding 
the road and to evacuate extra water from the road structure. The 
design of road drainage systems varies with factors such as road 
importance and age, traffic load and rural/urban area (Faísca et al., 
2009). A surface drainage system (ditch) collects and diverts 
stormwater from the road surface and surrounding areas to avoid 
flooding. It also prevents damage to sub-surface drains, water 
supplies (wells) and other sensitive areas adjacent to roads. It 
decreases the possibility of water infiltration into the road and 
retains the road bearing capability (Faísca et al., 2009). Open 
ditches are the most common form of drainage ditches in Sweden. 
Subsurface drainage systems drain water that has infiltrated 
through the pavement and the inner slope, but also groundwater. 
Subsurface drainage systems usually comprise culverts and have a 
direct linkage to surface drainage systems (Dawson, 2009). The 
usual design is a tube form. According to Vägverket (2008) 
culverts are road constructions with a theoretical span of ≤ 2.0 m. 
When exceeding the theoretical span of 2.0 m, the structures are 
referred to as pipe bridges.  

1.3 Road drainage construction dimensioning 

In Sweden, there are about 98,500 km of state roads and 
approximately 192,000 km of waterways (Trafikverket, 2013; 
Mårtensson et al., 2011). These roads and waterways cross each 
other at numerous places. It is of utmost importance that the pipe 
bridges and culverts are installed properly so as to limit the impact 
on water and wildlife. The total number of bridges owned by the 
STA in 2013 was 16,018, of which 3,227 were pipe bridges. 
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According to STA, the number of culverts in Sweden is roughly 
300,000.  Many of these pipe bridges and culverts were built in the 
1950s and 1960s and are in a poor condition, and need to be 
repaired or replaced (Trafikverket, 2010; Knappe, pers. comm.).  

According to Vägverket (2008), constructions such as culverts and 
bridges outside urban areas are usually dimensioned for 50-year 
flows (flows with a return period of 50 years). The rational formula 
is used for predicting maximum discharge levels in rivers and 
streams when dimensioning culverts and bridges. In that formula, 
important factors such as topography, soil conditions or land use 
are not taken into account, which can in some cases lead to 
incorrect dimensioning (Arvidsson et al., 2012). Furthermore, 
existing drainage structures are mostly designed based on historical 
precipitation statistics and experiences, whereas today the design 
needs to include future scenarios (Hansson et al., 2010). 

1.4 Road drainage failure 

In principle, there are two different natural causes for the clogging 
or blockage of drainage structures, namely erosion in the stream 
caused by high water flows and landslides on the river banks 
resulting in soil and vegetation being transported with the stream. 
Regions which have many pipe bridges and culverts may be 
especially at risk of flooding, as within these structures the space 
for water and possible transported objects, e.g. tree branches, is 
limited (Magnusson et al., 2009). 

The most common reason for the occurrence of damage is 
blockage of the pipe/culvert inlet with materials such as fine soil, 
gravel, stones and tree branches. Since that is normally the result 
of high water flows, there is commonly not enough time to 
remove the barrier before the water flows over the road and the 
whole embankment is destroyed (Magnusson et al., 2009). Hence, 
insufficient maintenance can often be the cause of road drainage 
failure (Hansson et al., 2010). 

Prior to the destruction of an embankment, it is relatively common 
for settling in the road to occur, which indicates that soil is being 
carried away through internal erosion (also called piping). When 
flow paths then open up through the embankment, the whole 
process accelerates and results in a more or less violent dam 
breakage, which has a flood wave of water and soil as its 
consequence (Magnusson et al., 2009) 

1.5 Hydrological modelling and flood hazard 

Changes in climate variables will have a substantial effect on 
hydrology in general, including local hydrology near roads. 
Changes in land use conditions will also have a large effect on 
watershed hydrological responses (Lyon et al., 2008) and will 
subsequently influence the amount of runoff reaching transport 
infrastructure (Thomas and Megahan, 1998). Hence there is a need 
for tools, e.g. hydrological models, to quantify the impact of these 
changes, assess their impacts and evaluate the effectiveness of 
adaptation measures to reduce peak flow. This is particularity 
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useful when hydrological models are being considered for practical 
applications, such as in designing hydraulic structures associated 
with roads. As mentioned above the methods used for predicting 
maximum discharge when dimensioning culverts and bridges in 
Sweden are still based on the rational formula (one of the simplest 
methods in hydrological engineering applications (Ben Zvi, 1989; 
Maidment, 1993)). Indeed, the estimated peak flow for road design 
can be made more accurate by using the current generation of 
hydrological models capable of including the dynamic influences 
of land use and climate (and potential future changes in these).  

Concerns about flood hazards have generated a particular need to 
develop numerical flood hazard models and methods for studying 
the interaction between the catchment descriptors in the vicinity of 
roads. Such methods can help the relevant road authority to avoid 
critical areas during construction. These methods can also provide 
information indicating the need of modifying practices in areas 
prone to flooding (e.g. targeted maintenance). By determining 
vulnerable areas and incorporating the information about these in 
the decision-making process, it is possible to avoid or reduce the 
potential harm (Saha et al., 2005; Ho et al., 2012; Kalantari et al., 
2014b). 

Sweden is a country with intense forestry and a large paper 
industry, and clear-cutting, often of extensive plots, is a common 
practice. Clear-cutting can give rise to significant changes in the 
water cycle of an area, with a rise in groundwater level and 
associated increased discharge (Magnusson, 2009). In addition, 
culverts can be filled with eroded soil material caused by the felling 
of upstream forest, combined with intense precipitation.  

The Swedish road-construction regulation document ATB Väg 
(Vägverket, 2005) requests that clear-cutting records and future 
clear-cuts be taken into account when dimensioning culverts, but 
according to the STA this procedure is currently still on a project 
level (Kristofersson, pers. comm). Thus, there is no clear 
methodology outlined or tool identified by which a road authority 
can estimate or anticipate the future hydrological (flooding) 
impacts of clear-cutting coupled with climate changes on road 
structure design. 

