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SUMMARY  
Ett effektivt vägunderhåll som garanterar tillgänglig och varaktig 
transportkapacitet förutsätter kunskap om hydrologin i ett område beror av 
både vägens och landskapets egenskaper. Nya metoder och data utvecklades i 
projektet och användes för att identifiera och förklara samspelet mellan vägar 
och omgivande miljö, samt hur detta inverkar på hydrologiska svar på 
nederbörd, i skalor som avser hela avrinningsområden och/eller enskilda 
vägsektioner. I avrinningsområdet identifierades de mest betydelsefulla 
faktorerna för översvämningsrisker, så som fysikaliska 
avrinningsområdesegenskaper och vägegenskaper. Dessutom användes en 
fysikalisk modell för att beräkna effekten av hur vägarnas topografi påverkar 
avrinningens dynamik vid nederbörd för 20 olika avrinningsområden med olika 
nederbördsintensitet. En metod för detta utvecklades och användes för att 
diskutera översvämningsrisker i sektioner där vattendrag och väg korsas, 
genom att sammanföra egenskaper som är korrelerade med förekomst eller 
avsaknad av översvämnningar. De mest betydelsefulla faktorerna för 
förekomst av översvämning var topografiskt fuktindex, markegenskaper, 
vägtäthet och lutning hos vattendragen. En detaljerad studie av simulerad 
varaktighet av avrinningsintensiteter visade skillnader för de 20 olika områdena 
och 3 olika nederbördsintensiteter beroende på om områdena innfattade vägar 
eller ej. En ökning av toppflöden och en reducerad tid för att nå toppflödet 
erhölls för områden med vägar. 
För vägsektioner användes en osäkerhetsbaserad metod för att identifiera de 
mest betydelsfulla processerna som reglerar dynamiken hos grundvattennivån, 
genom modellen (CoupModel). För ändamålet definierades 4 olika geologiska 
lagerföljder för 2 positioner i en sluttning uppströms en väg med dräneringsrör 
och diken. Resultaten från simuleringarna beskrev hur betydelsen av 
nederbördsintensitet, vägdränering och vägens position i sluttningem samt 
markegenskaper och dess lagerföljder påverkar grundvattennivåns dynamik.  
Samma modell användes också för simulera dynamiken hos markvatten och 
marktemperaturer i 2 vägsektioner genom att använda data om 
grundvattennivå och klimat som dynamiska styrande randvillkor. Egenskaper 
hos porösa media erhölls genom statistiska fördelningsfunktioner av 
parametervärden som på bästa sätt återgav dynamiken av fuktighet och 
temperatur i vägens olika lager och underliggande mark. 
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ABSTRACT 
An efficient maintenance of roads to ensure high accessibility and durability of 
the transport capacity requires an understanding of how the hydrological 
response depends on both the road and the landscape characteristics. New 
methods and data were used to identify and explain interaction between roads 
and surrounding environment and their influence on hydrologic responses 
both in watershed scale and road-section scale. In the watershed scale, flood 
hazard probability was made with reference to the most influential physical 
catchment descriptors and road characteristics. Additionally, a physical based 
model was used to estimate the effect of road topography on the hydrological 
responses of 20 watersheds to storms with different intensities. A simple 
method was developed and discussed to address flood risk probability in the 
road-stream crossings concerning the correlation between the quantities of the 
physical catchment descriptors and occurrence/absence of flooding. The most 
influential factors in describing the probability of flooding along the roads 
were topographic wetness index, soil properties, road density and channel 
slopes. A detailed study of simulated flow duration curves showed differences 
between the 20 watersheds for three different storms based on topography 
with and without roads. An increase in peak flow and reduced time to pick 
occurred with existence of roads and increased storm intensity.  
In the road-section scale, an uncertainty-based simulation approach was used 
to identify the most influencing processes in controlling the dynamics of the 
groundwater level. A model (CoupModel) set up with four different geological 
stratifications was made to model two positions in a slope upstream of a road 
with drainage pipes and ditches. Results from the simulations indicate the 
significance of precipitation rate, road drainage and position in hillslope, and 
soil properties and stratifications in controlling groundwater levels. The same 
model was also applied to simulate soil moisture and temperature dynamics in 
two road sections by using groundwater and climate data. Porous media 
properties were obtained as statistical distribution function that provided the 
best performance of moisture and temperature dynamic in the road layers and 
underlying soil. 
 

Key words: Road; GIS; Flooding; Moisture; Temperature; CoupModel; 
Sweden.

1. INTRODUCTION 
Variation in climate introduces pressure and 
occasionally causes major changes in the 
physical environment which directly or 
indirectly affects human life and manmade 
infrastructure. Two major hydrological 
phenomena known as the cause of sever 
damages to human life, properties and 
landscapes are debris flow and floods 
(inundation and flash flood). These two 
phenomena are dependent on the natural 
and artificial characteristics of upstream 

contributing area. One of the most common 
and influencing manmade structures in 
watersheds is the road network which 
directly changes geo-morphology of the area 
and has various effects on alluvial and fluvial 
processes happening in the vicinity of the 
roads. Vis-a-vis, road situation in being 
potential to develop wet conditions is 
significantly governed by characteristics of 
the surrounding environment. A better 
understanding of the interrelations between 
roads properties and upstream physical 
characteristics will be a useful knowledge to 
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develop tools for planning sustianbale roads 
and taking actions to counteract flooding 
and excess moisture in roads. 
A large part of the national budget in 
Sweden is assigned to construction, repair 
and maintenance of road structures which 
play an important role in the economy of the 
country with relatively large network of 
roads. In recent years, the Swedish Road 
Administration (SRA) experienced several 
examples of how much road transport 
network is vulnerable to damages mainly 
caused by high flows and excess moisture in 
the road structures (Fig. 1). Inundations, 
failures of road embankments and washed-
away roads frequently have been observed 
during the last few years (e.g. Eriksson, 
2004; Magnusson et al, 2009). This can be 
highlighted in the approximate cost of 
damages and losses to road network in 
Sweden from 1994 to 2001 due to flooding 
that have reached 700 million Swedish 
Crowns (SRA, 2002). According to Swedish 
Commission on Climate Change and 
Vulnerability (SCCV, 2007), it is predicted 
that the cost of damages to roads until 2100 
will increase up to 20 billion Swedish 
Crowns. Considering the alterations in 
climate and its effects on extreme events 
(IPCC, 2007), more attention and concern 
about climate impact on road structures is 
required. It is likely to identify and address 
the sections of roads that are at high levels 
of risk in order to avoid washed away roads, 
inundations and excess moisture which may 
present significant cost saving. 
According to CEA (2007), river flooding has 
been the most destructive phenomena in 
Europe during past two decades. This 
wrecking phenomenon has frequently 
destroyed infrastructures and disrupted 
connection and transportation. River 
flooding is more destructive in parts of the 
river such as confluences, bridges and 
culverts which frequently destructed road 
infrastructures. Likewise, reports of SRA 
(Eriksson, 2004; Magnusson et al, 2009) also 
indicate that culverts and drums in the 
intersection of road-streams are crucial 
positions for the hydrological responses. 
The most common cause of damages occurs 

due to clogging of those culverts/tubular 
bridges by patches of debris or 
rock/boulders that together with road 
embankments act as a dam against flood 
wave. This normally results in high level of 
water that enforces a high pressure to the 
road structure and if the embankment 
cannot handle the pressure, it may collapse. 
In some cases, this risk is worth taking, but 
if the consequences are large, it is not 
justifiable to ignore the risk. The risk levels 
are defined based on for example: expected 
values of personal injury, property damage 
and financial damages at various events. 
Mitigation actions should allow for efficient 
long term reductions of unexpected 
expenses.  Those actions are justified to 
avoid personal injuries, and limiting 
economic and environmental damages.  
Road structures are vulnerable to extra 
moisture which has several negative effects 
either on the pavement or on the 
foundations. Extra moisture in the roads 
reduces stiffness and rigidity of the road and 
makes it vulnerable to deformation excreted 
by heavy loads which may result in asphalt 
reveling and stripping (Huber, 2005; 
Dawson, 2009). In the cold climate 
conditions that soil freezing is a common 
phenomenon frost heaving and thaw 
settlement in roads introduces lots of 
damages and problems to the road 
pavement and foundation. Increase in the 
moisture content of the road material puts 
the roads in risk of ice formation and thaw 
settlement in different layers of the roads. 

1.1. Problem definition 
Although there have been many studies of 
hydrology and roads particularly, still the gap 
between those knowledge and 
implementation of them toward a 
sustainably performing transport 
infrastructure in a changing climate can be 
seen. This issue is severe in Sweden (as it is 
demonstrated in the statistics of flooded 
roads in the figure 1) which large network of 
roads play important role in the economy 
and society. Effort done in this study was to 
use the knowledge about hydrology and 
road and suggest solutions for a sustainable 
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road infrastructure in Sweden by using new 
methods and detailed information. 

1.2. Aims and objectives 
The main objective of this study was to 
increase knowledge of interrelations between 
roads and soil properties in watersheds and 
climate (Figure 2 demonstrates the study 
scope). The study intended to fulfill the 
main objective in two scales: 
1. Watershed scale: 
a) Identify the PCDs that describe 

distribution of flood risk along roads in 
watersheds and further develop a 
method for prediction of road flooding 
susceptibility. 

b) Analyze the importance of road 
topography on the alteration of 
hydrological responses in watersheds. 
The method developed by using a 
physically based hydrological modeling 
system (HEC-HMS). 

2. Road-section scale: 
a) Identify and elaborate important 

intrinsic and extrinsic factors affecting 
groundwater levels in the close vicinity 
and upstream of a road section with a 
functioning drainage system. 

b) To model moisture and temperature 
dynamics in a road structure to identify 
important factors controlling moisture 
and heat flux in the road environment. 

2. BACKGROUND 
Road network configuration and 
geomorphologic characteristics of the road 
structures are in correlation with hydrologic 
responses in watersheds (Fig. 2). Roads 
make alterations in soil properties and 
landscape characteristics and consequently 
hydrological conditions are affected. Soil 
properties and landscape characteristics in 
the close vicinity of roads may provide 
hazardous situations that make the road 
susceptible to flooding or receiving extra 
moisture. Additionally soil properties of 
foundation and natural soil below the road 
provide wet or dry conditions that influence 
roads durability and performance. All of the 
aforementioned interrelations are governed 
by climate forcing conditions. 

 Road infrastructure is an important artificial 
disturbance to geo-morphologic 
characteristics of a watershed that influences 
the hydrological responses (Wemple et al, 
2001; Tague & Band, 2001; Jones et al, 
2000). Alterations in topography are made 
by cut and fill (dig and fill operation) 
processes during road construction. In 
general term a new topographic pattern is 
created that also includes a number of new 
drainage features. Those topographical 
changes affect alluvial and fluvial processes 
in the vicinity of roads especially in hill 
slopes. It is also worth noting that physical 
catchment characteristics upstream of the 
road rule the total flow contributed toward 

Fig. 1 More than 400 road flooding 
happened in Sweden from 2007 to 2013 
which resulted in road inundations, road 
failure and disruption in transportation 
(Trafikverket 2015). 
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the road structure.  Therefore considering 
the interaction between road and watershed 
is essential for better understanding the 
hydrological interrelation of watersheds and 
roads. 
Road networks enforce alteration in 
landscape topography also in natural stream 
profiles. In steep forest landscapes roads 
regularly change the topography of hill slope 
which are mainly the cause of increase in 
frequency of landslides and soil erosion 
(Swanson & Dyrness, 1975; Nolan et al, 
1995). The compaction works and road 
pavement structure increase upslope pore 
pressure in cut slopes which is a 
considerable operant for susceptibility to 
landslides (Dutton et al, 2005; Dahal et al, 
2008). Further they act as resistant to water 
flow or flood wave (Jones et al, 2000; 
Dutton et al, 2005). In steep slopes when 
soil moisture increases, unstable material 
becomes a domain for debris flows. The fast 
downward moving soil, sediment and 
organic matters (debris flows) might trap in 
road-stream crossings (Jones et al, 2000; 
Wemple et al, 2001). Risk of flooding in 
specific river sections that have complicated 
hydraulic properties such as river 
confluences is higher (de Moel et al, 2009). 
Road structures such as bridges, drums and 
culverts enforce disparate hydraulic section 
to natural river profiles. Therefore, flood 
hazard is more significant in road-stream 
crossings. 

2.1. Flood probability mapping, a 
necessity 
General concerns about road safety and 
transportation, makes flood hazard models 
in the vicinity of roads essential to obtain a 
sustainable management of roads and 
environment. Flooding which is the 
resultant effect of complex hydrological, 
geomorphological and meteorological 
conditions is the most important risk 
threatening road structures. Understanding 
the linkage between landscape characteristics 
and flood hazard probability along roads 
together with road network characteristics 
can lead us to quantitative flood prediction 
models. 

Climate change caused increase in average 
yearly precipitation as it was predicted by 
IPCC (Intergovernmental Panel on Climate 
Change) that more intense rainfalls might 
occur in Northern Europe. Due to the 
predicted increase in average yearly 
precipitation across Sweden, the risk of high 
flows and extreme floods seems inevitable. 
Although Sweden has one of the highest 
standards for flood extend map within 
European countries (de Moel et al, 2009), 
still regional and watershed-scale flood 
hazard maps are required and needed. 
Accordingly, the need for a systematic flood 
hazard prediction and flood management 
method is crucial. 
Extreme floods especially flash floods are 
the most lethal form of natural hazard which 
introduces huge amount of losses to lives 
and properties (World Meteorological 
Organization, WMO). These devastating 
natural hazards influence people’s life also 
economy severely. In an extreme flooding, 
peak flow and debris flow are the causes of 
damages and losses. Debris flow is 
associated with the land cover, soil type and 
steepness of the contributing area while 
flood peak is a function of watershed shape 

Fig. 2 Schematic showing procedures 
considered in this thesis (paper I-IV) to 
understand the interrelation between 
roads, soil properties and landscape 
characteristics and their influences on 
hydrological responses. 

III 
 & 
 IV 

III 
 & 
 IV 
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and slope, surface roughness and infiltration 
of the contributing area. 
Overlooking the recent legislation’s of 
European Union Flood Directive (EU-FD, 
EU, 2007), developing flood hazard maps 
seems essential for optimum flood 
management.  Those legislations are 
complementary to the principal policies of 
the Water Framework Directive (EU-WFD, 
EU, 2000). According to the chapter III of 
EU-FD, members of the community obliged 
to prepare both flood hazard maps and 
flood risk maps of low, medium and high 
probability at level of river basin district or 
other units of management (EU-FD, EU, 
2007). The directive states: “flood management 
plans should focus on prevention, protection and 
preparedness” (EU-FD, EU, 2007). 
Flood hazard map requires geological, 
geomorphological and hydrological 
information. The main target of this type of 
prediction maps is to identify the 
susceptibility of specific locations in space 
and time to flooding (de Moel et al, 2009). 
There have been many studies and methods 
for prediction of flood risk in different part 
of the world some of them with very 
detailed and lots of measurements. Still and 
all, most areas are un-gauged or poorly-
gauged basins that make it difficult to 
produce proper flood prediction and risk 
assessment maps. 