Given the predicted climate change and the fact that extreme 
weather events are a major challenge for road constructions, 
national road construction regulations should be based on long-
term future climate change data (Liljas, 2000). Furthermore, to 
define an effective adaptation strategy for the road infrastructure 
system of a country such as Sweden, an extensive understanding of 
the vulnerability of roads throughout the country to climate 
change is required. However, there is unfortunately a lack of 
proper research and documentation of road-related historical flood 
events in many countries, including Sweden, despite this being vital 
for future planning (Hansson et al., 2010; Kalantari & Folkeson, 
2013).  
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1.6 Objectives 

The overall aim of this thesis was to produce scientifically well-
founded suggestions on adaptation of road drainage systems to 
climate changes resulting in more frequent floods. The thesis explores 
the need to integrate aspects of climate change and land use impacts 
into the planning and practice of road construction and maintenance 
in Sweden. Papers I-V describe current practice and future needs of 
climate-change adaptation of road drainage structures and the 
usefulness of different hydrological models in simulating design flow 
for dimensioning road drainage structures. Specific objectives of the 
work undertaken in these studies were:  

• To examine current practice for road drainage systems in 

Sweden; gather experience from professionals working with 

various problems concerning surface and subsurface drainage 

systems of Swedish main roads; and discuss suggestions for 

adaptation measures (Paper I) 

• To evaluate the performance of a selection of available 

hydrological models for simulating discharge dynamics from 

an area upstream of a road on an hourly basis and to examine 

the impact of calibration approach and period on model 

performance at event scale (Paper II) 

• To identify the best measures for reducing peak flows and 

total runoff that can cause damage to downstream roads or 

other infrastructure (Paper III) 

• To determine the impact of forest clear-cutting on the 

simulated amount and intensity of runoff; and to examine the 

extent to which the hydrological response to land use 

measures differs depending on storm size (Papers III and V) 

• To develop a method for predicting the probability of 

flooding at road stream intersection sites and test the method 

using a case study of recent road flooding in W Sweden as 

proof of concept (Paper IV) 

• To identify the impact of intense rainfall events with respect 

to their seasonality and magnitude on the dimensioning of 

future culverts and pipe bridges (Paper V) 

1.7 Thesis structure  

The thesis is organized into seven chapters. The introduction in 
Chapter 1 outlines the general background to the research problem 
and the research aims. Chapter 2 presents a climate adaptation plan 
containing eight steps, which are elaborated upon in the following 
chapters. In Chapter 3, the scope of the thesis, the research 
process and the methodological approaches are described and 
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relevant methods regarding the eight steps considered in the 
climate adaptation plan are explained. Full details of the methods 
can be found in the individual papers. Chapter 4 focuses on the 
study sites and the data used.  Chapter 5 is really where the novel 
contribution of this thesis begins to emerge, as the results in 
Papers I-V are presented and the case studies analysed. Chapter 6 
provides a general discussion of the topics treated in the thesis, 
drawing together the results in the individual papers and 
interpreting the results, making recommendations and pointing out 
limitations with the different studies. Chapter 7 lists some general 
conclusions and Chapter 8 identifies some important areas for 
future research.  

2.  CLIMATE ADAPTATION  

The transport sector is seen as especially vulnerable concerning 
changes in climate, but much specialist knowledge and research on 
adaption to climate change is still lacking (e.g. Eisenack et al., 2012; 
Kalantari & Folkeson, 2013). This imposes limits to introducing 
adaptation strategies such as that developed by Adger et al. (2009), 
hindering efficient short-term and long-term climate adaption. 
Long-term planning seems particularly important, as roads and 
bridges have long life spans. The commonly used expected life 
span of Swedish road constructions nowadays is 40-80 years 
(TRVK Bro 11, 2011). 

Many countries in Europe have changed their guidelines for the 
design of new road-related constructions as a reaction to the 
predicted changes in climate (Hansson et al., 2010). As stated by 
the former Swedish Road Administration (Vägverket, 2005), up-to-
date information about the stream and catchment close to the 
construction is needed from SMHI when planning to modify an 
existing structure or build a new one. In addition to changes in 
climate, changes in land use that could influence future runoff 
have to be taken into consideration when dimensioning 
constructions. According to the former Swedish Road 
Administration, all this is rarely done in practice, however 
(Vägverket, 2005).  

In Sweden, the responsibility for climate adaptation concerning 
roads lies primarily with the STA, municipal authorities and private 
road owners. Resulting from the stated objectives for this thesis 
and Papers I-V, an action plan containing eight steps was 
elaborated (Figure 1). To some extent, the thesis work has 
considered all those steps. I would like to emphasize the need for a 
cyclic approach that includes both the research and the practical 
work. 

In the following sections, all the steps shown in Figure 1 are 
discussed further, while more details can be found in Papers I-V at 
the back of this thesis. 
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3.  RESEARCH APPROACH  

3.1 Scope of the thesis 

In this thesis, it was tried to improve the understanding of the 
process of institutional and technical adaptation of road drainage 
structures. Several approaches were used in the research, which 
was carried out between 2009 and 2013 (Figure 2). The initial 
focus of the thesis was SRA regulations, climate adaptation 
measures and planning practices. Many regulating and guiding 
reports and construction and design documents have been issued 
by SRA, so the focus was mainly limited to regulating and guiding 
reports updated and published during the last decade. Aspects 
concerning economics (such as Life Cycle Cost and socio-
economic cost) and the behavioural and cultural environment in 
STA were not included. The main focus of subsequent field 
research was analysis of hydrological responses in catchments 
adjacent to roads (only state roads), whereas the drainage structure 
and the road itself were not included in the modelling approach 
(except in Paper V). The local measures examined were various 
simulated options in order to analyse how land use composition 
and configuration can influence the hydrological response of a 
small catchment. However, these measures have not yet been 
tested in practice.    

The main method used was hydrological modelling, in three case 
studies located in south-east Norway and south-west Sweden. The 
basis for selection of methods is explained in section 3.3. An 
overview of study designs is compiled in Table 1. 

1) Organization 

2) Overview of 
problems 

5) Identification 
of vulnerabilities 

 6) Development 
of methods 

7) Risk mapping 

3) Simulations  

and analysis 

4) Proposed 
actions and 
priorities for 

action 

8) Construction 
design 

Figure 1. Our eight-step action plan for developing a strategy for the 
adaptation of road drainage structures to climate change. The eight steps 
are elaborated upon in the text. 
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3.2 Research process 

The research process began with a review of Swedish Road 
Administration (SRA) documents and of international literature 
concerning road drainage systems. There is a dearth of relevant 
literature explaining and predicting road failure due to insufficient 
road drainage systems. The consequences of climate change and 
extreme weather on the transport sector and methods to reduce 
damage have also been infrequently addressed in the literature 
(Koetse and Rietveld, 2009). The work continued by examining 
current practice of road drainage systems in Sweden and gathering 
experience from professionals working with various problems 
concerning surface and subsurface drainage systems. The main 
idea was to obtain better knowledge of SRA’s regulation and 
climate adaptation measures and planning practices related to the 
issues pertaining to road drainage systems as affected by extreme 
weather events. The study covered the first two steps of the 
adaptation plan illustrated in Figure 1 (organization and overview 
of problems).   

As I continued to work on the project, I initiated a collaboration 
with a research group at the Norwegian Institute for Agricultural 
and Environmental Research (Bioforsk), in Ås, Norway. With 
respect to the third step in Figure 1 (simulation and analysis), a 
hydrological modelling study was carried out using four different 
models and datasets for a catchment mainly comprising 
agricultural land, namely Skuterud in Norway. Numerous models 
are available for modelling discharge and hydrological processes in 
small catchments such as Skuterud. Hydrological models can be 
applied with different calibration procedures and under different 
conditions requiring vastly different types of data for parameter 
identification. These differences make direct comparison of 
modelling performances difficult and, along with the sheer 
magnitude of models available, make it impossible to apply all 
models to determine which is ‘best’ in any real sense. Thus our 
goal was not to identify a best model, but rather to consider 
differences in model applications from a cross-section of four 
specific models differing in structure, calibration procedure and 
input requirements. I also sought to identify the respective role of 
calibration period and approach (modeller subjectivity) on model 
performance at the event scale. 

The search for hydrological models resulted in the selection of 
four models greatly differing in structure and input requirements 
(LISEM, MIKE SHE, CoupModel and HBV). LISEM and 
CoupModel are widely used and have been validated for different 
winters (Kværnø and Deelstra, 2003; Kværnø and Stolte, 2011). 
MIKE SHE is applicable on spatial scales ranging from a single 
soil profile to large regions, including different landscapes 
(Graham and Butts, 2005). The HBV model is used both by the 
Norwegian Water Resources and Energy Directorate and SMHI. 
Each model is briefly described in Paper II.  
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The fourth step in Figure 1 (proposed actions and priority actions) 
was developed by calculating the impact of different simulated 
land use measures on peak flow and total runoff approaching a 
road drainage structure. The land use scenarios simulated in this 
study comprised non-structural practices, mainly focusing on land 
cover and land use planning that help prevent the generation of 
runoff or minimise storm water peak flows. In addition to 
simulating implementation of measures, I developed six different 
land use scenarios: clear-cutting of all forest in the catchment; 
reforestation of all arable land in the catchment; reforestation of 
only half the arable land located in both upstream/downstream 
areas of the catchment (immediately beside and far from the road 
drainage structure); vegetation buffers and grassed waterways. For 
this work I chose the hydrological model MIKE SHE coupled 
with the hydraulic model MIKE 11 (DHI, 2012), because it is able 
to simulate the whole hydrological cycle, including geographically 
distributed land use. This model simulation study (Paper III) was 
undertaken in the same catchment (Skuterud) as a previous study 
to analyse the effect of the simulated land use scenarios on both 
single events and an annual basis. Paper III illustrates one 
approach for estimating potential reduction in peak flows where 
more robust landscape measures and their location can be 
analysed.  

As regards the fifth, sixth and seventh steps in Figure 1 
(identification of vulnerabilities, development of methods and risk 
mapping), a method was developed for estimating and mapping 
flood hazard probability along roads using road and catchment 
characteristics as physical catchment descriptors (PCDs), without 
focusing on complex hydrological modelling. The method uses 
Geographic Information System (GIS) to derive candidate PCDs 
and then identifies those PCDs that significantly predict road 
flooding using a statistical modelling approach. To test the 
method, I applied it to a case study example in an area which has 
experienced repeated problems related to flooding of roads, 
especially around roads 240 and 824, located near Lake Råda in 
western Sweden. The results confirmed that the method allows 
flood hazards to be estimated and also provides insight into the 
relative roles of landscape characteristics in determining road-
related flood hazards. The approach taken in the study used high 
resolution DEM (digital elevation model), soil maps, land use data, 
a combination of Principal Component Analysis (PCA) and 
multiple regression, and GIS. PCA was used to screen the 
combined data, to produce a smaller set of uncorrelated variables 
(PCDs). Following the PCA, a multicollinearity analysis technique 
based on partial least squares (PLS) was extended to a binary 
response variable in order to generate a road-related flood 
prediction model. In the last stage of the research (the eighth step 
in Figure 1, construction design), I examined whether the current 
dimensions of three existing culverts and bridges are sufficient to 
handle the increase in water level by simulating four scenarios 
including two climate scenarios until 2050 and 2100, a clear-cutting 



           Zahra Kalantari                                                                                 TRITA LWR PhD Thesis 2014:01       

 

10 

scenario and a combination of both climate and clear-cutting 
scenarios. In the study, the hydrological model MIKE SHE was 
set up to study the discharge and water level at two pipe bridges 
and one culvert within the catchment of the river Hakerud in 
Västra Götaland, south-west Sweden. More specifically, the 
dimensioning of the road drainage structures considering the 
mentioned changes was analysed. A total of five work packages 
(studies) were performed within the doctoral project (Figure 2).  

3.3 Methodology 

The work started by studying construction and design documents 
issued by SRA. A questionnaire comprising 13 questions was sent 
by e-mail to 50 professionals, including consultants and 
contractors, working in three of the five administration regions of 
the SRA. The questionnaire is appended in Paper I. The intention 
behind this questionnaire was to learn from the experiences of 
professionals, relevant bodies and personnel having faced these 
sorts of issues in their road projects. The questions covered five 
themes: i) common causes of damage to roads and existing 
problems in road drainage systems, focusing on the current 
Swedish climate; ii) role of road drainage in road operation and 
maintenance; iii) the influence of features, land use and activities in 
the surroundings of the road; iv) the impact of current and future 
climate change on road transport and the risk posed to road 
drainage systems by climate change; and v) suggestions on climate 

Figure 2. Schematic representation of the five work packages developed 
from the eight-step plan (Figure 1) for adapting road drainage structures to 
climate change. 
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change adaptation measures, planning practices and national 
regulations concerning road construction and road drainage.  

With respect to road design, various hydrological models were 
then used to calculate discharge from the Skuterud catchment. 
Four models, namely LISEM, MIKE SHE, CoupModel and HBV, 
were applied to estimate runoff responses to rainfall events under 
varying winter conditions (i.e. frozen and unfrozen soils, snow and 
no snow cover). The potential role of modeller subjectivity on 
model performance was explored based on the conditions of 
application, model structure and differing calibration procedures 
(Paper II). This was followed by the study examining changes in 
peak flow and total runoff resulting from six simulated land use 
measures in the Skuterud catchment in Norway, combined with 
long time series of meteorological data and a physically-based, 
distributed hydrological model (MIKE SHE) (Paper III). Later, the 
effect of clear-cutting and two climate scenarios on peak flows and 
water level at different road drainage constructions was evaluated 
within the relatively large catchment of the river Hakerud in 
Sweden (Paper V). 