2.2. Physical catchment descriptors 
as the important hydrological 
indicators 
Quantification of flow rates from a 
watershed is the main indicator to assess the 
risk of flooding. Hydrological models are 
widely used to model water movement in 
watersheds for various purposes. These 
conceptual or physically based models 
require dynamic input data and detailed 
watershed information to assign proper 
parameter values in the model, eventually 
measured variables may be used to calibrate 
the model. Accordingly it is difficult to 
model every single watershed to simulate 
water flow and analyze the hydrological 
responses especially in case of un-gauged or 
poorly-gauged watersheds. Thus an 

alternative to this modeling approach is the 
evaluation of hydrologically significant 
physical catchment descriptors (PCDs) that 
can be used together with simple statistical 
models. 
Intrinsic variables that describe geo-
morphological and geometrical 
characteristics of a watershed are called 
physical catchment descriptors (PCDs). 
PCDs are location dependent parameters 
that have influence on the runoff generation 
and are widely and generally used in 
hydrological models to study watershed 
behavior in regular or extreme events 
(Zecharias & Brutsaert, 1988; Sanborn & 
Bledsoe, 2006; Yadav et al, 2007). 
Time-dependent extrinsic variables are 
essential in accurate prediction of 
hydrological response of a watershed. 
Parameters such as meteorological 
conditions, seasonal variations, and solar 
radiation (Sefton & Howarth, 1998), 
antecedent soil moisture prior to 
precipitation and frozen soil (McGlynn & 
McDonnell, 2003; Wagener & Weather, 
2006) are among the extrinsic variables that 
affect hydrological responses. 
Plate (2009) puts flood management models 
in two categories: a) forecast models and b) 
planning models. Geometrical and 
geographical data, real-time runoff and 
historical data, agricultural and seasonal 
climate data are required information for the 
forecast models. The products of these 
models which use runoff modeling of the 
continuum of flow in a river are hydrological 
forecast models (Plate, 2009). On the other 
hand, models for planning do not need real-
time runoff, and are defined by the design 
scenarios and appropriate to the task in 
hand. These event-based models use 
geometrical, geographical and historical data 
that can be used for production of flood 
hazard maps (Plate, 2009). The methods 
used here were mostly intended to use in 
planning and prediction applications. 
The physical characteristics of the study area 
and intended application of hazard maps are 
important factors to choose a model for 
flood management. Applicable methods for 
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flash flood prediction are different from 
models for inundation maps in which the 
objectives of the study and available data 
define the method. Method, which is 
selected to prepare flood management tools, 
is dependent on the type of application, 
geomorphology and area size (Plate, 2009). 
The distinctive characteristics of flash flood 
needs different predicting methods compare 
to flood inundation prediction methods (Hill 
et al, 2010). Eventually, because of the 
topographical characteristics of the study 
area also the type of frequently reported 
flooding, the criteria set to be applicable to 
use in flash flood prediction maps. 
Among different approaches to produce 
flood prediction maps, an empirical 
approach that deals with catchment 
characteristics can be used for un-gauged 
basins. The most significant catchment 
descriptors are useful indicators to produce 
flood hazard maps that qualitatively define 
areas prone to flooding. One type of the 
models, which may suite for flood 
predictions and calculations, is the grid-base 
models (Plate, 2009).  Therefore to establish 
a grid-based prediction map, using the most 
influential and available PCD`s can be 
useful. Geographical information system 
(GIS) can be used to identify such risky 
spots by implementing and evaluating grid-
based distribution of selected PCDs. A 
complementary to this approach can be 
evaluation of the designed flood prediction 
map within similar watersheds. 

2.3. Roads and their effect on 
hydrology 
Roads and their related structures influence 
hydrological and morphological 
characteristics of a watershed, which directly 
or indirectly affect environment, ecosystem, 
and economy. Road constructions is 
amongst the most common land use 
alteration and physical changes in a 
watershed  that may result in transformation 
of natural regime of water (Jones et al, 2000; 
Wemple et al, 2001; Ziegler et al, 2007). 
Increase in peak flow and advanced time to 
peak are some of the consequences that are 
results of changes made by road topography. 

Road networks in a landscape enforce 
diverse alterations in natural regime of water 
flow (Fig. 3). It has been found that the 
presence of roads influences the peak flow 
magnitude (King & Tennyson, 1984; 
Wemple et al, 1996; Jones & Grant, 1996) 
and timing (Jones & Grant, 1996). 
Compaction works and road pavement 
construction cause changes to surface and 
near surface permeability, decrease in 
infiltration rate and the road surface 
drawbacks impermeable surface (King & 
Tennyson, 1984; Jones & Grant, 1996; 
Wemple et al, 2001). The preparation works 
and traffic pressure affects lateral sub-
surface flow (Dutton et al, 2005; Dahal et al, 
2008). Alterations made by road network in 
hydrological responses may be different due 
to type of construction works, road network 
configuration in hill slope, and 
geomorphologic properties of the area. 
Roads change contributing area of the 
watersheds by alteration in the topography 
and morphology of landscape (Fig. 4). 
Therefore, it is essential to consider the role 
of roads in evaluating hydrological response 
of watersheds. 
Effects of road network are more significant 
in hill slopes which are increase in frequency 
of landslides and soil erosion (Swanson & 
Dyrness, 1975; Nolan et al, 1995), increase 
in peak discharge (Jones & Grant, 1996; 
Thomas & Megahan, 1998), re-routing of 
water flow from hillslopes to streams 
(Montgomery, 1994; Jones & Grant, 1996; 
Wemple et al, 1996), extending the drainage 
network (Wemple et al, 1996; Merz & 
Bardossy, 1998), and synchronization of the 
flow contributed from road-made channels 
during storms with flood peak (Jones & 
Grant, 1996; Wemple, 1998). In the study 
done by Merz and Bardossy (1998) it has 
been shown that the agricultural roads under 
investigation had significant role in runoff 
generated from the catchment. They found 
that during extreme events in which the 
saturated condition are exigent, road 
embankments and ditches act as temporary 
streams. This will result in increased level of 
drainage density (total length of streams 
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divided by watershed area) that increases 
quick response of the watersheds. 
Sealing of the road surface and compaction 
works during construction and operation 
influence surface and near surface 
permeability and infiltration rate (King and 
Tennyson, 1984; Jones & Grant, 1996; 
Wemple et al, 2001). These phenomena 
result in resistance of road structure to water 
flow or flood wave also influences lateral 
sub-surface flow by increasing upslope pore 
pressure (Jones et al, 2000; Dutton et al, 
2005). 
Road location in a landscape and road-
stream network configuration affects the 
role of road network in alteration of alluvial 
and fluvial processes. Type and frequency of 
interaction between streams and roads are 
influenced by the position of the road 
structure on the hillslope (Montgomery, 
1994). Concentration of road-stream 
crossing in middle and lower hillslope 
positions supplies good criteria to evaluate 
interaction between road-stream networks in 

watershed scale (Wemple et al, 1996). 

2.4. Groundwater dynamics in the 
close vicinity of roads 
Knowledge about groundwater dynamics in 
the close vicinity of roads and factors that 
govern them is important from different 
perspectives. Such information is useful and 
vital for agriculture and forestry, ecology and 
environmental sciences and infrastructure 
management. Critical groundwater levels 
may have disadvantages for forestry and 
agriculture practices, ecological systems 
conservation, sustainable infrastructure and 
road pollution control. Groundwater 
dynamics is dependent to different intrinsic 
and extrinsic variables and modeling such 
complicated phenomena need a 
comprehensive knowledge of interaction 
between soil, plant, water and atmospheric 
factors. 
Factors that determine oscillations of 
groundwater in groundwater in soil can be 
categorized in two groups: 

Fig . 3 Examples of alluvial and fluvial processes that could happen on a forest hillslope 
road (re-drawn from Wemple et al, 2000) 
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1) Boundary conditions that govern inflow 
and outflow of water to the control volume 
2) Physical characteristics of the control 
volume in storing and exchange of water in 
the boundaries and porous media 
Infiltrations due to precipitation, snow melt 
and irrigation, evaporative demand from 
atmosphere and water uptake by roots 
(Graham & McDonnell, 2010), deep 
percolation through cracks in bedrocks 
constitute the first group of driving factors. 
Additionally, lower boundary conditions 
such as landscape topography, soil and 
bedrock features (McGlynn et al, 1999) and 
eventually any man made disturbance to 
natural landscape such as roads and drainage 
by pipes or ditches (Buchanan et al, 2013) 
are crucial to be considered in understanding 
subsurface hydrology. The second group of 
factors (i.e. physical characteristics) is 
strongly influenced by topographic position 
of the control volume in a landscape that 

defines the potential of the area in receiving 
water from surrounding boundaries (Freeze, 
1971; Anderson & Burt, 1978; Smith & 
Hebbert, 1983). Local bedrock topography 
and possible permeability of bedrocks also 
govern water fluxes in subsurface porous 
media (Freer et al, 2002; McGlynn et al, 
2002; Graham et al, 2010; Graham & 
McDonnell, 2010). 
Roads and their related infrastructures are 
among the most common man made 
alteration to landscape geomorphology i.e. 
lower boundary condition (Jones et al, 2000; 
Wemple et al, 2001; Ziegler et al 2007; 
Buchanan et al, 2013).  Those changes are 
due to alterations excreted to topography of 
landscape by road construction, changes in 
surface and subsurface water flow pathways 
because of transformation of soil 
characteristics and infiltration rate (e.g. 
Ziegler & Giambelluca, 1997; Wemple et al, 
2001; Tague & Band, 2001; Ziegler et al, 

Fig . 4 Construction of road in landscape changes upstream contributing area and 
increases drainage network which is dependent to the topography of the area and 
road characteristics. A-1 and A-2 shows upstream contributing area and natural 
drainage network for Haftersbol watershed in Värmland. B-1 and B-2 shows 
changes in the contributing area and drainage network due to existence of road in 
the same watershed. 
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2004; Dutton et al, 2005; Cuo et al, 2006; 
Ziegler et al, 2007; Buchanan et al, 2013). 
Decrease in permeability and infiltration rate 
of the surface and near surface result in 
resistance of road structure to water flow 
and flood wave and increase in the upslope 
pore pressure (Jones et al. 2000, Dutton et 
al. 2005) which is a driving factor for 
susceptibility to landslides (Dutton et al 
2005, Dahal et al 2008). 
Critical groundwater levels in the close 
vicinity of roads have disadvantages for the 
road structures. Stretches of the road 
structures that are perpendicular to natural 
gravitational flow paths increase resistance 
against natural alluvial and fluvial processes 
in hillslopes. Such a resistance may increase 
the groundwater level and excess moisture in 
the road that may enhance susceptibility of 
the roads to failure. Higher groundwater 
level and extra moisture in the road 
pavement reduces life span of materials and 
might provide a domain for physical 
damages (Birgisson & Ruth, 2003). 
Proper determination and definition of the 
two groups of factors (i.e. boundary 
conditions and physical characteristics) is an 
important step in modeling groundwater 
dynamics. Both groups constitute different 
types of heterogeneity and spatial variability. 
Hydraulic characteristics, soil and bedrock 
stratifications are spatially and plant 
characteristics are spatially and temporarily 
heterogeneous which makes it very difficult 
to consider single values for the influencing 
variables. Therefore an approach that might 
have the potential to implement a range of 
values might be an advantage. 

2.5. Groundwater, moisture and 
temperature dynamics in roads 
A road network can be evaluated as a 
sustainably performing structure if it is 
possible to predict long-term behavior of the 
road material. Moisture conditions and 
temperature changes are very important 
factors that influence life span of the road 
material and aggregates. Most parts of a road 
structure and surrounding environment are 
in partially saturated conditions that provide 
crucial mechanical characteristics and are 

very much dependent to the boundary 
conditions and changes in climatic driving 
forces. 
Existence of enough moisture in component 
soils and aggregates in roads is essential for 
rigidity and stability of the structure. Partially 
saturated conditions in soils and aggregates 
cause suction forces to exist within the pores 
and particles. Increase in moisture content 
as it gets closer to complete saturation has 
adverse effects on the road aggregates and 
material. Extra moisture in porous material 
reduces the shear strength and internal 
friction forces which in roads will result in 
reduction in rigidity of the aggregates and 
pavements. Reduction in the road rigidity 
has consequences such as raveling and 
stripping, and failure of asphalt (Huber, 
2005; Dawson, 2009). When it comes to 
temperature dynamics, extra moisture cause 
frost heaving when temperature is below 
zero and heat balance is suitable for freezing 
and thaw settlement when temperature is 
above zero. The effect of excess moisture in 
reduction of bearing capacity of pavements 
is considerably significant (Dawson, 2009). 
A large portion of problems and 
malfunctions that occur to road pavement 
and subgrade materials are due to extra 
moisture in the road frame and surrounding 
environment (Birgisson & Ruth, 2003). 
Temperature has significant effects on the 
performance of road pavement and 
foundations. Therefore the thermal state of 
a road is very important in terms of stability 
and durability of the pavement or 
foundation. Frost heaving and thaw 
settlement cause serious problems and 
damages to the road structure in the 
countries or regions with cold climate, 
critical freezing conditions and frequent 
precipitations. A thermal gradient that is 
affected by climate conditions such as air 
temperature, precipitating temperature and 
global irradiation enforces heat flux and as a 
result moisture fluxes in the road structure. 
A freezing thermal condition causes 
reduction in permeability of soil due to 
formation of ice in the flow pathways and 
between the pores and in some cases 
creation of ice lenses in the soil layers.  
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Boundary conditions define the amount of 
water entering a pavement or foundation 
structure. There are horizontal and vertical 
flows of water to the road structure. Vertical 
flow of water depends on the type and 
condition of surface layer (amount of joints 
and cracks), characteristics of the material 
used in the construction (shoulder, 
pavement, subgrade and subsoil), and 
natural and artificial drainage conditions. 
Horizontal flow of water to the road 
structure occur proportional to position of 
the road in hillslope and gradient of 
topography along the road structure. 
Therefore proper drainage system seems 
crucial to control the moisture content of 
road pavement and foundation. 

3. MATERIALS AND 
METHODS 

The methods in this study comprise two 
main sections each including several steps to 
achieve a better hydro-geological 
understanding of interrelations between 
roads and watersheds. 
The main sections can be categorized based 
on the study scales: 
1. Watershed scale methods (Paper I and 

II): 
a) Suggest a method to identify and 

quantify the so-called PCDs which have 
been assumed as the effective indicators 
of flood probability in watersheds 
upstream of the critical spots. (Paper I) 

b) Apply the identified descriptors in a 
probability method to allocate the 
critical spots prone to flooding and 
further development of the flood risk 
map based on the probability theory. 
(Paper I) 

c) Delineate and identify watersheds with 
similarities in the study area and 
synthetically removal of roads from 
topography to resemble a landscape 
before road construction (Paper II) 

d) Calculate the hydrology responses to the 
recorded and hypothetical storms in the 
study area in watersheds with roads and 
compare those results with watersheds 
without roads using a physically-based 

hydrological model (HEC-HMS). (Paper 
II) 

2. Road-section scale methods (Paper III 
and IV): 

This part of the study was done in two 
phases. One phase was to describe processes 
and boundary conditions governing critical 
groundwater levels in a hillslope in the close 
vicinity of a road by using a process-based 
model. In the second phase dynamics of 
moisture and temperature in a road structure 
were explored and modeled. Methods can be 
categorized as: 
a) To implement an uncertainty-based 

modeling approach to simulate 
groundwater dynamics in a hill slope in 
the close vicinity of a road (Paper III) 

b) To identify and describe the most 
influential parameters and boundary 
conditions and suggest an early warning 
system based on those criteria (Paper 
III) 

c) Investigate and explore the available data 
to identify and describe seasonality, 
similarity and extreme events in moisture 
and groundwater dynamics and its 
correlation to climate forcing factors 
(Paper IV) 

d) To model temperature and moisture 
dynamics in the study site implementing 
high resolution data from 2 groundwater 
wells, 2 moisture sensors and one frost 
detector sensor using a process-based 
model (Paper IV) 

e) Sensitivity analysis of the parameters 
included in the modeling (Paper IV) 

3.1. Study area and data 
Two study areas were the base for this 
thesis: one representing the watershed scale 
(Paper I and II) was located in Western 
Sweden in Värmland and one representing 
the road-section scale (Paper III and IV) was 
in Southern Sweden in Kronoberg County. 

3.1.1. Study area and data used in the 
watershed-scale study 
The case study examples were in the county 
of Värmland north of Karlstad City  
(Western Sweden) between Hagfors and 
Munkfors municipalities (Fig.5). This boreal 
forest region has slightly undulating 
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Fig . 6 Three storms with different intensities were implemented in the HEC-
HMS model. The bold line is the orig inal storm recorded on 4 August 2004. 
Dotted lines are designed hypothetical storms. 

Fig . 5 The first study area in the watershed scale study is identified by 
dashed lines, in which line-filles boundaries plus the plane-grey boundary 
represent the 10 watersheds in the paper I. The larger area illustrates 11 
additional watersheds (dotted boundaries) in the 2nd study (paper II) 
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landscape and elevation ranging from 62-475 
meters above sea level. Mixed coniferous 
forests (mostly needle leaf) are dominant 
land cover. Other major land covers in the 
area include grassland and agricultural land. 
Soil types in the area are mainly glacial till, 
some glacial river sediment and sand. 
According to Swedish Meteorological and 
Hydrological Institute (SMHI), this area has 
moderately cold climate with average 
monthly temperature ranging from -5 °C 
(minimum) in February to +15 in July 
(maximum). The average annual 
precipitation is 798 mm (1960-2011) with 
minimum and maximum 30 and 80 mm 
precipitation occurs in February and August 
respectively.  
Because the study was performed in two 
steps and due to available information at the 
time, two data sets were used in this 
research. The first one was a data set with 
the resolution of 50x50 m for elevation and 
25x25 meters for land cover and soil type 
(Fig.5). The second data set had the 
resolution of 2x2 m for elevation and the 
same resolution as the first for land cover 
and soil type (Fig. 5). The study areas were 
160 and 390 square kilometers for the first 
and second data set respectively. 
An intense rainfall in August 2004 that was 
recorded by two meteorological stations in 
the area was considered for the case study 
(Fig. 6). The SMHI gauging stations in the 
area were Råda and Sunnemo stations (Fig. 
5) that recorded 185 mm and 210 mm of 
rain respectively in 10 hours on 4 August 
2004. That heavy rain caused high level of 
water in road-stream crossings that ended in 
embankment failures and sever erosions 
along the roads (Eriksson, 2004; Magnusson 
et al, 2009). According to Eriksson (2004) 
and Magnusson et al (2009), numerous 
damages to both private and public roads 
observed in the area while only some of the 
watersheds had damages in road-stream 
crossings. 

3.1.2. Study area and data used in the road-
section scale study 
The data that is used in this study originate 
from a test site in Kronoberg County, 

Southern Sweden (Fig. 7, left). Installation 
of the measurement instruments was done 
in a section of the road 126 at Torpsbruk 
near the town Växjö (Fig. 7, right).  This 
area is distinguished by marginally raging 
landscape which is covered by managed 
coniferous and deciduous forests with 
spruce and pine as the dominant species. 
Average 50 years (1963-2013) yearly 
precipitation recorded in the area is 683 mm 
(SMHI). Records of 30 years meteorological 
measurements show that temperature in the 
area ranges from maximum +32 to 
minimum -21 (SMHI).  
Geological features of the site include 
shallow soil (up to 5 meters) constrained by 
underlying Svecokarelian (i.e. 
Smålandgranite) granitic and gneissic 
bedrocks (Swedish Geological Survey, 
SGU). Fractures and cracks in this type of 
bedrock are common characteristics. 
According to Bäckman (1987) and SGU, soil 
at the test location consist of mainly till with 
elements of glaciofluvial material in which 
upper layers are sandy-till and deeper layers 
are more fine-grained sandy-silty till. 
Coarse material (i.e. gravel with 2-20 mm 
size) were observed in sampling from the 
site which in some samples up to 12 % 
gravel were constituent of the soil 
(Bäckman, 1987). It was observed that till 
soils in the site were not homogenous but 
they were relatively assorted in multiple 
layers that might be subjected to major 
rearrangements (Bäckman, 1987). 
The road 126 is a two lane two-direction 
rural road, with 3.5 m width that has 0.5 m 
unpaved shoulder (Fig. 8). Layers of the 
road from top to bottom are hot mix asphalt 
concrete HMA (0.1 m), base course from 
crushed gravel (0.16 m), 0.3 m of sub-base 
from natural sandy gravel and the rest is 
subgrade material which is local sandy-silty 
till soil. After the construction, this road has 
been equipped with plastic filter drains in 
both sides that collect water and discharges 
to a 200 m long drainage pipes. The reason 
to utilize drainage system for the road was 
due to frequent observation of high 
groundwater level and wet embankments in 
some sections of the road (Bäckman, 1987). 
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To observe temperature, groundwater and 
soil moisture dynamics in different positions 
of the road, the test site was instrumented by 
7 groundwater tubes, 4 moisture probes and 
one frost detection sensor (Fig. 8). Data 
were measured from September 2009 to 
November 2012 and was read every 30 
minutes from groundwater tubes and 
moisture probes and every two hours from 
frost detection sensor. The measured data 
were registered in the data loggers that were 
installed in the test site. Volumetric moisture 
contents were measured at four depths i.e. 
0.3, 0.7, 1 and 1.3 meters below surface. 
Ground water pipes with two meters long 
were using pressure sensors to detect water 
level (Hansson et al, 2012). Frost detection 
sensor was measuring soil temperature every 
5 cm from the road surface up to 2 m below 
the road surface i.e. 41 points of 
measurements (Hansson et al, 2012). 

3.2. Identification and 
implementation of PCDs and 

probability theory in GIS-based 
method for assessment and planning  
PCDs were considered as the indicators of 
areas at risk of flooding along roads. Two 
categories of indicators were identified, and 
the results from those were compared in 
flooded and non-flooded watersheds using 
the data from the flooding event 2004. The 
two categories were classified based on: i) 
topographical, geometrical, geological and 
land-cover characteristics of upstream 
watershed, and ii) geo-morphological 
characteristics of the roads. The method can 
be subdivided in three steps: 
1. Identify and calculate PCDs in the test 

watersheds 
2. Statistical approach to select most 

influential PCDs using PCA (Principle 
Components Analysis) 

3. Calculation of statistical correlation 
between most influential PCDs using 
PLS (Partial Least Square) and 
evaluation of the results. 

Fig . 7 Location of the study site (right) at the road 126 in Torpsbruk which is located in 
the Sothern part of Sweden, Kronoberg County (left). 
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In the first step, the most influencing PCDs 
and road descriptors were identified and 
selected by reviewing different hydrological 
studies of watersheds. Among the 
topographical and geomorphological PCDs 
(category i), the most important and easily 
measurable PCDs were selected from a 
comprehensive literature review. Some of 

the road descriptors (category ii) also were 
chosen to account for the effects of road 
geomorphology on hydrology response in 
the selected watersheds. The criteria to select 
the PCDs and road descriptors were based 
on that they should have been widely used in 
the hydrological models and are easy to 
compute from available GIS data. 

Figure 8 General specification and instrumentation of the test site. Road surface is made 
of 10 cm of hot mix asphalt (HMA). Base course and subbase course are made of 
crushed gravel and natural sandy gravel with thickness of 0.16 and 0.3 m respectively 
(Figure up, modified after Hansson et al, 2012). Groundwater tubes (GW_K and GW_D) 
are installed on two sides and moisture sensors (ES1-ES4) and frost depth sensor are 
installed on one side of the road (Figure bottom). 
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The selected PCDs and road descriptors 
were estimated in 10 watersheds in the first 
study area in which four out of 10 
watersheds were flooded in the extreme 
storm event on Aug 2004. Locations of the 
road-stream crossings which experienced 
sever damages were identified based on the 
data from Eriksson (2004) and Magnusson 
et al. (2009). Upstream contributing areas of 
those locations considered as the test 
watersheds. Another six arbitrary watersheds 
in the neighborhood of -formerly 
mentioned- flooded ones were delineated 
with similar characteristics to evaluate and 
compare the PCDs.  
Topographical characteristics, soil types, 
road geomorphological properties, and land 
cover distributions (category i and ii) in the 
test watersheds were estimated from the 
available datasets. The information used in 
this step includes elevation data with 50 by 
50 m resolution, land cover and soil type 
distribution with 25 by 25 m resolution. 
From a total number of 25 intrinsic PCDs 
and 7 road descriptors, 20 PCDs were 
selected according to their importance in 
characterizing their effect on runoff 
generation. The primary maps used here 
were grid maps of the available data (DEM, 
soil type distribution and land cover data) 
that can quantify PCDs and road descriptors 
in each grid cell. 

3.2.1. Statistical approach to select most 
influential PCDs 
To extract the important information from 
the list of selected PCDs a principle 
component analysis (PCA) was applied. The 
PCA was used to extract the most 
descriptive variables from a set of inter-
correlated dependent variables. The new 
variables are called principle components 
that are internally uncorrelated and ordered 
by their importance in describing the total 
information. This method uses orthogonal 
transformation process (by making the least 
square distance to a cloud of points) to 
obtain values of principal components from 
a set of observation. The first principle 
component covers the largest possible 
variance in the data. Each subsequent 
principle component has the largest variance 

according to the axes that is orthogonal to 
the prior one. In each set of two 
perpendicular axes, the first component has 
the largest variance and the 2nd component 
has the 2nd largest variance. One substantial 
advantage of PCA is the scaling down the 
number of variables. This reduction in the 
components does not affect the overall 
information that is described by the 
variables. Unlike raw observations that are 
dependent and inter-correlated 
(consequently redundant), the principle 
components are not linearly correlated. 

3.2.2. Calculation of  statistical correlation 
between most influential PCDs using PLS 
The aim in this step is to create a model to 
describe the statistical correlation between 
independent variables resulted from PCA 
and response variables. The technique 
intended to use was partial least square 
(PLS) considering multi-collinearity of 
variables. The response variables are the 
incidence or absence of flooding in the road-
stream crossings in the study watersheds. 
PLS was used to predict a probabilistic 
model from explanatory variables (PCDs). 
Explanatory variables applied in PLS were 
the resulted components from PCA of the 
selected PCDs. 
Partial least square (PLS) is one way to do 
multivariate regression between two blocks 
of data (Wold, 1966, 1987; Wold et al, 2001). 
Typically the first block is the measurement 
of some variables and the second block is 
the property that we want to predict from 
the variation in the first block (Fig. 9).  PLS 
uses a combination of features from two 
statistical techniques: multiple linear 
regressions and principle component 
analysis. Thus the simple explanation of PLS 
can be a multi-linear correlation between 
principle components of the first block of 
data and the second block of data. Each 
block of data (a matrix) can be described by 
the score times loading of the matrix plus 
some residuals (Fig. 8). By knowing the 
scores and loadings we can calculate the 
actual estimation of each matrix. PLS 
develops a model in such a way that each 
score in X (tn) has the maximum covariance 
with the peer score in Y (un). This means that 
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we can predict for example the first score in 
Y from the first score in X. The equations 
can be defined as following: 
 'X T C E= × +     (1) 
 'Y U Q F= × +     (2) 
where X and Y are matrices of IxJ and IxK 
dimensions which are the first and second 
blocks of data. T is X-scores and C is X-
loading. Likewise U and Q are Y-scores and 
Y-loading respectively. E and F are the 
matrix of residuals for X and Y respectively. 
Cˈ and Qˈ are transpose matrices of C and 
Q. 
In this study, the selected PCDs form the 
first data block (X) and incidence and/or 
absence of flooding forms the second data 
block (Y). The X matrix is called predictors 
and the Y matrix is responses. By defining 
the X-scores, Y-scores and consequently Y 
matrix (response variables) can be predicted. 
Inherent inner relationship between X-
scores and Y-scores can be represented by 
defining a coefficient such as b in which: 

 n n nU b t= ×     (3) 

where tn is a X-score, un is a Y-score and bn  
is the coefficient of correlation. Equation (2) 
is modified by applying equation (3) as 
following in which B is the matrix of 
coefficients:  
 'Y T B Q F= × × +    (4) 
The resulted regression equation from PLS 
can then be applied in a probability equation 
to quantify the contribution of each 
independent variable to incidence/absence 
of flooding. Thus: 

 1 1 2 2 ...i o i iP x x xβ β β β= + + + +  (5) 

where Pi is probability of flooding, β0 is the 
intercept, β1, β2, …, βi are regression 
coefficients (resulted from PLS) and x1, x2, 
…, xi are independent variables. 
In the final step, the probability of flooding 
(occurrence) for road-stream crossings 
calculated by using the equation (5). This is 
done by multiplying the regression 
coefficients from the equation (5) by the 
PCDs resulted from PCA. The values then 
applied in GIS by adding the variables to 

estimate the flood probability where a road 
culvert exists. 
Leave-one-out cross-validation (LOOCV) 
technique used to test the performance of 
the predictive modeling method. LOOCV 
utilizes a single sample (observation) to 
validate the remaining samples (training 
data). The method is repeated such that each 
sample in the dataset is once utilized to 
validate the remaining samples. The 
procedure applied in this stage to test the 
validation of the flood probability values. 
Therefore each watershed was excluded 
from the model once then based on the 
remaining samples new coefficients were 
derived and applied in the probability 
equation (Pi) for the excluded catchment. 

3.3. Estimating the role of road 
topography on the alteration of 
hydrological responses  
In this part of the study a method developed 
to estimate the effect of roads on hydrologic 
response of watersheds to storms with 
different intensities. A physically-based 
hydrological model that can take the 
topography of road network into account is 
a useful tool. The outcomes of the model 
are time series data that can explain the 
watershed’s main stream behavior. Statistical 
approaches engaged to analyze the 
hydrologic responses of the watershed. The 
method consists of several steps: 
1. Delineation of watershed in the study 

area 
2. Synthetically removing roads from the 

topography using digital elevation model 
3. Hydrological modeling of delineated 

watersheds (with roads and without 
roads) by implementing storms with 
different intensities 

4. Analysis of the outcomes from 
hydrological modeling utilizing FDCs 
and L-moment ratios 

In the first step a total number of twenty 
watersheds were delineated in the study area 
(Fig. 5) using the ArcHydro which is an 
extension to ArcGIS (ESRI). The criteria to 
choose those watersheds were similarity in 
land use, closeness, and diversity in shape 
and area with different total length of roads 
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passing through them. For this purpose 
major streams in the study area identified 
and their intersection with main roads were 
distinguished. The upstream contributing 
areas to those spots were recognized as test 
watershed by using ArcHydro. In the case 
study watersheds, majority of the watershed 
outlets are close to road-stream crossings. 
In all the watersheds there were different 
types of roads with various width and 
utilization. Roads were classified based on 
the operation and width to two groups of 
main roads and other roads. To investigate 
the influence of roads on outflow, roads 
were removed from the digital elevation 
model (DEM). This process was done by 
removing the roads topography from DEM 
and interpolation of missing values. The 
resulted DEM approximately resembles the 
natural landscape before road construction. 
The transformed DEM was used to 
delineate watersheds considering the same 
outlet as the previously delineated watershed 
in the same location. The resulted new 
watersheds employed in HEC-HMS 
modeling with the same storms. 
A simple physical based model employed to 
investigate the effect of road network on 
hydrologic response. HEC-HMS 

(Hydrologic Engineering Center- Hydrologic 
Modeling System) was chosen to model the 
effect of road topography on hydrologic 
responses to the storms, based on the 
assumption of roads being operant factors. 
HEC-HMS applies deterministic 
mathematical modeling to compute runoff 
volume from a watershed by considering 
processes included in a hydrological cycle 
(USACE, 2000a; USACE, 2000b). 
The Hydrologic Modeling Systems (HEC-
HMS) is a useful tool to simulate the 
precipitation-runoff processes in response to 
the recorded and hypothetical storms 
(USACE, 2000b; Knebl, 2005). This 
program which is a generalized modeling 
system is capable of producing hydrographs 
from various types of watersheds and 
climate conditions (Cunderlik & Simonovic, 
2005; Fleming & Neary, 2004; Neary et al., 
2004; Haberlandt et al., 2008). HEC-HMS 
uses different modules to simulate processes 
that are entailed in the primary structure of 
runoff modeling in a rainfall event (Fig. 10). 
The components necessary for hydrological 
modeling of a storm event in HEC-HMS 
are: hyetograph, loss model parameters and 
transform model parameters (USACE, 
2000b). 