Moreover, I developed a novel statistical method for defining the 
relationship between road-related flood probability and physical 
catchment descriptors (PCDs). This method introduced a unique 
approach to identify regionally important PCDs influencing 
rainfall-runoff processes. A specific value was assigned to each 
PCD based on its contribution and role in road-related flood 
hazards (Paper IV). The individual importance of each PCD, the 
base data behind it and the motivation for its selection as a 
candidate are described in more detail in Paper IV. The first step in 
this method was the transformation of thematic maps into an 
appropriate format for further analysis within GIS. The second 
step involved extracting information from each factor map for 10 
catchments. For 10 catchments draining to a road culvert, 20 
original PCD variables were calculated (Paper IV). In the third 
step, the extracted information was exported, organized and 
analysed using PCA and PLS analysis in STATISTICA release 10 
(StatSoft, 2012), a statistical software package. By using PCA in 
this method, a set of new orthogonal or independent variables 
from the initial PCDs was identified. Variables found to be 
significant in the PCA (Table 2 in Paper IV) were modelled using 
PLS to determine the flood probability values associated with 
different variables. The final step for this method was the 
calculation of probability of road failure obtained from the road-

related flood prediction model at the location of road-stream 
intersections where a road culvert was present (Paper IV). 

Table 1 summarises these five studies, together with methods, data 
collection and data analysis. A detailed description of the 
methodology for each study can be found in Papers I-V. Results 
regarding the problems experienced and the solutions concerning 
road drainage, modelling approaches to simulate discharge, the 
effect of land use measures on peak flow and total runoff and 
statistical analyses are presented in Section 5.   
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Table 1.  Overview of methods used in the studies described in Papers I-V                  
Study 
no 

Aim of the study Study object/s Method for data collection Data analysis Paper 

1 To gather experience from professionals working 
with various problems concerning surface and 
subsurface drainage systems for Swedish main 
roads, and to discuss suggestions for adaptation 
measures 

Representatives 
from SRA and three 
administration 
regions 

Questionnaire survey, literature 
review 

Thematic content 
analysis  

I 

2 To explore the potential role of modeller 
subjectivity on model performance based on the 
conditions of application and model structure by 
applying four different hydrological models to 
estimate rainfall-runoff responses under varying 
winter conditions (i.e., frozen to unfrozen soils, 
snow to no snow cover) and differing calibration 
procedures 

The Skuterud 
catchment near Ås, 
approximately 30 
km south-east of 
Oslo, Norway 

Most relevant input data used in this 
study for the Skuterud catchment 
were taken from Deelstra et al. (2005) 

Modelling discharge 
and hydrological 
processes in a small 
catchment 
(Skuterud) by 
LISEM, MIKE SHE, 
CoupModel and HBV 

II 

3 To determine the impact of forest clear-cutting on 
the simulated amount and intensity of runoff;  to 
determine the effectiveness of simulated upstream 
measures (reforestation, vegetation buffers and 
grassed waterways) in reducing the amount and 
intensity of runoff; and to examine the extent to 
which the hydrological response to land use 
measures differs depending on storm size 

The Skuterud 
catchment near Ås, 
approximately 30 
km south-east of 
Oslo, Norway 

Most relevant input data used in this 
study for the Skuterud catchment 
were taken from Deelstra et al. (2005) 

MIKE SHE was 
applied to quantify 
the effect of land use 
scenarios on peak 
discharge and total 
runoff. 

III 

4 To develop a method for predicting the probability 
                    stream intersection sites and test 
the method using a case study of recent road 
flooding in western Sweden as proof of concept 

A case study in 
western Sweden 
between the towns 
of Hagfors and 
Munkfors  

Transformation of base thematic 
maps into appropriate formats in a 
GIS environment 

Using spatial data 
(e.g. high resolution 
Digital Elevation 
Model (DEM), soil 
maps and land use 
data) in combination 
with multivariate 
statistical modelling 
(PCA and PLS) 

IV 

5 To identify the impact of intense rainfall events with 
respect to their seasonality for the dimensioning of 
culverts and bridges in future using a hydrological 
and hydraulic model for a relatively large 
catchment; moreover the effect of clear-cutting on 
water levels at different road drainage 
constructions was evaluated 

A case study in 
western Sweden 
(Västra Götaland  
around 100 km 
north east of 
Gothenburg close 
to lake Vänern)  

Daily time series of meteorological 
data and discharge were acquired 
from SMHI. The spatial data included 
a Digital Elevation Model (DEM) and 
current land use data which were 
obtained from Lantmäteriet. Soil data 
were obtained from the Geological 
Survey of Sweden (SGU) 

MIKE SHE was 
applied to simulate 
different climate 
change and land use 
scenarios  

V 
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4.  STUDY SITES AND DATA  

4.1 Papers II and III 

The Skuterud catchment near Ås, approximately 30 km south-east 
of Oslo, Norway (Figure 3), was selected as the study area in 
Papers II and III. It is a well-documented catchment in which 
various hydrological models have been tested and applied 
previously (e.g. Deelstra et al., 2010a, 2010b). The total area of the 
catchment is about 4.5 km2 and the main land use is agriculture 
(mostly grain, potato and ley crops), covering about 60 % of the 
total area. Field drains installed at about 10 m spacing and 80 cm 
depth are commonly used in agricultural areas of the catchment to 
remove excess soil water. The remaining land cover comprises 
forest (29 % of total area) and built-up areas (11 % of total area).  

The main soil type is silty clay loam with some sand and moraine 
deposits (Deelstra et al., 2005). The mean annual temperature at Ås 
is 5.3 °C, with a minimum measured mean monthly temperature of 
-4.8 °C in January/February and a maximum of 16.1 °C in July. 
Mean annual precipitation for the period 1960-1990 is 785 mm, 
with a minimum measured monthly mean of 35 mm in February 
and a maximum of 100 mm in October. Mean annual potential 
evapotranspiration (PET) in the region is about 1077 mm/y, or 
3 mm/day (Thue-Hansen and Grimenes, 2009; Deelstra et al., 
2010a, 2010b). 

 

 
Figure 3. Land use in the Skuterud catchment and a photo of 
the outlet, Photo: Jannes Stolte. 
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4.2 Paper IV 

To test the methodology introduced in Paper IV, I applied it to a 
case study example in an area located in western Sweden, between 
the towns of Hagfors and Munkfors, north of Karlstad in the 
county of Värmland (Figure 4). Forest is the dominant land use, 
occupying more than 70 % of the area. The main soil type is glacial 
till, with some glacial river sediment and sand. The climate is 
moderately cold, with moderate precipitation and snowfall in 
winter. The mean annual precipitation is 798 mm (1960-2011) and 
the mean annual temperature ranges between -5.6 oC in January 
and 15.7 oC in July. 

The exact location of four road stretches that were severely flood-
damaged due to an extreme storm event in August 2004 is 
reported in Eriksson (2004) and Magnusson et al. (2009). These 
stretches were located by GIS and their upstream catchments 
delineated (Figure 4).  