Fig . 9 Diagram describing PLS. X is the matrix of explanatory variables, Y 
is the matrix of responses, T and U are X-scores and Y-scores respectively. 
E and F are residuals. C and Q are the loadings for matrices X and Y 
respectively. Each X-score (tn) is correlated to a peer Y-score (un) by a 
coefficient (bn) 
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SCS curve number method (USDA NEH-4, 
1956, 1986, 2004) was selected to compute 
runoff volume by evaluating infiltration rate 
and surface runoff losses. Curve number is a 
product of soil properties, land cover 
characteristics and watershed features that is 
used for computing losses due to infiltration 
and surface roughness. This method is 
suggested for distributed event-based 
simulations (USACE, 2000b). Calculation of 
excess runoff is based on the curve number 
of each cell and the distance of the cell to 
the outlet: 
 ( ) ( )( )2 /e a aP P I P I S= − − +  (6) 

where Pe is accumulated precipitation excess, 
t is time, Ia initial loss and S is potential 
maximum retention. Potential maximum 
retention is a function of CN: 

 ( )25400 254 /S CN CN= −  (7) 

Method to compute direct surface runoff 
was Soil Conservation Service (SCS) Unit 
Hydrograph which is suitable for event 
based models (USACE, 2000b). This 
method which is a parametric unit 
hydrograph (UH) model is based on the 
average of dimensionless UHs from large 
number of watersheds that varied in physical 
and geographical characteristics (USDA 
NEH-4, 1956, 1986, 2004). Due to its 
simplicity and various applications, this 
method is widely used and adopted for many 
regions. Time to peak and the peak 
discharge of the UH are computed as 
following (ASCE, 1996): 
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where Qp is peak runoff (m3/s), C equals to 
2.08 (SI unit), A is watershed area (km2), Tp 
is time of rise (hour), Tr is rainfall duration 
(hour) and Tl is lag time (hour) that is 
calculated from Tc (time of concentration) 
as: 

 0.6 l cT T=      (10) 

River routing method used in this simulation 
was Muskingum-Cunge standard section to 
model channel flow (more detailes in e.g. 
Cunge, 1969; Kousis, 1978; Ponce, 1978). 
When there is no observed data available, 
Musking-Cunge routing method is a suitable 
technique (USACE, 2000b). The method 
uses the continuity equation and the 
diffusion form of the momentum equation 
(Cunge, 1969; Miller and Cunge, 1975; 
Ponce, 1978; USACE, 2000b).  
An extreme storm that resulted in the 
wrecking floods on 4 August 2004 was 
recorded in the SMHI gauging stations 
(Sunnemo and Råda) located in the study 
area (Fig. 5). The intense rainfall ended in 
washed away roads; sever embankment 
failures, erosions along roads, and damages 
to public and private properties (Eriksson, 
2004; Magnusson et al, 2009). Based on that 

Fig . 10 Schematic of rainfall-runoff 
processes included in the event based 
model and the parameters governing 
mainly the losses of water from the 
system and those that have an impact on 
the rate of flux within the system 
(USACE, 2000b). The components that 
have used in this study are confined in 
the dashed-dotted line. 
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storm two other hypothetical storms 
designed with half and double intensity of 
the recorded precipitation to investigate the 
hydrological responses to different storm 
intensities (Fig. 6). It was assumed that the 
precipitation was uniformly distributed in 
the area with the same depth as it was 
recorded in the gauging station. 

3.3.1. Analysis of  the hydrographs using flow 
duration curves and Linear Moment Ratios 
In the following method, flow duration 
curves (FDCs) produced from the results of 
hydrological modeling and further 
investigated by using linear moment ratios 
(L-Moments) analysis. Flow duration curve 
(FDC) is widely used to analyze discharged 
flow from a watershed to understand the 
stream behavior and characteristics of that 
watershed. FDC first introduced by Foster 
(1924, 1934) and until now has had various 
application in hydrological studies. FDCs are 
applied in analysis of flow regimes in un-
gauged watersheds (e.g. Hughes & 
Smakhtin, 1996), water resources 
management (e.g. Alaouze, 1989), estimate 
the allowed discharge of contaminants to 
streams (e.g. Male & Hogawa, 1984), and 
many other studies. This method that is a 
complimentary to the cumulative 
distribution function of flow in a stream was 
produced for the complete period of 
simulated discharge. 
Linear moment ratio estimators (L-moment 
ratios) that are analogous to conventional 
moment ratios applied to describe the shape 
of the FDCs. L-moment ratio diagrams are 
widely used in analysis of flow data and 
prediction of stream flow especially in un-
gauged basins (Asquith, 2002; Castellarin et 
al, 2004; Archfield et al, 2007; Castellarin et 
al, 2007; Booker & Snelder, 2012). The 
advantage of using L-moments is that this 
method is nearly unbiased for small (n≤100) 
samples (Vogel & Fennessey, 1993). This is 
due to the linear properties of L-moments 
ratios. L-skewness (τ3) and L-kurtosis (τ4) 
used to explain the distribution of skewness 
and peakedness of the FDCs. 
To define L-moments, probability weighted 
moments (PWMs) should be described: 

( )
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where stream flow data  x(j) is ordered from 
the smallest observation  x(n) to the largest 
observation  x(1) and r indicates the order of 
moments. From the equation (11), the first 
four L-moments for any distribution are 
calculated from PMWs: 
 1 0 λ β=      (12) 

 2 1 02  λ β β= −     (13) 

 3 2 1 06 6  λ β β β= − −    (14) 

 4 3 2 1 020   30 12   λ β β β β= − + −  (15) 

Analogous to the product moment ratios, 
the first four L-moments ratios (λr) can be 
defined for r =1,..,4 as (Hosking, 1990): 
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= ≡ −    (17) 
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4

2

  L kurtosisλτ
λ

= ≡ −   (18) 

Normalized FDCs were constructed from 
the time series data (hydrograph) results of 
HEC-HMS modeling for all the watersheds 
in response to the three storms. L-skewness 
and L-Kurtosis were computed for the 
FDCs and their measure of variation 
investigated in box and whisker plots. 

3.4. Modeling groundwater, 
moisture and temperature dynamics 
in the road-section scale  
To model groundwater, moisture and 
temperature dynamics in the road and its 
close vicinity, CoupModel which is a 
process-based model was used (Jansson & 
Moon, 2001). This model simulates coupled 
water and heat processes in on-dimension 
(capable to expand to 2-dimension) by 
implementing climatic driving factors, snow 
dynamic, soil properties and plant 
parameters. CoupModel model is capable of 
simulating water and heat flow in different 
soil types and land covers (Jansson & 
Haldin, 1979, 1980; Jansson & Gustafsson, 
1987; Johansson, 1987; Lundin, 1989; 
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Thunholm et al, 1989; Espeby, 1991; Stähli 
et al, 1996; Jansson, 1998). 
The model basically solves Richards’ 
equation (Richards, 1931) and Fourier’s heat 
equation considering laws of conservation of 
mass and energy in a system.  Therefore a 
control volume for each part of the study 
was considered and appropriate boundary 
conditions were defined (Fig. 11). 
Meteorological data from a nearby SMHI 
station (Växjö Station, Fig. 7) were 
implemented as the inputs to the model. 
The climatic data include hourly wind speed, 
precipitation, humidity, global irradiance 
(short wave radiation) and air temperature. 
The processes that were taken into account 
in the simulation of groundwater, moisture 
and temperature dynamics are described 
subsequently in the relevant sections. 
In the study of groundwater dynamics in the 
close vicinity of road (paper III), 
evapotranspiration form plants, water 
uptake by roots, evaporation from soil 
surface, snow and interception, snow 
dynamics, drainage and deep percolation, 
and horizontal inflow and outflow of water 

in soil layers were considered (Fig. 11). In 
paper IV evaporation from soil surface, 
snow dynamics, drainage and deep 
percolation and horizontal inflow and 
outflow of water were the main processes 
involved in the simulation (Fig. 11). 
Refreezing/melting of water in porous 
material which might occur due to freezing 
temperature in the soil layers was considered 
in both studies. 

3.4.1. Drainage and deep percolation 
Drainage, deep percolation and seepage are 
important boundary conditions in these two 
studies that govern the amount of inflow 
and outflow of water to the system. 
Drainage through the road drainage pipes 
was calculated by using Hooghoudt drain 
distance equation (Hooghoudt, 1940). 
Fractured bedrock at the site might provide 
domains for seepage flow through cracks. 
Deep percolation which is a function of the 
conductivity of the lowest layer, 
groundwater depth and geometrical 
characteristics of the parallel drainage was 
considered as the other lower boundary 
conditions. Road drainage systems were 

Fig . 11 Schematic shows processes involved in the simulation of 
groundwater, moisture and temperature dynamics for the control volumes. 
Solid-line frame and dashed-line frame contain processes considered in 
paper III and paper IV respectively. Blue and red arrows represent water and 
heat fluxes respectively. 
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manipulated (closed) in the period 7 June 
2011 until 15 September 2011. Therefore an 
extra boundary condition added to second 
part of the study (paper IV) in which 
groundwater levels were considered as the 
lower boundary to cover the changes in the 
drainage level in the control volume. 

3.4.2. Soil water processes 
Basis for calculation of water flow in soil 
was Richards’ equation which is the 
modified Darcy’s law for flow of water in 
unsaturated soil. To better estimation of the 
relationship between water content and soil 
water potential, water retention parameters 
from Brook and Corey (1964) model were 
taken into account in the simulations. 
Mualem (1976) function was used to 
calculate unsaturated hydraulic conductivity 

of different soil layers. Horizontal flow rate 
in soil columns was considered which, is the 
function of groundwater level in the control 
volume, geometrical characteristics of 
horizontal soil element, and physical 
drainage.  

3.4.3.  Soil evaporation and snow dynamics 
In the study area (Torpsbruk in Kronoberg, 
Fig. 7) that experiences cold winters and wet 
summers, complicated heat processes occur 
due to soil evaporation, snow 
melting/refreezing, and ice formation in the 
soil. Such processes control infiltration rate, 
capillary rise and evaporation rate from soil 
and snow. Rate of heat flow in soil is 
formulated as the energy balance for water 
(liquid and vapor) and heat fluxes by 
calculating the sum of conduction and 

Fig. 12 Location of the groundwater tubes upstream and in the close vicinity of the 
road (Up). GWT1 was in the forest and GWT2 was at the edge of the cut slope and 
was covered by grass. Four different vertical profiles (5 m depth) were assumed for 
the geological stratifications of the test site (Bottom) in which the first two layers 
on the top are till soil with high organic matter (up to 0.5m depth). VP1 and VP2 
are confined with the fractured bedrock as the lowest layer. VP1 and VP3 have 5 
geological layers while VP2 and VP4 have 4 and 3 geological layers respectively. 
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convection. Radiation was considered in the 
calculations of heat balance for the soil and 
road surface by considering sum of the 
latent heat flux, sensible heat flux and heat 
flux to the soil. 
Heat flux by vapor might occur considerably 
in the upper layers of the soil especially in 
the uppermost layers of the road including 
pavement, base course and subbase material 
(paper IV). Snow precipitation and 
formation of snow mass are correlated to 
thermal conditions and energy balance of 
the system. Snow precipitation is depending 
on the local air temperature. Snow melts and 
refreezing of liquid water are results of snow 
temperature change, latent heat of water, 
snow surface heat flux and heat flux 
between snow and soil also heat content of 
precipitation. Iterative solution of energy 
balance method (Jansson & Moon, 2001) 
was used to calculate evaporation from soil 
surface and snow. Net radiation of the soil 
surface as the function of latent heat flux, 
sensible heat flux and heat flux to the soil 
was calculated in this energy balance method 
to estimate soil evaporation. 
Ice formation and melting of ice frequently 
happens in soil layers during winter time that 
has consequences on the hydraulic 
characteristics of soil. According to the 
measured temperature data at the site, frost 
formation might have happened up to 1.15 
m depth in the soil. Therefore consideration 
of ice formation in lower soil layers seemed 
crucial. Flow of water in pores and voids will 
be affected by shifts in the phases of water 
when freezing condition exists. Ice 
formation which is dependent on the pore 
structure and the interface of ice and liquid 
water alters saturated and unsaturated 
hydraulic conductivity and surface tension 
forces. To investigate such phenomena 
parameters that describe refreezing/melting 
of water in soil were added to the 
simulations. 

3.4.4. Evapotranspiration and interception by 
plant canopy 
In the study of groundwater dynamics 
(paper III), one of the groundwater tubes 
(GWT1) was in the forest covered by trees 

while the other one (GWT2) was out of 
forest covered by grass (Fig. 12 Up). Water 
balance in these spots is more complicated 
than just the road system. Water flux in the 
system is the sum of evaporation from 
canopy, transpiration, evaporation from soil 
and infiltration. Part of precipitation will be 
remained on the canopy of trees and plants 
in which it will be divided to through fall 
and evaporation from canopy. Infiltration to 
the soil is the sum of through fall and direct 
precipitation subtracting the amount of 
water evaporated from the soil and snow. 
Transpiration occurs through vaporization 
of liquid water contained in the plant tissues 
to the atmosphere. Transpiration rate is 
influenced by shortwave radiation, 
atmospheric vapor pressure and available 
soil moisture for plant uptake. 

3.4.5. Modelling approach and 
parameterization in groundwater dynamics 
simulation 
To investigate groundwater dynamics in two 
groundwater tubes (GWT1 and GWT2) in 
the close vicinity of the road with a 
functioning drainage pipes (fig. 12 up), an 
uncertainty-based approach was selected. 
Geological features and soil textures and 
stratification in the test site have been briefly 
investigated by Bäckman (1993) but detailed 
geological information at the places of the 
groundwater tubes was not available. 
Therefore, to explore uncertainties in the 
presumptions of lower boundary conditions 
few more soil stratification assumptions 
were added to the observed geological 
information (Fig. 12 bottom). Four vertical 
profile of different geological stratifications 
assumed in which profile VP1 (Fig. 12 
bottom) is the most similar to the 
observations at the site. In all the four 
profiles, the first two layers on the top are 
soils with high organic matter. Other soils 
from the top to the bottom are till soils with 
different textures which two of the profiles 
(VP1 and VP2) are confined by bedrock as 
the lowest soil layer and two profiles (VP3 
and VP4) are confined by soil with low 
permeability as the lowest layer. 
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A total of 28 parameters (Table 1) that were 
expected to be influential in describing 
groundwater dynamics in the assumed 
vertical profiles (VP1-VP4) were engaged in 
GLUE calibration method (Beven & Binely, 
1992; Beven, 2006) and implemented in the 
simulations. To consider the uncertainties 
due to spatial heterogeneity in the system, a 
range of values were assigned to the 
parameters (Table 1). The feasible ranges of 

soil characteristics were adopted from the 
studies on similar hydrogeological 
conditions (Johansson, 1987; Bäckman, 
1987; Kätterer et al. 2006; Lundmark & 
Jansson, 2009). Uncertainty analysis were 
performed by using Monte Carlo random 
sampling from uniform distribution of the 
parameters in total of 50,000 simulations for 
each assumed soil vertical profile and each 
groundwater tube. 