Figure 4. Case study area in western Sweden. Catchments upstream of 
road sections that were flooded (red) or not flooded (green) following a 12-
hour extreme rainfall event in August 2004 (Kalantari et al., 2014b). 
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4.3 Paper V 

The study described in Paper V was undertaken in Västra 
Götaland (within the municipalities of Vänersborg and Färgelanda) 
(Figure 5). The area was chosen because Västra Götaland has been 
identified as a region especially vulnerable to floods and related 
road damage (Holgersson et al., 2007). 

The case study area covers 61.4 km2 and mostly contains 
agricultural land. The area represents the catchment of the river 
Hakerud, which discharges into the lake Östra Hästefjorden. 

The main soil type is silty clay with some river sediments. The 
mean annual temperature for this specific area is 6.5 °C (over the 
period 1961-2011), with a minimum of -4.4 °C in 
January/February and a maximum of 16.7 °C in July. The mean 
annual precipitation for the corresponding period is 862 mm, with 
a minimum of 22 mm in March/April and a maximum of 148 mm 
in October. In the map of the study area shown in Figure 5, purple 
and green markers represent the culverts and bridges studied. The 
largest road traversing the area, road 173, is a county road (width 
7.5 m, annual average daily traffic 1899 vehicles; Trafikverket, 
2012) leading to the E 45. 

5.  RESULTS  

5.1 Common causes of road damage in Sweden 

1The results from the questionnaire suggested that existing road 
drainage problems in Sweden can be grouped into four categories. 
(Table 2). The body of information gathered mainly indicated 
concerns about issues relating to road operation and maintenance, 
rather than other issues listed in the questionnaire. 

--------------------------------------------- 
1 This section has to a large extent been previously published as a part of the 
Licentiate thesis (Kalantari 2011) which is the first part of the present PhD 
project 

Figure 5. The Hakerud catchment NE of Gothenburg, 
Sweden (Kalantari et al., 2014c). 
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However, many respondents mentioned concerns about issues 
related to management and planning. For example, they 
emphasised the lack of knowledge about the condition of drainage 
systems and the lack of effective tools to identify vulnerable places 
exposed to high flows and places where drainage measures are 
needed. 

The causes of flooding are complex. A combination of factors can 
have an impact in causing flooding and consequences in road 
drainage systems. According to the questionnaire responses, 
clogging of drainage pipes, culverts and ditches by debris flow and 
fine-grade soil is one of the most important maintenance issues in 
current drainage systems. Some of the respondents stated that 
cleaning of drainage pipes, culverts and ditches is not specified at a 
certain time and is therefore only done when needed. This suggests 
that maintenance such as cleaning needs to be performed regularly 
to prevent flooding. When it comes to conditions in the area 
surrounding the roads, the need for establishing better cooperation 
and dialogue between different actors and SRA becomes more 
important. A range of measures to prevent and mitigate damage to 
road drainage systems caused by the adjacent area is given in 
Table 2.  

5.2 Climate adaptation planning and practices for road drainage 
constructions 

1According to the questionnaire responses, climate adaptation can 
be grouped into two categories: i) institutional adaptation and ii) 
technical adaptation. The main approaches in institutional 
adaptation concerning road drainage system problems are: 

• Incentives to raise the awareness of expected climate change 
and its impact on drainage systems within the STA and among 
other relevant stakeholders 

• Inclusion of adaptation in the existing funding programmes of 
the STA 

• Development of a tool for evaluation and action plans 
concerning existing road drainage systems.  

In order to develop a tool for evaluation and action plans 
concerning road drainage systems, different procedures can be 
used. First of all, it is important to have a proper understanding 
and background knowledge about the general physical conditions 
at the site. For example, information about the availability of 
inspection and monitoring systems and a logbook or database of 
previous flooding events and previous repair and maintenance 
issues are vital. After gathering as much background information 
as possible, the drainage system can then be evaluated and 
appropriate actions to prevent and mitigate damage identified. In 
order to maintain the road standard, it is important that road 
constructions are adapted to the predicted climate situation 
(technical adaptation). Today’s demand focuses on the future 
situation and in particular takes into account the scenarios of more 
intensive rain events.
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Table 2. Overview of problems, effects and actions concerning road drainage in 
Sweden, as reported in questionnaire responses 

Problems 

related to: 
Cause Effect Actions 

M
a
n
a
g
e
m

e
n
t 

a
n
d
 p

la
n
n
in

g
 

Lack of knowledge of 

location of drainage 

installations 

Inefficient planning and 

performance of measures 

Overview of location of existing 

road drainage facilities in the local 

area 

Lack of tools to locate 

action needs 

Non-optimised location of 

actions and measures 

Development and usage of tools 

to locate vulnerable points and 

need of action 

Insufficient requirements 

in 

procurement and follow-

up of measures 

Limited client influence on 

action performance. 

Limited possibilities of 

experience feed-back 

Simple operation instructions for 

drainage facilities. Visual 

inspection by the client. 

Requirements in procurement 

and follow-up of maintenance 

contracts 

 

C
o
n
s
tr

u
c
ti
o

n
 

a
n
d
 d

e
s
ig

n
 

Limited diameter of pipe 

or culvert or opening of 

bridge 

Insufficient capacity to 

handle large water volumes 

Consideration of the need of 

locally increased drainage-

structure dimensions 

Limited stabilisation of 

ditch slopes 

Soil erosion; decrease in 

drainage function 

Use of vegetation to stabilise 

ditch slopes and prevent erosion 

O
p
e
ra

ti
o

n
 a

n
d
 m

a
in

te
n
a
n
c
e
 Insufficient inspection and 

periodic maintenance 

Limited base for planning. 

Deterioration of drainage 

capacity 

Use of penalties and bonuses 

concerning fulfilment of 

maintenance contracts 

Obstruction and 

overgrowth of drainage 

device inlets 

Limited function of 

drainage devices. 

Accelerated deterioration of 

road construction 

Use of various physical devices to 

prevent clogging and obstruction 

of drainage facilities 

Mechanical damage to 

ditches, culverts, pipes, 

etc. 

Limited function of 

drainage devices. 

Accelerated deterioration of 

road construction 

Reinforcement of road structures 

O
th

e
r 

a
c
to

rs
 a

n
d
 c

o
n
d
it
io

n
s
 

 

Agriculture: ill-maintained 

drainage systems and 

land use change 

Water-logging and flooding, 

change in hydrological 

conditions 

Proper maintenance of 

dewatering and drainage systems 

in area 

Forestry: forestry 

measures not adapted to 

topography 

Mud flow; landslides 

Forestry methods securing proper 

drainage and limiting material 

outflow 

Forestry: clear-cutting and 

ploughing 

Change in water regime; 

increased surface runoff 

and inflow to road area 

Avoidance of clear-cutting and 

ploughing where these forestry 

activities would influence road 

drainage systems 

Railways 
Interaction of railway and 

road drainage systems 

Collaboration concerning road 

and railway drainage systems 

Dams 
Flooding upon failure of 

dams located upstream 

Securing the function of dams, 

ponds and other constructions 

Heavy precipitation; 

flooding 
Various kinds of damage 

Development and usage of tools 

to locate vulnerable points and 

need of action; addition/retrofitting 

of devices to increase discharge 

capacity, such as extra culverts, 

pipes, flushing pipes and 

subgrade drains 

Therefore use of models for calculation of extreme flows in small 
and medium-sized catchments is vital. Road design could clearly 
benefit from using the current generation of hydrological models 
that have the possibility to include dynamic influences of land use 
and climate (and potential future changes to these) when 
estimating peak flow.  
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The following part of this thesis evaluates the performance of a 
selection of available hydrological models to estimate rainfall-
runoff responses.  

5.3 Hydrological models as process learning tools to simulate peak 
discharge  

Hydrological models can provide a framework for use in designing 
road drainage structures but identifying the ‘best’ model can be 
difficult, which has limited the general use of more advanced 
models. This is especially true at the event scale, where prevailing 
conditions and the subjectivity of the modeller can have a strong 
impact on apparent model performance. This study focused on 
how models with different structure or ideology perform at event-
based time scales, which may be more relevant than continuous 
simulations in the context of estimating peak discharges and 
designing road systems. The models used in the study allowed for 
examination of the seasonal processes concerning winter-related 
hydrological behaviour in more detail (i.e. frozen and unfrozen 
soils, snow and no snow cover).  

These general responses at event scale can be partly attributed to 
process representation within the various models. Because of 
differences in ability to represent specific processes (subsurface 
frozen soils) and model structures (distributed versus lumped 
setups), the selected models performed differently during different 
simulation periods. Overall, the physically based models, which 
rely more on calibration to assign parameter values, performed 
better in estimating peak flow rates and timing than the more 
lumped approaches under conditions similar to the calibration 
period. However, the lumped models performed better under 
conditions that were not necessarily similar to the calibration 
period. This is at least partly due to methodological differences in 
how these models were calibrated. In distributed models (LISEM 
and MIKE SHE), the calibration procedure comprised manual 
adjustment of one parameter per each model until model results 
were optimised with regard to the peak amount and timing of the 
observed flow. This calibration procedure was selected based on 
sensitivity analyses of the LISEM and MIKE SHE models 
reported elsewhere (Kværnø and Stolte, 2012; Kalantari et al., 
2014a). 

For the lumped models, a different calibration strategy was used 
whereby the parameters pertaining to different processes 
associated with water balance were selected by specification of a 
uniform range for each parameter. HBV and CoupModel were 
calibrated such that best performing parameter sets were retained 
(rather than one optimal set). These models were more resilient in 
representing rainfall-runoff events when runoff was generated 
from rain on non-frozen soil rather than from rain and snowmelt 
on frozen soil. Clearly, when selecting a hydrological model for 
practical applications (such as road structure design), consideration 
of the type of rainfall-runoff events being modelled is important in 
identifying the appropriate model, and also for calibration to 
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ensure simulations representative of the dominant hydrological 
processes.   

A detailed analysis of the runoff generation mechanisms in each 
model during different simulated periods is provided in the Results 
section of Paper II. 

5.4 Land use  

This study compared the utility of using hydrological models to 
examine the mechanisms regulating catchment responses to 
different land use measures in relation to the spatial distributions 
of the measures and selected storm characteristics.  

Comparison of six simulated land use measures showed that clear-
cutting had a strong impact on the water balance because of 
changes in evapotranspiration which is a major determinant of 
runoff in forested catchments, particularly during summer periods 
(e.g. Lyon et al., 2012; van der Velde et al., 2013). This implies that 
changes in land use could lead to flooding and damage to road 
infrastructure, as they have direct impacts on streamflows at the 
catchment scale. Therefore, this impact due to changes in land use 
should be taken into consideration when designing new structures 
and maintaining existing road infrastructure systems. 

The study also examined how to reduce the negative effects of 
extreme precipitation events downstream on the road drainage 
system. The reduction in peak flow (Figure 6) and total runoff 
(Figure 7) indicates that all five remediation measures could reduce 
peak discharge from a small catchment following storms of 
different intensity. These measures could influence the hydrology 
of a catchment (e.g. peak flow or total runoff) in different ways. 
For example, reforestation reduced total runoff and peak flow 
through increased evapotranspiration and increased catchment 
area roughness, respectively. Vegetation buffers increased 
floodplain area roughness and thus influenced peak flow and total 
runoff.  Grassed waterways resulted in a greater proportional 
reduction in peak flow relative to total runoff across all the storms 
considered. Here, the specific effect of the land use measures on 
catchment discharge depended on the spatial distribution of the 
measures. For example, the location of reforestation patches in 
terms of distance from the road drainage structure had an effect 
on peak flow and runoff volume reduction. Reforestation of the 
area located downstream in the catchment and immediately around 
the road drainage construction was the most effective measure in 
reducing the total runoff for all storm sizes (this measure is called 
“Reforestation_ downstream (30%)” in Figures 8 and 9). 
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Fig. 6. Percentage change in simulated peak flow during different historical 
storm events due to the impact of different land use scenarios (forest clear-
cutting, reforestation of 60% and 30% of the whole catchment area, 
vegetation buffers and grassed waterways). Results from simulation using 
MIKE SHE for the Skuterud catchment, SE Norway.(Kalantari et al., 2014a) 

Fig. 7. Percentage change in total runoff during different historical storm 
events due to the impact of different land use scenarios (forest clear-cutting, 
reforestation of 60% and 30% of the whole catchment area, vegetation 
buffers and grassed waterways). Results from simulation using MIKE SHE 
for the Skuterud catchment, SE Norway. (Kalantari et al., 2014a) 
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Fig. 8. Elevation map, channel slope map, Topographical Wetness Index 
(TWI) map, drainage density map, soil map and land use map of a flooded 
catchment (Backa). 

5.5 Flooding prediction model 

The methodology developed in Paper IV allows estimation of the 
probability of flood hazards on a catchment scale. Different 
datasets were used to produce maps representing characteristics of 
the catchments in the study area. Figure 8 shows the types of map 
produced, representing different PCDs for one of the 10 
catchments studied (Backa).  