Table 1 Parameters and ranges that were applied in the simulations. 

 Parameter 
 

Description 
 

Prior Value 
Min Max 

 
DrainLevel 

GW1 
Level of drainage in soil 

-3.4 -2.95 

GW2 -3.7 -3.3 

DrainSpacing 
 

GW1 Distance between the spot and 
drainage 

14 22 

GW2 2 8 

DrainLevelLowerB Lower boundary drainage 

 

-30 -9 

DrainSpacingLowerB Lower boundary drain distance 100 750 

GWSourceFlow slope contribution 1 9 

 AscaleSorption Bypass rate of soil model layers 

 

0.2 3 

InitialGroundWater GW1 
Initial groundwater level 

-3.3 -3.05 

GW2 -3.7 -2.9 

Lambda Pore size distribution (SWRC*) (Paper III, Table 2) 

Air Entry Air entry (SWRC) (Paper III, Table 2) 

Saturation Porosity (SWRC) (Paper III, Table 2) 

Total Conductivity Hydraulic conductivity (Paper III, Table 2) 

n Tortuosity Tortuosity (Paper III, Table 2) 

 MeltCoefAirTemp kg/cm2day 

 

2 4.5 

 OnlyRainPrecTemp Threshold for rain precipitation 

 

2 4.5 

 OnlySnowPrecTemp Threshold for snow precipitation 

 

-2 -0.5 

 EquilAdjustPsi Vapor pressure 0.5 2 

 MaxSoilCondens maximal allowed condensation 50 450 

 WindLessExchangeSoil Turbulent exchange bare soil 0.1 0.6 

 AlphaHeatCoef Heat coefficient- water refreeze 1000 6000 

 HighFlowDampC coefficient high-flow domain 5 60 

 LowFlowCondImped Decrease in conductivity 4.5 8.9 

 CritThresholdDry Reduction potential water uptake 500 5500 

 
Canopy Height 

GW1 Plant canopy Height 10 22 

 GW2 0.05 1.5 

 Conduct VPD  Vapor pressure deficit-plant 750 5000 

 Conduct Max GW1 Maximal conductance of a fully 
open stomata 

0.002 0.2 

 GW2 0.01 0.2 

 
Leaf Area Index (LAI) 

GW1 
Leaf Area Index (LAI) 

2 7 

 GW2 0.1 4 

 
Root Depth 

GW1 
Plant root depth distribution 

-1.5 -0.5 

 GW2 -1 -0.1 

*SWRC: Soil-Water Retention Curve (Brooks & Corey, 1964) 
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Lowest possible Root Mean Square Error 
(RMSE) of the time cumulative mean of 
residuals was considered as the model 
performance criteria for each set of the 
simulations and results were compared 
between soil profiles to identify the best 
performing vertical profile. Posterior 
distributions of the parameters were 
constrained to 100 best performed 
simulations and the results were explored 
and discussed. 

3.4.6. Modeling temperature and moisture 
dynamics in the road section 
In this study (Paper IV), the first step was to 
explore and describe variations in the 
volumetric moisture content and 
temperature data in different seasons and 
conditions. The dataset that is used in this 
study is exquisite in terms of high resolution 
data covering interesting events such as 
periods of not-draining condition, storm 
events, and freezing/melting phenomena. 
Not-draining condition created manually to 
assimilate a road without sufficient drainage 
system from 7 June 2011 to 15 September 

2011. Correlations between changes in the 
drainage and climatic conditions and water 
content of the soil layers in the road are 
compelling. 
Data from two groundwater tubes (GW_D1 
and GW_D2 in Fig. 13) was used as the 
lower boundary to cover changes in drainage 
level due to manually closure of the road 
drainage pipes in the period 7 June 2011 to 
15 September 2011. Simulations of moisture 
and temperature dynamics were performed 
for 2 spots of the control volume (Triangles 
with numbers 1-2 in Fig. 13) and the results 
–in 4 depths- were evaluated by measured 
data from ES1 and ES3 and frost detection 
sensor. 
Different processes were considered in the 
simulations. Solid blue line represents 
groundwater level when drainage pipes are 
open and dashed blue line shows 
groundwater level during closure of drainage 
pipes (Fig. 13). Snow precipitation or ice 
formation occur in freezing temperature and 
processes such as evaporation from soil and 
snow, infiltration due to precipitation and 

Fig. 13 Schematic of the installation in the test road 126 and the set up that was used in 
the CoupModel for simulation of moisture and temperature dynamics. 
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snow melt might happen (Fig. 13.a). Frost 
conditions might cause ice lenses in the 
frozen or partially frozen soil (Fig. 13.b). 
In the frozen soil, all the water in soil freezes 
and makes ice lenses while in the partially 
frozen situation, ice formation occupies part 
of the pores spaces and ice is mixed with 
liquid water. Partially frozen soil provides 
two domains for flow of water (Fig. 13.b, 
after Stähli et al, 1999): “high flow domain-
HFD” (white areas in Fig. 13.b) and “low 

flow domain -LFD” (blue areas in Fig 13.b). 
Figure 13.c represents processes that might 
occur in the road pavement and foundation.  
A fraction of precipitation infiltrates to the 
base course, subbase and lower layers 
through the holes and cracks in the asphalt. 
Capillary flow and vapor flux might happen 
in the layers below the road surface and 
through the asphalt to the atmosphere. 
To model moisture and temperature 
dynamics for each control volume (Fig. 13), 

Table 2 Parameters and ranges utilized in the simulation of groundwater dynamics in the close vicinity of road. 

  Parameter 
 

Description 
 

 Prior Value 
 Min Max 

 DrainSpacing 
 

Distance between the measurement spot and drainage 
 

0.5 2 

DrainLevelLowerB Lower boundary drainage 

 

-30 -10 

DrainSpacingLowerB Lower boundary drainage distance 100 500 

 AscaleSorption Bypass rate of soil model layers 

 
0.2 3 

Air Entry1** 
Air Entry 2 
Air Entry 3 
Air Entry 4 

Air entry (SWRC*) 
3 
6 
6 
6 

8 
14 
14 
14 

Lambda1** 
Lambda 2 
Lambda 3 
Lambda 4 

Pore size distribution (SWRC*) 

0.25 
0.2 
0.2 
0.2 

0.6 
0.55 
0.45 
0.4 

Saturation 1** 
Saturation 2 
Saturation 3 
Saturation 4 

Soil porosity (SWRC*) 
40 
35 
30 
20 

60 
55 
50 
40 

Total Conductivity 1** 
Total Conductivity 2 
Total Conductivity 3 
Total Conductivity 4 

Hydraulic conductivity 
1000 
1500 
300 
100 

3000 
3500 
1100 
700 

 PrecA0Corr Rainfall correction factor 0.5 2 

 PrecA1Corr Snowfall correction factor 0.08 0.8 

 MeltCoefAirTemp Temperatue at which snow starts to melt 

 
2 4.5 

 OnlyRainPrecTemp Threshold for rain precipitation 

  

2 4.5 

 OnlySnowPrecTemp Threshold for snow precipitation 

 

-2 -0.5 

 EquilAdjustPsi Vapor pressure 0.5 2 

 MaxSoilCondens maximal allowed condensation rate-uppermost layer 50 450 

 WindLessExchangeSoil Minimum turbulent exchange coefficient - bare soil 0.1 0.6 

 AlphaHeatCoef Heat transfer regulating water refreeze 1000 6000 

 HighFlowDampC coefficient high-flow domain 5 60 

 LowFlowCondImped Decrease in unsaturated conductivity- Freezing 4.5 8.9 

 MaxSurfDeficit Soil surface resistance and vapor pressure- Min -3 -1 

 MaxSurfExcess Soil surface resistance and vapor pressure- Max 0.5 2 

 FreezePointFWi Freezing temperature function 0.1 0.7 

 FreezStartTemp Correction of freezing temperature of water in soil -3 0 

 MinimumCondValue minimum hydraulic conductivity 1e-8 0.1 

*SWRC: Soil-Water Retention Curve 
** Soil model layers set up used in the simulations from the surface to the lowest layer 



Alireza Nickman TRITA LWR PhD Thesis 2016:06 
 

26 

a range of subjectively chosen parameters 
(Table 2) were implemented in GLUE 
calibration method (Beven & Binely, 1992; 
Beven, 2006). From a total of 35000 
simulations, 100 models were constrained by 
highest possible coefficient of determination 
(R2) and lowest range of mean errors (ME) 
and posterior distribution of the parameters 
were analyzed and discussed. 

4. RESULTS 
4.1. Results from GIS-based 
methods and statistical approach in 
flood probability mapping 
Concerning total 47 intrinsic PCDs, road 
topographical descriptors and 
meteorological variables, which were 
collected through the literature review, 18 
PCDs and 6 road descriptors, were selected. 
According to well-described reports by 
Eriksson (2004) and Magnusson et al (2009) 
about the flooding event in Western Sweden 
on August 2004, the selected PCDs were 
computed in 10 flooded and non-flooded 
watersheds. The resulted PCDs were 
quantified and compared between the 
flooded watershed and non-flooded 
watershed.  
Principle component analysis was done and 
the results of PCA described the principal 
components that explain about 75% of total 
variation. Using the Kaiser Criterion (Kaiser, 
1960) four factors were chosen as the 
candidate PCDs and retained. The Scree test 
(a technique to specify the number of 
factors to keep in a PCA) was carried out to 
estimate the number of components that 
should be retained to explain maximum 
possible variance. Results of the Scree test 
showed that 3 first principal components 
described 34 %, 21% and 19% of total 
variation, respectively. Factors related to 
topography, road and geometry of 
watersheds were related to the first 
dimension which included watershed 
elevation, total channel length, topographic 
wetness index (TWI), road density, and 

watersheds area/length/perimeter (Table 2, 
Paper I). 

Some other factors such as sand and rock 
(soil types) and agricultural land (land cover) 
had high loadings in the first dimension. 
Variables from soil type and land cover 
group were more represented in the 2nd 
dimension while soil types showed the 
highest representation in the 3rd dimension 
(Table 2, Paper I). 

PCA method showed the advantage of 
clustering redundant variables while 
retaining the total information described by 
all the variables. This meant the variables in 
the same cluster had similar impact on the 
PCA. Therefore the informative 
characteristics of a cluster could be retained 
by keeping a variable in the cluster and 
excluding the rest. Thus by screening the 
principle components PC1 and PC2 the 
clusters of redundant PCDs identified and 
investigated. The variables in a cluster 
indicate an interrelationship that is  
reasonable according to their similarity in 
describing physical characteristics. The 
following clusters identified and one variable 
was chosen from each cluster as following: 
- TWI from the cluster of watershed 

length, watershed perimeter, watershed 
area, TWI and total channel length 

- Road density from the cluster of road 
density and built-up areas and roads 

4.1.1. Flood probability mapping at roads 
The results from PLS method applied in the 
prediction model demonstrated that the 
topographic wetness index was the most 
influential single factor to explain the risk 
for a flood hazard (Equation 5, Paper I). 
According to the results, the coefficient of 
each PCD (explanatory variable) in the 
equation describes the weight of that 
variable in contributing to flood probability 
(response variable) in a particular point. It is 
worth noting that the positive and negative 
regression coefficients explain the influence 
of that variable in increase or decrease in the 
probability of flooding respectively.  
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The resulting probability for the watersheds 
showed a clear variability pattern. The 
results indicated high probability of flooding 
for the locations that was reported as 
flooded (Backa, Haftersbol, Prästbol, Ås 
watersheds) in the event 2004. The average 
probability of flooding for the reported 
locations was 96% compared to 6% for the 
non-flooded locations. The results from 
LOOCV indicate that the model performed 
well for all samples by estimating the average 
91% and 21% probability of flooding for 
flooded and non-flooded watersheds 
respectively. 

4.2. Estimating the role of road 
topography on the alteration of 
hydrological responses 
The responses of the test watersheds to the 
three storms (Fig. 6) were simulated in 
HEC-HMS. Six hydrographs resulted for 
each watershed from utilizing the three 
storms in the hydrological modeling of the 

test watersheds with road and without road 
conditions. For better comparison of the 
outcomes between watersheds, the resulted 
hydrographs were normalized by dividing 
the discharge rate values by the area of the 
watersheds. In general the effect of roads on 
hydrologic responses of the watersheds was 
not significantly large that could be 
substantially depicted in the hydrographs. 
Therefore, to better understanding of the 
hydrological behavior of the watersheds and 
capture the differences in the responses, 
flow duration curves were produced and 
illustrated. Figure 14 illustrates the resulted 
hydrographs and FDCs for one of the 
watersheds (test watershed 12). The results 
demonstrate the increase in normalized 
discharge rates of the watershed both with 
increase in the storm intensity and with 
existence of road in the watershed (Fig. 14 
Up). Figure 14 (bottom) shows FDCs for 
the test watershed 12 that demonstrates with 
the same probability of exceedance outflow 

Fig. 14 Normalized hydrographs for the test watershed 12 (up) in 
response to the three implemented storms were used to calculate FDCs 
for the same watershed (bottom). In the graph RWS stands for 
watershed with roads and WS stands for watershed without roads and 
coefficients of “x” represent the storm intensity. 
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rate of the watershed with roads is higher 
than the outflow rate in no-road condition. 
Additionally it shows increase in outflow 
rate with increase in storm intensity. 
The FDCs for each hydrograph were made 
and results showed differences in the 
probability of exceedance and outflow rate 
of the watersheds with respect to storm 
intensity and road absence/existence. Linear 
moment ratios (L-moments) of the FDCs 
computed to compare variations in time to 
peak (by L-Skewness) and peak outflow (by 
L-Kurtosis) of the hydrographs. Results of 
the L-skewness and L-kurtosis of the 
normalized FDCs are presented in  the 
figure 15. 
Variations of L-moment ratios show 
individual differences but it was more 
indicative to compare the results based on 
the road conditions or storm intensities. 
Therefore to investigate and compare any 
possible differences among and between the 
each group of modeling, box plots of L-
moment ratios for each group were 
produced. The models are grouped based on 
the existence/absence of roads in the 

watersheds and intensity of the applied 
storms in HEC-HMS modeling (Fig. 9 paper 
II). The box plots represented in figure 9 
paper II show variations in the L-skewness 
(left figure) and variations in the L-Kurtosis 
(right figure) of the FDCs. 

4.3. Modeling groundwater 
dynamics in the close vicinity of the 
road 
Uncertainty-based modeling was performed 
for a total of 50,000 simulations for each 
assumed soil configuration. Parameter 
ranges shown in the table 1 were 
implemented in the model set up. Monte 
Carlo random sampling from uniform 
distribution of the used parameters applied 
in the basis of the generalized likelihood 
uncertainty estimation (GLUE) method 
(Beven & Binely, 1992; Beven & Freer, 
2001). Lowest root mean square error 
(RMSE) of the time cumulative mean of the 
residuals was considered as the performance 
criteria for the simulated groundwater levels 
versus measured and the best performing 
models were selected.  
To identify the best performing model from 

Fig. 15 L-Skewness (a & c) and L-Kurtosis (b & d) values for the resulted FDCs in 
response to the three storms in presence and absence of roads. Watersheds are sorted by 
area ascending from watershed 1 to 20. In the graphs “ws” stands for watershed. 
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the simulation of groundwater dynamics for 
two groundwater tubes and four assumed 
vertical profiles (VP1-VP4), accumulated 
mean of the residuals of the 100 accepted 
simulations were extracted. This was made 
by combination of two performance criteria: 
lowest RMSE and smallest mean errors. 
Results illustrated in the figure 16 describe 
the difference between simulated 
groundwater level and observed data. 
Comparison between the outcomes of this 
method could assist in identification of best 
and least good performing stratification 
systems based on the assumption and 
boundary conditions. The results 
demonstrate similarities between the 
simulations of the two groundwater levels 
also between different vertical profiles in 
each groundwater tube. Performance of the 
model with assumed VP1 for GWT1 was 
best comparing to other profiles while for 
the GWT2 performance of assumed VP4 
was the best. The results of the prior and 
posterior distribution of the best and least 
good model performances are demonstrated 
in the table 3. 