A multiple regression equation (eq. 1) was developed in this study 
for calculating the probability of road-related flood hazard using all 
10 catchments studied. Each of the regression coefficients shows 
the weight and the significance of corresponding variables to the 
response variable (flooding) in the prediction model. As such, a 
positive/negative regression coefficient indicates that the variable 
increases/decreases the probability of an outcome, respectively 
(Gorsevski et al., 2006). For the case study, the predictor variables 

Pi = -4 + 0.2*TWI + 0.13* road density - 0.12*gravel + 
0.08*channel slope + 0.03*peat + 0.015*sand + 
0.01*surface water and wetland + 0.005*drainage 
density - 0.005*forest + 0.003*grassland - 0.003*rock 
+0.002*till - 0.002*agricultural land - 0.001*catchment 
elevation                                                                      (1) 
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contributing most to the road-related flood hazard model (eq. 1) 
were Topographical Wetness Index (TWI), road density, soil 
properties in the catchment (mainly the amount of gravel 
substrate) and local channel slope. 

5.6 Construction and design 

Considering that the 50-year flow is the current design flow used 
for dimensioning culverts and bridges in Sweden, the question for 
the road is whether or not the current 50-year flow estimate will 
still be an appropriate design flow under different future land 
management. The method and approach outlined in Paper V could 
help in answering this question based on the current state of the 

science with regard to land˗water interactions and also the possible 
climate change scenarios. 

As stated by e.g. Kalantari et al. (2014a), forest can have a 
significant attenuating effect on the peak flow and total amount of 
discharge. For the catchment of the river Hakerud (Paper V), a 
forest clear-cut compared with the base flow only had a maximum 
peak flow increase of 5 % at the outlet as its consequence. This 
change is not very substantial and could be explained by the large 
catchment size of the river Hakerud. For example, it is around 20 
times larger than that assessed by Kalantari et al. (2014a) and thus 
not as sensitive to land use changes. According to Lyon et al. 
(2010), this effect of catchment characteristics on hydrological 
response is typical in Scandinavian systems. 

However, in the hydrological modelling study undertaken in the 
Hakerud catchment, an increased water level was found for the 
climate and forest clear-cutting scenarios at the three road drainage 
structures studies (Culvert 1 and Pipe Bridge 1 and 2; Figure 2 in 
Paper V). In particular, the results for Culvert 1 (Table 4 in Paper 
V) showed that all of the scenarios led to major changes in water 
level, regardless of the size and time of the storm. The dimensions 
of Culvert 1 were thus not sufficient to handle the increase in 
water level resulting from all the simulation scenarios. It is worth 
considering that if clear-cutting and the climate change scenarios 
take place at the same time, the consequences for road 
infrastructure might be much greater. 

6.  DISCUSSION  

Transport infrastructure is a vital part of society and involves high 
capital investment, so proper management and design of the 
system is very important. For continued function of the road 
transport system, the road infrastructure should be robust and 
capable of withstanding strains from a variety of weather. In the 
first stage of this project, I examined current practice for road 
drainage systems in Sweden and gathered information from 
professionals working with road drainage management, 
maintenance and construction. This approach was efficient and 
taught me more about the problems experienced already today and 
the future problems considering climate change impacts, such as 
flooding and high flows. The work and measures to prevent and 
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mitigate damage to road constructions can be categorised into 
three groups: emergency work; routine and periodic maintenance; 
and development work. Emergency work includes actions such as 
emergency repairs to blocked or impassable roads, removal of 
debris and stabilisation of side slopes. For routine and periodic 
maintenance, other types of actions are suggested, such as cleaning 
of pipes, culverts and ditches; filling scoured areas; repair of 
drainage structures; patching and local sealing. It was concluded 
that development of routines/procurement models for supervision 
or monitoring of road drainage system and performance of 
drainage facilities is required. There is also a need to develop 
methods for inventory of the risks and vulnerabilities of selected 
roads/routes to high flows. According to STA, the main challenge 
in its work is to find the vulnerable points where damage might be 
serious, to monitor the conditions, and to choose the right actions 
within the budget framework. Research in this area has recently 
grown substantially. My respondents mentioned the importance of 
documentation of drainage systems because of the lack of 
continuous personal experience and knowledge of the local 
district. According to Faith-Ell (2005), road keepers do not have a 
long-lasting acquaintance with their part of the road network any 
more, since road maintenance contracts are nowadays usually 
procured for only short periods. 

Related to the preceding recommendations and suggestions for 
appropriate adaptation measures, I coupled historical data, local 
hydrology models and land use measures to carry out modelling 
simulations that could evaluate the runoff situations near roads. 

In addition, there were novel findings in a case study in Norway 
with regard to the inherent role of the modeller in hydrological 
model application. This led me to recommend that hydrological 
models be selected on a case-by-case basis and performance 
evaluated on an application-by-application basis, since how a 
model is applied can be equally important to inherent model 
structure. From the case study, it was learned that overall model 
performance in an operational sense can clearly depend on who 
applies a given model and how it was calibrated. More lumped 
approaches appeared most suitable for simulation of runoff under 
winter conditions where soils were not frozen and where the 
hydrological response was considerably slower or (more 
appropriately) similar to summer rainfall-runoff events. However, 
these models failed to simulate peak discharge in frozen soil 
conditions, whereas the distributed models with more physically 
based approaches performed better, but required event-specific 
calibration. For ungauged basins with no real-time monitoring of 
discharge, the latter models might be difficult to generalise and 
apply. The differences in calibration approaches and 
(consequently) the differences in parameter values specified by the 
modellers in the case study made it difficult to assess whether 
differences in simulation results (model performance) were due to 
differences in model structures or simply artefacts due to different 
calibration approaches. This type of limitation is common in 
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hydrology research, where different models are applied by 
different modellers in similar regions, creating a gap between 
modelling research and direct application (e.g. Agnew et al., 2006).  

Modelling the hydrological response is useful for analysing the 
impacts of possible measures to reduce peak flow and total runoff 
in order to avoid damage to roads downstream. My studies 
demonstrated the potential of using hydrological models to 
examine the mechanisms regulating catchment responses to 
different land use measures in relation to their spatial distribution 
and to storm characteristics. The traditional approach in road 
construction has been to make sure culverts and bridges are large 
enough for specific storm events, where discharge is calculated 
from the rational equation (Ben Zvi, 1989; Maidment, 1993). My 
studies illustrated one approach for estimating potential reduction 
of peak flows whereby more robust landscape measures and their 
location were analysed.  

According to e.g. Magnusson et al. (2009), the risk of roads being 
washed away could be significantly reduced at a reasonable cost by 
identifying and rectifying weak points in the infrastructure system. 
A novel statistical method was developed based on the relationship 
between road-related flood probability and PCDs without focusing 
on complex hydrological modelling. The most immediate use for 
this flood probability prediction method would be to identify 
critical areas along roads to which flood mitigation efforts could be 
directed. This method can be applied in other areas with roughly 
the same geomorphological terrain, soil and land use 
characteristics. The methodology can also be used in areas with 
completely different physical descriptors to create a new prediction 
model. Based on the findings presented in this thesis, it is clear 
that the relevant road authorities must acquire more knowledge 
about future changes in discharge behaviour associated with 
climate and land use changes before making decisions about 
adaptation of road drainage systems. As part of this, the model 
approach described here can be applied in other areas of Sweden 
to identify the vulnerable parts of the road drainage system.  

In addition to changes in hydrological conditions due to land use 
activities in areas surrounding the road, e.g. forest clear-cutting, 
information exchange between the road authority, forest authority 
and forest owners should be encouraged. According to Nachtnebel 
and Faber (2009), the goal to reduce the flood damage will be 
achieved through a better collaboration of all involved actors and 
disciplines. Depending on the design flow of road drainage 
structures and the season of occurrence of the most frequent 
floods in each particular climate region, the most applicable and 
effective measures should be identified and implemented.  

One of the limitations of this thesis is that the results presented 
have not been tested in a case study and do not include any cost or 
economics analysis or approaches other than road drainage 
adaptation measures. Furthermore, as in all modelling studies, the 
results are associated with limitations which should not be 
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overlooked when interpreting the results and developing policy 
advice. Several types of uncertainties arise when performing 
hydrological modelling, e.g. relating to model structure, parameter 
ranges and input data (Beven, 2012). There are some general major 
uncertainties related to future climate change, especially regarding 
climate conditions on regional and local scale. Since these 
uncertainties exist in all climate and hydrological modelling, the 
relevant authorities have to be aware of them when formulating 
guidelines. However, they should monitor developments in climate 
and hydrological research and adjust their design and maintenance 
guidelines accordingly in order to secure the function of transport 
infrastructure in the future. 

7.  CONCLUSIONS   

The consequences for road managers of damage to roads and 
bridges can include high costs for reconstruction, operation and 
maintenance. Adapting the current road transport system to 
climate change conditions would also require substantial 
investment, but such adaptation will ensure safe road transport 
function in the long-term perspective. In this, it is essential that the 
road authority understands the required adaptation process. 
Common causes of damage to roads and existing problems in road 
systems should be identified. The areas vulnerable to climate 
change impact, for example flooding and high flows, should be 
highlighted. A number of actions should be proposed and 
prioritised based on the degree of acceptance of the risk and on 
cost estimations in short-term and long-term periods. For the 
detailed planning and implementation of adaptation plans, the 
actors responsible should be specified and operation and 
management systems developed. All the approaches should be 
continually monitored and reconciled with the adaptation 
objectives.  

Climate change adaptation is a challenge for planning authorities in 
Europe as a whole, as well as those at national and regional level. 
Changes in climate conditions or land use can have a significant 
impact on the hydrological response of a catchment. Various 
hydrological models can be used to assess the impact of climate 
change. This thesis clearly shows that the appropriate choice of 
hydrological modelling tool also needs to consider the type of 
flood to be estimated. In the thesis context, where the focus was 
on winter events, the ‘best’ model varied depending on the 
prevailing subsurface conditions. The subjectivity of the modeller 
and the calibration approach also had an influence on the 
performance of the models.  

Changes in hydrological conditions due to changes in climate 
conditions or land use in the adjacent area have a significant 
impact on the function and efficiency of road drainage systems. 
This thesis shows that forestation/reforestation is an important 
factor in controlling peak flow and total runoff. With respect to 
the effect of clear-cutting on increasing peak flow and the 
influence of reforestation and transforming open land to forest on 
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decreasing peak flow, there is a need for strategies that improve 
communication between road managers and the forestry and 
agriculture sectors. 

Under-dimensioned drainage structures and mismanaged outlet 
ditches can sometimes complicate the maintenance and operation 
of the dewatering system and increase the risk of flooding and 
waterlogging along the road infrastructure. In this thesis, the 
limited diameter of road drainage structures such as pipe bridges 
and culverts and their resulting insufficient capacity to handle large 
water volumes in future climate change and clear-cutting scenarios 
indicates a need for increases in specific drainage structure 
dimensions. It is obviously not feasible to e.g. upgrade culverts and 
bridges all over the country to avoid damage. However, the 
exposure and vulnerability of a region (e.g. the topography, the 
location of roads, soil texture and land use) are decisive factors for 
the impacts of extreme weather events and their severity and 
character. The method presented in this thesis, which is based on 
GIS and multivariate statistical analyses, allows the probability of 
flood hazards to be estimated at a catchment scale and thus 
identification of areas that are at risk. One of the strengths of this 
approach is that the many factors considered can be generally 
derived from available databases. 

8.  SUGGESTIONS FOR FUTURE RESEARCH  

This thesis focused on the necessity of adaptation of the planning, 
construction, operation, maintenance and monitoring of road 
drainage systems to climate change. The method proposed here 
represented a straightforward and consistent way to estimate road 
flooding hazards. It can be useful in, for example, the planning of 
future roadways and measures to reduce road exposure to flood 
hazards using hydrological modelling and geographical data. 
However, a survey of Swedish road planners showed that the 
management tools used in planning and design in practice 
concerning infrastructure or design of mitigation strategies often 
do not use the most modern hydrological models available due to 
difficulty in implementation and/or parameterisation. 

Hence there is still a need for simple tools that allow managers to 
utilise hydrological models to quantify the impact of coupled 
climate and land use changes, assess their impacts and evaluate the 
effectiveness of adaptation measures to reduce peak flow. These 
tools are needed as authorities target smaller catchments and 
attempt to manage or design adequate infrastructure structures (i.e. 
individual culverts) therein. The tools that should be developed 
have to be underpinned by the latest findings regarding 
hydrological process representation, while still being simple 
enough to be used by hydrological non-expert end-users on an 
internet-based platform. The tools should be applicable not only 
under current conditions (as management tools), but also when 
planning for future conditions with a changed climate.  

In Sweden, the number of catchments with observed runoff is very 
low. In the search for the runoff parameters that determine the 
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relative importance of the runoff components, calibration should 
be done using observed data, and therefore an application in 
ungauged catchments is difficult. There is a great need of field 
predictions for ungauged catchments. Parameters for an accurate 

simulation of catchment runoff with precipitation˗runoff models 
can be predicted by the method for regional estimation of runoff 
separation parameters following Kling and Nachtnebel (2009).  

Models used to simulate the total runoff for designing road 
drainage structures should take account of periodic hydrological 
behaviour. The dynamic adaptation of hydrological processes and 
model structure is vital and should be the subject of future 
research. Development of a process-controlled, self-adaptive 
simulation package with sufficient flexibility to cover changes in 
the hydrological system would increase the accuracy and describe 
hydrological watersheds in an efficient, reliable and innovative way. 
In addition, more research into vulnerable areas is required to 
develop methods for calculation of design flow, proper 
dimensioning of road drainage structure, mitigation and analysis of 
maintenance measures.  
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