4.3.1. Posterior distribution of  parameter 
values 
Posterior distribution of the subjectively 
chosen parameters for the best performing 
models (VP1 for GW1 and VP4 for GW2) 
were evaluated and discussed. Lowest 
possible values of RMSE and values close to 
zero for ME were applied to the simulations 
as constrains. For a number of parameters 

posterior distributions were considerably 
different from the prior values. Likewise the 
two simulated groundwater models had 
different configuration of sensitive 
parameters.  
Sensitive parameters after simulations were 
constrained and posterior distributions are 
illustrated in the figure 17. GWT1 which was 
in the forest was mostly constrained by 
physical characteristics of the drainage 
system such as drainage depth and distance 
of the GWT to the road drainage pipe. 
GWT1 was also constrained by evaporation 
from plant canopy and contributed water 
from hillslope to the measurement spot (Fig. 
17 up). A number of parameters that were 
sensitive to constrains belong to the soil-
water retention curve parameters i.e. air entry 
and lambda (pore size distribution) in the 
layer 3 of the soil type VP1 (Fig. 16 up). 
Sensitive parameters in the simulated model 
of groundwater level in the tube that was 
closer to the road drainage pipe i.e. GWT2 
was different from the one in the forest. 
Position of GWT in the hillslope and 
hydraulic properties of the soil were 
influencing group of factors in the simulated 
groundwater level. From the group of 
hydraulic properties, total conductivity of 
the layer 3 of the soil compartment and soil-
water retention curve parameters (lambda, air 
entry and saturation) were sensitive parameters 
(Fig. 17 bottom). Precipitation rate and 
contribution of hillslope (groundwater 
source flow) were also sensitive to 

Table 3 Prior and posterior distribution of model performance values 
 Distribution Prior Selection n=50,000 Distribution Post Selection n=100 

Variable/Profile Criteria 
 

n* Mean CV** Min Max Mean CV** Min Max 

Groundwater level 
GW Tube 1 Soil VP1 

RMSE 15342 0.5301 0.4335 0.1836 1.8738 0.2717 0.0836 0.1998 0.3076 
ME 15342 0.2999 1.2608 -1.0480 1.8118 -0.0052 31.9783 -0.4063 0.2334 

Groundwater level 
GW Tube 1 Soil VP4 

RMSE 15342 0.9098 0.8369 0.2158 2.8962 0.3117 0.0753 0.2434 0.3382 

ME 15342 -0.5848 1.6563 -2.8506 2.1532 -0.0002 10.3217 -0.0033 0.0035 

Groundwater level 
GW Tube 2 Soil VP4 

RMSE 15342 0.4659 1.0949 0.0623 1.7692 0.0822 0.0643 0.0705 0.0910 

ME 15342 -0.3098 1.9376 -1.7598 1.0828 0.0000 18.9212 -0.0012 0.0012 

Groundwater level 
GW Tube 2 Soil VP1 

RMSE 15342 0.2752 0.5044 0.0831 1.0474 0.1012 0.0527 0.0873 0.1090 

ME 15342 0.2430 0.5922 -0.1157 1.0190 0.0038 2.3901 -0.0410 0.0127 

* n represents the number of sample data that was used in the simulations.  

** CV stands for “coefficient of variation” 
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constrains.  

4.4. Simulation of moisture and 
temperature dynamics 
Moisture and temperature dynamics in the 
road were simulated and the results were 
constrained by implementation of 
constrains. The constrains applied to the 
simulations were highest coefficient of 
determination (R2) to capture the 
temperature dynamics and lowest possible 
mean error (ME) to reduce the error in the 
simulated moisture values. Because 
volumetric moisture contents were 
measured in four depths (i.e. 0.3, 0.7, 1 and 
1.3 m below surface) validation of the 
simulations were performed for each layer 

considering four depths for moisture and 
the same for temperature. 
From a total of 35000 simulations, 100 
accepted simulations were extracted and 
posterior distributions of the parameters 
were discussed. Illustrations of the posterior 
distributions of accepted runs are collected 
in Appendix II paper IV figure A1, A2 at 
four depths for each sensor. Posterior 
distributions of a few parameters 
demonstrate distinct differences with the 
prior values. Summary of the comparison 
between the posterior distributions of the 
sensitive parameters are indicated in Table 4. 
Application of the common constrains 
introduced posterior distributions to the 
same group of parameters in different depth.  

Fig . 16 Time cumulative mean of residuals for the accepted simulations of groundwater 
levels considering four vertical profiles for GWT1 (Up) and GWT2 (Bottom). In the 
graph, solid black line, dashed black line, solid blue line and dashed blue line represent 
VP1, VP2, VP3 and VP4 respectively. For the GWT1 (Up) VP1 and VP4 show highest 
and lowest performances respectively. Performance of the vertical profiles in GWT2 
demonstrates two distinct responses for the profiles with bedrock at the bottom (VP1 
and VP2) and profiles with soils as the lowest boundary condition (Vp3 and VP4). 
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Fig . 5 Posterior distribution of the sensitive parameters for simulated groundwater level 
in GWT1 (up) and GWT2 (bottom) show differences in the sensitive parameters and 
distributions. 
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Those parameters were rainfall correction 
coefficient (PrecA0Corr) and soil-water 
retention curve (SWRC) parameters 
represented notable differences in posterior 
distributions. Sensitive SWRC parameters 
are air entry (AirEntry), pore size distribution 
(Lambda) and porosity (Saturation) (Table 4).  
In the presented table (Table 4) parameters 
which were strongly and weakly constrained 
are illustrated in black dots and circles 
respectively. It is obvious that moisture 
dynamics in the road is highly correlated 
with precipitation rate. Dependency of the 
moisture dynamic to the porous properties 
can be concluded from the sensitivity of the 
SWRC parameters in different depths. 

5. DISCUSSION 
5.1. Implementation of PCDs and 
probability theory in GIS-based 
method for assessment and planning  
The most influential PCDs selected and 
quantified in this study can be implemented 
as indicators in calculating flood prediction 
maps. These descriptors showed differences 
between flooded and non-flooded 
watersheds which some had larger 
influences. Those predictors were TWI, road 
density, local channel slope and certain soil 
types. Concentration time and routing of 
water toward the outlet of watersheds-in 
location of road-stream crossing- were 
affected by TWI, road density and local 
channel slope. In this case study, the areas 
along roads with relatively equivalent slopes 
potentially have higher flood probability 
when the contributing upstream area is 
larger. Road density was identified as an 
important factor affecting flood probability. 
Distribution of roads in a watershed 
influences infiltration, timing and routing of 
water especially in extreme events when the 
areas adjacent to roads are saturated and 
road structures act as temporary streams. 
Area and shape of a watershed directly 
governs the travel time, drainage time and 
finally time to peak flow especially in a 
storm (Werritty & Acreman, 1985; Sefton & 
Howarth, 1998; Lamb et al; 2000; Wagener 

& Weather, 2006). Although the flooded 
watersheds were not significantly higher in 
maximum, minimum and mean slope, local 
mean slope was considered in producing 
flood prediction map because it has large 
impact on parameters such as upslope pore 
pressure, momentum of water flow (Berger 
& Entekhabi, 2001; Dutton et al, 2005; 
Heuvelmans et al, 2006; Dahal et al, 2008). 
Drainage density and TWI were higher in 
flooded watersheds compare to non-flooded 
ones. These two descriptors are of general 
high importance in describing some 
hydrological characteristics of watersheds.  
During storm events roads act as temporary 
streams that will increase the drainage 
density of watersheds. Higher TWI in the 
flooded watersheds describes the higher 
potential of areas in those watersheds to 
develop saturated conditions (Beven 1988). 
Total length of streams (and consequently 
drainage density) is directly correlated to 
concentration time of a watershed and flood 
peak (Merz & Blöschl, 2008). 
Soil types and land covers are 
interdependent variables that both are 
influenced by their location in landscape. 
Type of the soil distribution in an area could 
describe some of the soil characteristics that 
regulate the moisture storage of watershed 
in that location. Different soils classes in the 
prediction map locate the areas with 
different permeability characteristics in 
which the areas with low permeable soil 
types are more prone to quick flow and flash 
flood. Infiltration capacities of different soil 
types together with underlying aquifer 
characteristics govern soil permeability and 
consequently runoff in a watershed. The 
case study watersheds that coarse sand and 
gravel (high infiltration capacity) are 
dominant covering soil types have lower 
flood probability. This is contrariwise for 
soil types with finer material and lower 
hydraulic conductivity such as clay, peat and 
silts that possess higher retention capacity. 
According to soil formation processes in 
landscape, soils with finer materials are 
backlogged in areas with lower gradients 
which most likely have higher TWI values. 
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Diverse land covers influence hydrological 
response by affecting characteristics such as 
infiltration rate and overland flow. Land 
covers may be important in the way that 
their characteristics such as surface 
roughness, root depth and canopy 
interception affect the runoff. In flood 
prediction map, areas that were identified as 
high risk were the areas that had land covers 
such as bare soil, grass lands or clear cut. 
The negative coefficient of forest cover 
indicates the effect of canopy interception 
and higher infiltration rate that reduce flood 
probability while grass lands are positively 
correlated to increase in chance of flooding. 
Channel slope before road-streams crossing 
which is a function of topography and road 
location in the watershed influences water 
momentum reaching the road. Steeper 
slopes result in higher speed of water 
routing exerting larger pressure on road 
structure also advancing the peak flow. 
Remaining PCDs describe some other 
physical characteristics that may influence 
flood probability. In the Swedish case study, 
elevation and flood probability have inverse 
correlation in which lower elevations 
experience higher flood hazards. That 
justifies the negative coefficient of elevation 
in the probability equation. Higher values of 
difference in elevation were recorded for 
flooded watersheds, which have been 
reported for many previous studies (Johnson 
& Warburtun, 2002; Parajka et al, 2005; 
Sanborn & Bledsoe, 2006).  

The statistical approach to extract the 
coefficients of contributing weight of PCDs 
to flooding probability showed reasonable 
descriptions and empirical explanations.  It 
should be noted that the probability derived 
for the road location was consistent with the 
storm event of August 2004. Sampling 
strategy and choice of explanatory variables 
are important factors influencing the 
accuracy of the probability estimation. To 
find out about the general applicability and 
uncertainty with the method used we need 
more data of flood reporting. Providing 
such data will be made available the method 
showed to be suitable for further testing and 
developments. 

5.1.1. Flood hazard probability mapping 
PCDs implemented in flood hazard 
probability on the roads and the conceptual 
links between chance of flooding on the 
roads and upstream characteristics were 
investigated. The outcomes can be used in 
prediction maps which are essential for 
flood management. This is a useful tool to 
identify areas in risk of flooding for further 
investigation or maintenance of the critical 
spots.  The advantage of using such a 
method is to establish a prediction model 
based on simple statistical methods and 
easily measured PCDs without employing 
detailed hydrological modeling. 
The flood probability prediction method 
suggested in this study can be used in 
identification of critical areas along roads 

Table 4 Sensitive parameters that were constrained by the 
performance criteria in the moisture sensor ES1 and ES3. 

Sensor/Depth PrecA0Corr Air Entry Lambda Saturation 

ES1 -0.3 m ● ● ● ● 
ES1 -0.7 m ● ○ - ● 
ES1  -1 m ● ● - ● 
ES1 -1.3 m ● ○ - ● 

Sensor/Depth PrecA0Corr Air Entry Lambda Saturation 

ES3 -0.3 m ● - - ○ 
ES3 -0.7 m ● - - ● 
ES3   -1 m ● - ○ ● 
ES3 -1.3 m ○ - ○ ● 



Alireza Nickman TRITA LWR PhD Thesis 2016:06 
 

34 

and redirecting management and mitigation 
practices. Since areas with high risk 
identified and level of risk estimated, 
mitigation can be ordered according to the 
hazard ranks. Mitigations and practices can 
be applied considering the characteristic of 
upstream area such as management of clear 
cut practices, modification of drums and 
culverts, modification of road drainage 
systems, and debris flow breakers and so on. 
The cross-validation technique applied in 
this study (LOOCV) indicates this method 
should be applicable in areas with roughly 
similar characteristics. The general structure 
suggested for this prediction method can be 
useful in areas with differing characteristics 
to establish a new prediction model. 

5.2. Estimating the role of road 
topography on the alteration of 
hydrological responses  
Topographical effect of roads on 
hydrological responses of the test 
watersheds depicted notable differences 
when comparing hydrographs. The 
differences were related to magnitude and 
duration of the events that have been 
considered in the simulations and deviations 
become more obvious with regards to 
increase in the storm intensities. Flow 
duration curves that were produced from 
the resulted hydrographs better captured 
variations in hydrologic responses of the 
different watersheds. The differences are 
both change in time to peak and peak 
discharge rates. There is a clear influence of 
road topography in re-routing of water in 
watersheds that is reflected in the higher 
peak values and advanced time to peak. It 
indicates that the changes excreted by the 
roads and their embankments in the 
topography of the landscape could be 
captured in the hydrological simulation of 
the test watersheds.  
L-moment ratios better capture alterations 
excreted by road topography. L-Skewness 
and L-Kurtosis of utilized FDCs describe 
the shifts in peak time and peak magnitude 
of hydrographs. Exploring the L-Skewness 
of the FDCs (Fig. 15a and 15c) reveals that 
increase in the storm intensity increments 

the values of L-Skewness for both 
watersheds with roads and without roads. 
This can be interpreted as the faster 
response of watersheds in more intense 
storms. In larger watersheds differences in 
the L-Skewness after the removal of the 
roads from topography was not that 
significant e.g. test watershed 17, 18, 19 and 
20 (Fig. 15a and 15c) independent of road 
network. This might be due to longer travel 
times in larger watersheds. Comparing the 
L-Skewness between watersheds with roads 
and without roads, L-Skewness values are 
generally higher in watershed with roads. 
This might indicate re-routing effect of 
roads in shortening flow paths in 
watersheds. 
Peaked-ness of the simulated outflows from 
the watersheds was reflected in L-Kurtosis 
of the FDCs (Fig. 15b and 15d). 
Comparison between the L-Kurtosis values 
in both watersheds with roads and without 
roads shows that smaller watersheds have 
larger variations in L-Kurtosis. It might be 
due to shorter travel time of those 
watersheds. Additionally it can be seen that 
larger variations occur with increase in storm 
intensity. L-Kurtosis increased by removal 
of roads from topography in some larger 
watersheds (Fig. 15b and 15d). Those 
differences in responses of watersheds might 
demonstrate the importance of various road-
stream configurations in the watersheds.  
For better assessment of responses with 
regard to road existence and storm intensity, 
L-Skewness and L-Kurtosis of the FDCs 
were plotted in box and whisker graph (Fig. 
9 paper II). Analysis of the box plots (Fig. 9 
paper II) demonstrates an increase in the 
range of variations with increase in the 
storm intensity independent from the road 
network. Additionally maximum and median 
of both L-Skewness and L-Kurtosis box-
whisker values increased with increase in the 
magnitude of storms. An overview of the 
box plots demonstrates that the watersheds 
with roads have larger values of median and 
range of variations in L-Skewness and L-
Kurtosis of FDCs compare to watersheds 
with no roads. This might indicate that road 
topography magnifies the hydrologic 
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responses. The magnitude of the alterations 
depends on different factors such as the 
road-stream configurations and geo-
morphological characteristics of the 
watersheds. 

5.3. Modeling groundwater 
dynamics in the close vicinity of road  
Environmental modeling entails many 
simplifications and assumptions because 
formulation of all the processes and 
boundary conditions in real nature might be 
impossible. Such assumptions sometimes 
could significantly affect the results and 
consequently may not provide correct 
explanation of the phenomena and 
processes. Uncertainty based approach that 
was perused in this study comprises spatial 
heterogeneity in the soil stratification. 
Results of the simulations indicated that for 
groundwater oscillations in the forest soil a 
more complex system might better explain 
such dynamics in presence of undisturbed 
soils, roots and bedrock. However a simpler 
soil structure could better describe 
groundwater dynamics in the closer distance 
to the road drainage system. This might be 
due to modifications that have been done to 
the soils during road construction or 
dominant effect of road drainage on the 
water flow processes. 
Performance of the simulated models was 
influenced by both seasonality and soil 
stratifications. Comparison of the results 
indicates that errors in the simulations were 
larger during the time that phase change of 
water may occur i.e. frost/melting 
conditions or during the time that water 
balance was very much affected by water 
uptake by roots. Alterations in the soil 
stratifications were also source of large 
errors for the simulations which might be 
due to changes in the bypass flow and 
hydraulic conductivity of certain soil layers. 
Those changes affect exchange between 
unsaturated zone and saturated zone which 
results in altered response in groundwater 
levels. Comparison of the results also 
indicate that large uncertainties in the 
simulations would exist due to alterations in 
the soil texture especially in the lower layers 

when bedrock replaced by the soil with low 
permeability. That might cause more 
seepage through the lowest layer and 
consequently disturbance of water balance in 
the system. 
After implementation of the common 
constrains, posterior distribution for 
parameters explored and those which 
showed considerable differences with the 
prior values were selected and discussed. 
Two simulated groundwater tubes showed 
different behavior in terms of the sensitive 
parameters. Simulated GWT1 (in the forest) 
was particularly constrained by geometrical 
characteristics of the drainage i.e. depth of 
the drainage pipe and distance to the 
drainage, also contributed water from hill 
slope and evaporation from canopy and 
water retention curve parameters i.e. air entry 
and lambda. Different configurations of 
sensitive parameters were observed for the 
GWT2 which is mostly controlled by the 
road drainage pipe. Constrained parameters 
in GWT2 are more from the types that 
define porosity, contributed water and 
infiltration i.e. coefficient of correction for 
precipitation, contributed water from hill 
slope, total conductivity of the lowest layer 
and soil-water retention parameters (Lambda, 
air entry and saturation). 

5.4. Modeling moisture and 
temperature dynamics in the road  
5.4.1. Exploring seasonality and patterns in 
the measured groundwater and moisture 
data 
Exploring the variations in measured data 
and its dependencies to intrinsic and 
extrinsic driving factors can assist in 
explaining the characteristics and the 
processes happening at the site. Changes in 
the lower boundary condition (drainage 
level) that occurred in the period 7 June 
2011 to 15 September 2011 by manually 
closing the drainage pipes caused significant 
alterations in the moisture contents and 
groundwater levels in the system. Prior to 
the closure of the pipes, oscillation of the 
groundwater levels (GW_K1, K2 and 
GW_D1, D2) were in the range -2.5 m to -2 
m and volumetric moisture content was 
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minimum 5% in ES1 at 0.3 m depth and 
maximum 22% in ES3 at 1.3 m depth (Fig. 
18 left). Despite no rainfall occurred in 2 
days after the closure of the drainage pipes, 
groundwater levels gradually increased (up 
to 0.5 m) that might be due to hillslope 
contribution to the road section. Hysteresis 
effect in wetting of soils can be observed in 
the hourly measured groundwater level (Fig. 
18 a1 and b1). A light rainfall on June 10 
caused significant increase in both ground 
water level (up to 1 m) and up to 25% in the 
moisture contents (Fig. 18 c1). Gradual 
increase in groundwater level and moisture 
contents were observed with few identifiable 

small jumps in the groundwater level until 
June 22 and stabilized after that. 
On September 25 the drainage pipes have 
been opened that resulted in sudden 
decrease in the groundwater levels in which 
response of GW_D2 was more significant 
(Fig. 18 a2). All the GWTs (except GW_D2) 
reached their approximate level before the 
closure of the drainage pipes in 7 days and 
remained in the same range despite of 
several rainfalls. Moisture content values 
remained in the slightly higher ranges of 
values close to the values before the closure 
of the drainage pipes. During the whole 
period temperature was not below zero and 

Fig. 18 Hourly changes in the moisture contents (ES1 and ES3), groundwater levels on 
both sides of the road (GW_K1, K2 and GW_D1, D2) and air temperature variations for 
the beginning (left figures) and ending (right figures) of the closure period (7 June-15 
September). Each illustrated period is 15 days. ES1 and ES3 illustrated in solid lines and 
solid double-lines respectively, and groundwater levels in dashed lines. Precipitation 
(mm/hr) is shown in the blue bars (c1 and c2). 



Modeling and assessment of Swedish roads within crucial climate conditions 
 

 37 

was ranging from minimum +4 to maximum 
+21. Therefore no freezing condition might 
have happened in that period. 

5.4.2. Simulation of  moisture and 
temperature dynamics 
Posterior distribution of the sensitive 
parameters showed dynamics of water 
content in different soil layers of the road is 
very much dependent to the upper boundary 
conditions of the site. Precipitation rate and 
amount of snow melt are important driving 
factors controlling water flux to the system. 
This conclusion is not unexpected as the 
influx to the system has strong impact on 
the water balance in the control volume. But 
the amount of impact should be considered 
as it is important for understanding the 
water flux phenomena in different soil layers 
of the road.  
Soil-water retention curve parameters 
demonstrated strong correlation with the 
moisture content of the soil layers in the 
road. The correlation is the results of porous 
properties that govern water fluxes in soil 
pores and voids. The results indicate the 
importance of porosity of the media 
(Saturation, table 4) in variations of moisture 
content. Distribution of pores and spaces 
characteristic of the soil (Lambda) also 
provides an overview of how much soil 
modifications and grading can affect the 
water balance. Comparing the variation in 
different soil layers shows the importance of 
characteristics of the soil below the road 
subbase layer in controlling moisture 
content dynamics. 
There are differences in the sensitivity of the 
parameters in ES1 and ES2 for the same 
parameters at the same depths. Those 
differences might be either because of 
heterogeneity of the soil at the site or due to 
limitation of TDR probes in accurately 
capturing amount of moisture content in 
porous media. Differences in the sensitivity 
of the parameters in the first layer and other 
layers (from -0.7 to -1.3 m) is because road 
layers are up to -0.6 m depth and below that 
is natural soil at the site that might have 
been modified. 

6. CONCLUSION 
The general outline of this study was to 
increase knowledge about the driving factors 
and boundary conditions and their 
interrelations in controlling susceptibility of 
Swedish roads in being flooded or receiving 
extra moisture. 
The first method suggested here is the 
implementation of landscape characteristics 
in GIS by using statistical analysis to obtain 
a quantitative estimation of flood hazard 
probability along roads. One of the 
advantages of using such methods is the 
flood prediction model employs the 
available data without using detailed 
hydrological modeling. The statistical 
approach and probability equation applied in 
this study structured a correlation between 
the PCDs in a watershed and probability of 
flooding in the road-stream cross sections in 
that watershed. The outcomes of the 
statistical analysis indicate the most 
influential PCDs are TWI, soil properties, 
road density and channel slopes which are 
strong factors in describing the probability 
of flooding along the roads. The validation 
of the method was tested by LOOCV 
technique that presents the potential of the 
method to be applied with small sample 
sizes. However, having a large number of 
empirical data reporting of flood events may 
assist in general validity of the method 
suggested here.  
HEC-HMS modeling employed to 
investigate the role of roads in alteration of 
hydrological responses of watershed to 
different storm intensities. L-moment ratios 
that are useful shape indicators could 
efficiently describe the resultant hydrographs 
from hydrological modeling. The outcomes 
indicate the presence of roads changes the 
peak outflow and time to peak of floods in 
the watersheds not only by increasing but 
also in some conditions decreasing the 
peaks. This is correlated to physical 
characteristics of the watersheds and road-
stream configurations. The results are useful 
to gain a better estimating of the effect of 
road topography in hydrological processes 
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and responses especially in high storm 
intensities. 
An uncertainty-based approach for modeling 
groundwater levels in upstream and in the 
close vicinity of a road also moisture and 
temperature dynamics in the road helped to 
explore and discuss variations based on the 
differences in the seasonality and 
assumptions. Comparison of the results 
demonstrates the importance of defining 
proper boundary conditions in simulating 
groundwater level, moisture and temperature 
dynamics. Physical characteristics of the 
road drainage system, position of the road in 
the hillslope, and porous properties are 
dominant factors in controlling groundwater 
dynamics. The role of climatic forcing 
factors in governing water and heat fluxes to 
the system is very important. 
The concluding remark from this study 
demonstrates strong interrelation of 
different factors in controlling wet or dry 
conditions of roads in both of the scales 
investigated in this study. Those controlling 
operators are directly governed by climatic 
forcing factors. In the watershed scale, TWI, 
soil properties, and road physical 
characteristics are strong factors in 
describing flood hazard probability. In the 
road-section scale, the same types of factors 
govern groundwater, soil moisture and 
temperature dynamics such as road position 
in the landscape, porous properties and 
physical characteristics of the road drainage. 

7. FUTURE RESEARCH 
Whilst the results from this research led to 
an improved understanding of interrelation 
between roads and soil properties in 

different scales, several questions remained 
that could provide ground for further 
research: 
- Implementation of PCDs and 

probability theory in GIS-method for 
flood risk assessment was based on a 
small sample size that might contain 
biases. This can improve with 
implementation of larger sample sizes 
and more precise information about the 
flooding incidents and watershed 
conditions. 

- In the study regarding the quantification 
of outflow from the watersheds in 
reference to road existence, base flow 
was not considered due to lack of 
information. Implementation of the 
method in gauged watersheds can assist 
in more accurate quantification of road 
effect on hydrological response of 
watersheds. 

- The model that was used in the road-
scale study in this thesis (CoupModel) is 
a process-based one dimensional model. 
Utilizing the data in multi-dimensional 
finite-element models can improve 
understanding of moisture and 
temperature dynamics in road structure. 

- Evaporation and condensation in road 
layers (surface, base course, and sub-
base course) play an important role in 
the moisture and temperature dynamics. 
This phenomenon should be analyzed 
and investigated in detail to further 
improve understanding of water and 
heat balance in road layers and sub-grade 
material.      

  



 
 

39 
 

8. REFERENCES 
ASCE, American Society of Civil Engineers. 1996. Hydrology Handbook (Manual No.28). 
Alaouze CM. 1989. Reservoir releases to uses with different reliability requirements. Water Resources 

Bulletin. 25(6), 1163– 1168. 
Anderson MG, Burt TP. 1978. The role of topography in controlling through flow generation, Earth 

Surface and Processes, 3 (1978), pp. 331–344, DOI: 10.1002/esp.3760050209 
Archfield SA, Vogel RM, Brandt SL. 2007. Estimation of flow-duration curves at ungauged sites in 

Southern New England. ASCE, World Environmental and Water Resources Congress 2007. 
Asquith WH. 2002. Effects of regulation on L-moments of annual peak streamflow in Texas. USGS 

Technical Report. (330) 12. 
Berger KP, Entekhabi D. 2001. Basin hydrologic response relations to distributed physiographic 

descriptors and climate. Journal of Hydrology. (247), 169–182. 
Beven KJ. 1988. Rainfall-Runoff Modelling, The Premier. Copy right 2001, John Wiley & Sons ltd. 
Beven KJ, Binley A. 1992. The future of distributed models-model calibration and uncertainty prediction, 

Hydrological Process, 6, 279–298, DOI: 10.1002/hyp.3360060305 
Beven KJ, Freer J. 2001. Equifinality, data assimilation, and uncertainty estimation in mechanistic 

modelling of complex environmental systems using the GLUE methodology, Journal of Hydrology, 249 
(1-4), 11-29, DOI:10.1016/S0022-1694(01)00421-8 

Beven KJ. 2006. A manifesto for the equifinality thesis, Journal of Hydrology, 320, 18–36, 
doi:10.1016/j.jhydrol.2005.07.007 

Booker DJ, Snelder TH. 2012. Comparing methods for estimating flow duration curves at ungauged sites. 
Journal of Hydrology. (434-435), 78–94. 

Brooks RH, Corey AT. 1964. Hydraulic properties of porous media, Hydrology Paper No.3. Colorado State 
University, Fort Collins, Colorado. 27 pp 

Buchanan B, Easton ZM, Schneider RL, Walter MT. 2013. Modeling the hydrologic effects of roadside 
ditch networks on receiving waters, Journal of Hydrology 486 (2013) 293–305, DOI: 
10.1016/j.jhydrol.2013.01.040 

Castellarin A, Vogel RM, Brath A. 2004. A stochastic index flow model of flow duration curves. Water 
Resources Research. (40), W03104. 

Castellarin A, Camorani G, Brath A. 2007. Predicting annual and long-term flow-duration curves in 
ungauged basins. Advances in Water Resources. (30), 937–953. 

CEA: Reducing the social and economic impact of climate change and natural catastrophes-insurance 
solution and public-private partnership, CEA, Brussels, Belgium, 2007. 

Cunderlik JM, Simonovic SP. 2005. Hydrological extremes in a southwestern Ontario river basin under 
future climate conditions. Journal of Hydrological Sciences. (50), 631–654. 

Cunge JA. 1969. On the subject of a flood propagation computation method (Muskingum Method). 
Journal of Hydraulics. Res., 7(2):205-230. 

Dahal RK, Hasegawa S, Nonomura A, Yamanaka M, Masuda T,  Nishino K. 2008. GIS-based weights-of-
evidence modeling of rainfall-induced landslides in small catchments for landslide susceptibility 
mapping. Environmental Geology. (54), 311–324. 

Dawson A. (Editor). 2009. Water in road structures – Movement, Drainage & Effects. Springer. 
Nottingham. 

Dutton AL, Loague K, Wemple BC. 2005. Simulated effect of a forest road on near-surface hydrologic 
response and slope stability. Earth Surface Processes and Landforms. (30), 325–338. 

Eriksson E. 2004. Rapport omovädretiVärmland 4-5 augusti 2004.RaportDnr 451-8797. 
EU-FD. EU. 2007. On the assessment and management of flood risk. Directive 2007/60/EC of the 

European Parliament and of the Council. Official Journal of the European Union. 288. 
Fleming M, Neary V.  2004. Continuous Hydrologic Modeling Study with the Hydrologic Modeling 

System. Journal of Hydrologic Engineering. (9), 175–183. 



Alireza Nickman TRITA LWR PhD Thesis 2016:06 
 

40 

Foster HA. 1924. Theoretical frequency curves and their application to engineering problems. American 
Society of Civil Engineers Trans. (87), 142-203. 

Foster HA. 1934. Duration Curves. American Society of Civil Engineers Trans. (99), 1213-1267. 
Freer J, McDonnell JJ, Beven KJ, Peters NE, Burns DE, Hooper RP, Aulenbach B, Kendall C. 2002 
Freeze RA. 1971. Three-dimensional, transient saturated–unsaturated flow in a groundwater basin, Water 

Resources Research, 7 (2) (1971), pp. 347–366, DOI: 10.1029/WR007i002p00347 
Graham CB, Woods RA, McDonnell JJ. 2010. Hillslope threshold response to rainfall: (1) A field based 

forensic approach, Volume 393, Issues 1–2, 27 October 2010, Pages 65–76, 
DOI:10.1016/j.jhydrol.2009.12.015 

Graham, CB, McDonnell JJ. 2010. Hillslope threshold response to rainfall: (2) Development and use of a 
macroscale model. Journal of Hydrology 393 (2010) 77–93, DOI:10.1016/j.jhydrol.2010.03.008 

Haberlandt U, Ebner von Eschenbach AD, Buchwald I. 2008. A space-time hybrid hourly rainfall model 
for derived flood frequency analysis. Hydrology and Earth System Sciences. (12), 1353–1367. 

Heuvelmans G, Muys B, Feyen J. 2006. Regionalisation of the parameters of a hydrological model: 
comparison of linear regression models with artificial neural networks. Journal of Hydrology. (319), 245-
265. 

Hill CD, Verjee F, Barrett C. 2010. Flash flood early warning system refer-ence guide.UCAR, University 
Corporation for Atmospheric Research. 

Hooghoudt SB (1940) (in Dutch) Algemenebeschouwing van het  iddle  van de detailontwateringen de 
infiltratie door  iddle van parallel loopende drains, greppels, slootenenkanalen. No. 7 in de serie: 
Bijdragen tot de kennis van eenigenatuurkundigegrootheden van den grond. BodemkundigInstituutte 
Groningen. RijksuitgeverijDienst van de NderlandseStaatscourant. ‘s-Gravenhage, 
AlgemeeneLandsdrukkerij 

Hosking JRM. 1990. L-moments: Analysis and estimation of distributions using linear combination of 
orded statistics. Journal of Statistical Society .Ser.B, 52(2), 105-124. 

Huber, G., 2005. Tenderness caused by moisture. Proc. Int´l workshop on Moisture induced damages on 
asphaltic mixes 

Hughes DA, Smakhtin VY. 1996. Daily flow time series patching or extension: A spatial interpolation 
approach based on flow duration curves. Hydrolgical Sciences Journal. 41(6), 851– 871. 

IPCC. 2007. Climate Change 2007: Synthesis Report. Contribution of Working Groups I, II and III to the 
Fourth Assessment Report of the Intergovernmental Panel on Climate Change [Core Writing Team, 
Pachauri, R.K and Reisinger, A. (eds.)]. IPCC, Geneva, Switzerland, 104 pp. 

Jansson P-E, Halldin S. 1979. Model for the annual water and energy flow in a layered soil. In: S. Halldin 
(Ed.), Comparison of Forest and Energy Exchange Models. Society for Ecological Modelling, Copenhagen, 
pp. 145-163. 

Jansson P-E, Halldin S. 1980. Soil water and heat model.Technical description. Swedish Coniferous Project 
Tech. Rep. No. 26, Uppsala, 88 pp. 

Jansson, P-E, Gustafsson A. 1987. Simulation of surface runoff and pipe discharge from an agricultural 
soil in northern Sweden. Nordic Hydrology, 18: 151-166. 

Jansson P-E. 1998. Simulation model for soil water and heat conditions. Description of the SOIL model. 
Division of Agricultural Hydrotechnics Communications 98:2. Department of Soil Sciences, Swedish 
University of Agricultural Sciences, Uppsala, 81 pp. 

Jansson P-E, Moon DS. 2001. A coupled model of water, heat and mass transfer using ob-ject orientation 
to improve flexibility and functionality. Environmental Modelling & Software 16, 37-46. 

Johansson P-O. 1987. Estimation of groundwater recharge in sandy till with two different methods using 
groundwater level fluctuations. Journal of Hydrology, 90 (1987) 185198 

Johnson RM, Warburton J. 2002. Flooding and geomorphic impacts in a mountain torrent: raise beck, 
central Lake District, England. Earth Surface Processes and Landforms. (27), 945–969. 

Jones JA, and Grant GE. 1996. Peak flow responses to clear cutting and roads in small and large basins, 
western Cascades, Oregon. Water Resources Research. (32), 959–974. 



Modeling and assessment of Swedish roads within crucial climate conditions 
 

 41 

Jones JA, Swanson FJ, Wemple BC, Snyder KU. 2000. Effects of Roads on Hydrology, Geomorphology, 
and Disturbance Patches in Stream Networks. Conservation Biology. 14(1), 76–85. 

Kaiser HF. 1960. The application of electronic computers to factor analysis.Educational and Psychological 
Measurement. (20), 141-151. 

King JG, Tennyson LC. 1984. Alteration of Stream flow Characteristics Following Road Construction in 
North Central Idaho. Water Resources Research. 20(8), 159-1163. 

Kousis AD. 1978. Theoretical estimation of flood routing parameters. Journal of Hydraulics Div., ASCE, 104 
(HY1), 109-115 

Knebl, MR, Yang ZL, Hutchison K, Maidment DR. 2005. Regional scale flood modeling using NEXRAD 
rainfall, GIS, and HEC-HMS/RAS: a case study for the San Antonio River Basin Summer 2002 storm 
event. Journal of Environmental Management. (75), 325–336. 

Kätterer T, Andrén O, Jansson P-E. 2006. Pedotransfer functions for estimating plant available water and 
bulk density in Swedish agricultural soils, ActaAgriculturaeScandinavica. Section B, Soil and Plant 
Science 56, 263–276, DOI:10.1080/09064710500310170 

Lamb R, Crewett J, Calver A. 2000. Relating hydrological model parameters and catchment properties to 
estimate flood frequencies from simulated river flows. BHS 7th National Hydrology Symposium, 
Newcastle-upon-Tyne. (7), 357–364. 

Lundin, L-C, 1989. Water and heat flows in frozen soils. Basic theory and operational modelling. "Acta 
Univ. Ups., Comprehensive Summaries of Uppsala Dissertations from the Faculty of Science 186, 
Uppsala, 50 pp. 

Magnusson K, Berglind-Eriksson M, Knutz Å, Löfling P. 2009. Metodföratthittaochåtgärda-vägavsnitt 
med högarisknivåer till följd av stora nederbördsmängder.Vägverket Konsults upp-dragsnummer: 490 
60 002. 

Male JW, Ogawa H. 1984.Tradeoffs in water quality management. Journal of Water Resources Planning and 
Management. ASCE 110 (4), 434–444. 

McGlynn BL, McDonnel JJ, Shanely JB, Kendall C. 1999 Riparian zone flowpath dynamics during 
snowmelt in a small headwater catchment, Journal of Hydrology 222 (1999) 75–92, DOI:10.1016/S0022-
1694(99)00102-X 

McGlynn BL, McDonnell JJ. 2003. Quantifying the relative contributions of riparian and hillslope zones 
to catchment runoff and composition. Water Resources Research. (39), 11, 1310. 

Merz R, Blöschl G. 2008. Flood frequency hydrology: 1. Temporal, spatial, and causal expansion of 
information. Water Resources Research. (44), W08432. 

Miller WA, Cunge JA. 1975. Simplified equations of unsteady flow. K. Mahmood, V. Yevjevich (Eds.), 
Unsteady Flow in Open Channels, Vol. I. Water Resources Publications. Colorado State University, Fort 
Collins, Colorado (1975), 183–249. 

deMoel H, van Alphen J, Aerts JCJH. 2009. Floods maps in Europe-methods, availability and use. Natural 
Hazards and Earth System Sciences (9), 289-301. 

Montgomery DR. 1994. Road surface drainage, channel initiation, and slope instability. Water Resources 
Research. (30), 1925–1932. 

Mualem Y (1976) A new model for predicting the hydraulic conductivity of unsaturated porous media, 
Water Resources Research 12, 513–522, DOI: 10.1029/WR012i003p00513 

Neary VS, Habib E, Fleming M. 2004.Hydrologic Modeling with NEXRAD Precipitation in Middle 
Tennessee. Journal of Hydrologic Engineering. (9), 339–349. 

Nolan KM, Kelsey HM, Marron DC. 1995. Geomorphic processes and aquatic habitat in the Redwood 
Creek basin, northwestern California. Professional paper 1454.U.S. Geological Survey, Arcata, 
California. 

Parajka J, Merz R, Bloschl G. 2005. A comparison of regionalization methods for catchment model 
parameters. Hydrology and Earth System Sciences. Discuss. (2), 509–542. 

Plate EJ. 2009. HESS Opinions: Classification of hydrological models for flood management. Hydrology and 
Earth System Sciences. (13), 1939–1951. 



Alireza Nickman TRITA LWR PhD Thesis 2016:06 
 

42 

Ponce VM. 1978. Applicability of kinematic and diffusion models. Journal of Hydraulics Div., ASCE, 
104(HY3), 353-360. 

Richards LA (1931) Capillary conduction of liquids through porous mediums, Journal of Applied Physics 1, 
318 (1931); doi: 10.1063/1.1745010 

Sanborn SC, Bledsoe BP. 2006. Predicting streamflow regime metrics for ungauged streams in Colorado, 
Washington, and Oregon. Journal of Hydrology. (325), 241–261.  

Sefton CEM, Howarth SM. 1998. Relationships between dynamic response characteristics and physical 
descriptors of catchments in England and Wales. Journal of Hydrology. (211), 1–16. 

Smith RE, Hebbert RHB (1983) Mathematical simulation of inter-dependent surface and subsurface 
hydrologic processes, Water Resources Research, 19 (4) (1983), pp. 987–1101, DOI: 
10.1029/WR019i004p00987 

SCCV, 2007.Sweden facing climate change- threats and opportunities.Swedish Commission on Climate 
Change and Vulnerability. Swedish Government Official Reports, SOU 2007:60 

SRA (Swedish Road Administration), Ökadevattenflöden - Behovavåtgärderinomväghållningen, 
Vägverket, Publ 2002:156 

Stähli M, Jansson P-E, Lundin L-C. 1996. Preferential water flow in a frozen soil – atwo-domain model 
approach. Hydrological Processes, Vol. 10, 1305-1316 (1996) 

Swanson F J, Dyrness CT. 1975.Impact of clear-cutting and road construction on soil erosion by 
landslides in the western Cascade Range, Oregon.Geology. (3), 393–396. 

Tague C, Band L. 2001. Simulating the impact of road construction and forest harvesting on hydrologic 
response. Earth Surface Processes and Landforms. (26), 135–151. 

Thunholm, B., Lundin, L.-C.and Lindell, S., 1989. Infiltration into a frozen heavy clay soil. Nordic 
Hydrology., 20: 153-166. 

Thomas R, Megahan W. 1998. Peak flow responses to clear cutting and roads in small and large basins, 
western Cascades, Oregon: a second opinion. Water Resources Research. (34), 3393–3403. 

USACE, U.S. Army Corps of Engineers. (2000a). “Geospatial Hydrologic Modeling Extension: 
GeoHMS,” Hydrologic Engineering Center, Davis, CA. 

USACE, U.S. Army Corps of Engineers.(2000b). “HEC-HMS Technical Reference Manual,” Hydrologic 
Engineering Center, Davis, CA. 

USDA. 1956. SCS: National Engineering Handbook, Section 4: Hydrology, Soil Conservation Service, 
USDA, Washington, D.C., 1956. 

USDA. 1986. Urban hydrology for small watersheds. Technical Release 55 (TR-55) 2nd Edition. Natural 
Resources Conservation Service, Conservation Engineering Division. 

USDA. 2004. SCS: National Engineering Handbook, Section 4: Hydrology, Soil Conservation Service, 
USDA, Washington, D.C., 2004. 

Wagener T, Wheater HS. 2006. Parameter estimation and regionalization for continuous rainfall-runoff 
models including uncertainty. Journal of Hydrology. (320), 132–154. 

Wemple BC, Jones JA, Grant GE. 1996. Channel network extension by logging roads in two basins, 
western Cascades, Oregon. Water Resources Bulletin. (32), 1–13. 

Wemple BC. 1998. Investigations of runoff production and sedimentation on forest roads. Ph.D. 
dissertation. Department of Forest Science, Oregon State University, Corvallis. 

Wemple BC, Swanson FJ, Jones JA. 2001. Forest roads and geomorphic process interactions, Cascade 
Range, Oregon. Earth Surface Processes and Landforms. (26), 191–204. 

Werritty A, Acreman MC. 1985. The flood hazard in Scotland. In: S J. Harrison (Editor), Climatic Hazards 
in Scotland. Geo Books, Norwich, UK.25–40. 

Wold H. 1966.Estimation of principal components and related models by iterative least squares.in: P.R. 
Krishnaiah Ed. , Ž . Multivariate Analysis. Academic Press. NY. 391–420. 

Wold S. 1987. Principal Component Analysis. Chemometrics and Intelligent Laboratory Systems. (2), 37-52. 
Wold S, Sjöström M, Eriksson L. 2001. PLS-regression: a basic tool of chemometrics. Chemometrics and 

Intelligent Laboratory Systems. 58(2), 109–130. 



Modeling and assessment of Swedish roads within crucial climate conditions 
 

 43 

Yadav M, Wagener T, Gupta H. 2007. Regionalization of constraints on expected watershed response 
behavior for improved predictions in ungauged basins. Advances in Water Resources. (30), 1756–1774. 

Zecharias YB, Brutsaert W. 1988. The influence of basin morphology on groundwater outflow. Water 
Resources Research. 24(10), 1645-1650. 

Ziegler AD, Negishi JN, Sidle RC, Gomi T, Noguchi S, Nik AR. 2007. Persistence of road runoff 
generation in a logged catchment in Peninsular Malaysia. Earth Surface Processes and Landforms. (32), 
1947–1970. 

 
 


	Dedication
	Summary
	Acknowledgements
	Table of Content
	List of Appended papers:
	Abstract
	1. Introduction
	1.1. Problem definition
	1.2. Aims and objectives

	2. Background
	2.1. Flood probability mapping, a necessity
	2.2. Physical catchment descriptors as the important hydrological indicators
	2.3. Roads and their effect on hydrology
	2.4. Groundwater dynamics in the close vicinity of roads
	2.5. Groundwater, moisture and temperature dynamics in roads

	3. MATERIALS AND METHODS
	3.1. Study area and data
	3.1.1. Study area and data used in the watershed-scale study
	3.1.2. Study area and data used in the road-section scale study

	3.2. Identification and implementation of PCDs and probability theory in GIS-based method for assessment and planning
	3.2.1. Statistical approach to select most influential PCDs
	3.2.2. Calculation of statistical correlation between most influential PCDs using PLS

	3.3. Estimating the role of road topography on the alteration of hydrological responses
	3.3.1. Analysis of the hydrographs using flow duration curves and Linear Moment Ratios

	3.4. Modeling groundwater, moisture and temperature dynamics in the road-section scale
	3.4.1. Drainage and deep percolation
	3.4.2. Soil water processes
	3.4.3.  Soil evaporation and snow dynamics
	3.4.4. Evapotranspiration and interception by plant canopy
	3.4.5. Modelling approach and parameterization in groundwater dynamics simulation
	3.4.6. Modeling temperature and moisture dynamics in the road section


	4. RESULTS
	4.1. Results from GIS-based methods and statistical approach in flood probability mapping
	4.1.1. Flood probability mapping at roads

	4.2. Estimating the role of road topography on the alteration of hydrological responses
	4.3. Modeling groundwater dynamics in the close vicinity of the road
	4.3.1. Posterior distribution of parameter values

	4.4. Simulation of moisture and temperature dynamics

	5. Discussion
	5.1. Implementation of PCDs and probability theory in GIS-based method for assessment and planning
	5.1.1. Flood hazard probability mapping

	5.2. Estimating the role of road topography on the alteration of hydrological responses
	5.3. Modeling groundwater dynamics in the close vicinity of road
	5.4. Modeling moisture and temperature dynamics in the road
	5.4.1. Exploring seasonality and patterns in the measured groundwater and moisture data
	5.4.2. Simulation of moisture and temperature dynamics


	6. CONCLUSION
	7. Future Research
	8. References

