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SUMMARY IN SWEDISH  

T Två  hydrologiska fenomen som orsakar allvarliga skador för samhällen är 
flödestoppar och jordskred. Att förstå betydelsen hur vägarnai kan 
förändraden hydrologiska responsen jämfört med naturliga områdenär av 
betydelse för att upprätthålla en god tillgängligh och hållbarhet av 
väginfrastruktur. Trots detta saknas kunskaper om hur vägars topografiska 
och geomorfologiska egenskaper påverkar den hydrologiska responen vid 
olika nederbördssituationer. Syftet med denna studie var att testa och 
utveckla nya statistiska metoder för att kvantifiera risken för översvämning 
utgåenden  från de mest inflytelserika väg- och områdesegenskaperna. 
Dessutom användes fysiskalisk baserad modellering  för att uppskatta 
effekten av vägars topografi för olika nederbördsintensitet.  Studierna baseras 
på lokaler i Värmlands län norr om Karlstad (V Sverige) mellan Hagfors och 
Munkfors kommuner. 

En enkel GIS –metod har  utvecklats  för att identifiera de mest känsliga 
platserna för översvämningar längds vägarna. Fysiskaliska områdesegenskaper 
(PCD) identifierades som indikatorer för att visa hur områden hotas av 
översvämningar längds vägar. De delades in i två grupper : (1) topografiska, 
geometriska, geologiska och marktäcket  uppströms vattendelaren; (2) 
geomorfologiska särdrag hos vägarna. Resultaten från dessa jämfördes i 
översvämmade och icke översvämmade avrinningsområden med hjälp av 
data från översvämningen i augusti 2004. Den mest inflytelserika 
egenskaperana klassificerades i fem risknivåer och användes för att producera 
kartor för olika risker. Kartan kan visa fördelningar av riskområden längds 
vägarna. 

Multivariat statistik användes för att uppskatta sannolikheten för 
översvämningar i väg-vattendrags  korsningar. Partiell minsta kvadrat metod 
användes för att skatta relativ betydelse av olika områdesegenskaper. De mest 
inflytelserika faktorerna för att beskriva sannolikheten för översvämningar 
längds vägarna var topografisk fuktindex, markegenskaper, vägtäthet och  
sluttningsgrad hos vattendrag. GIS användes för att illustrera platser med 
höga översvämningsrisker. 

Uppskattade  flödesmängder för uppströmsområdet var den viktigaste 
indikatorn för att bedöma risken för översvämningar, särskilt vid extrema 
händelser. En fysiskaliska kvasi - fördelad hydrologiska modell (HEC – HMS) 
användes för att simulera effekten av vägtopografi på hydrologin hos 20 
avrinningsområden inom studieområdet. En detaljerad studie gjordes av de 
simulerade varaktigheterna hos  flödesintensiteter för tre olika 
nederbördstillfällen baserad på  digitala höjddata med och utan vägar. En 
ökning i toppflödet och minskad fördröjning uppstod med ökad 
nederbördsintensitet. Effekterna av vägar var mycket mindre och endast 
möjligt att identifiera genom ingående granskning av statistiska mått som 
linjära moment. 
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ABSTRACT  

Understanding the role of road networks in alteration of hydrological 
responses is crucial for maintaining the accessibility and durability of road 
infrastructures. Road construction is one of the most common man made 
disturbances to a landscape. However, still the quantitative role of road 
topographical and geo-morphological properties on the hydrological response 
of storms in catchments is only partially understood.  The aim of this study 
was to use new methods to estimate and quantify the flood hazard probability 
with reference to the most influential physical catchment descriptors and road 
characteristics. In addition physical based modelling was used to estimate the 
effect of road topography on the hydrological responses of watersheds to 
storms with different intensities. A simple method was developed and 
discussed to address the most susceptible locations to flooding along the roads. 
Multivariate statistical analysis (PLS) employed to quantify the 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 20 watersheds for three different storms based on a digital 
elevation data with and without roads. An increase in peak flow and reduced 
delay occurred with increased storm intensity. However, the impact of the 
roads was much smaller and only possible to identify by detailed examination 
of statistical descriptors.  

Key words: GIS; Flooding; HEC-HMS; Sweden 

 INTRODUCTION  1.

Two major hydrological phenomena known as the cause of sever 
damages to human life, properties and landscape are flood peak 
and debris flow. 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. A better 
understanding of the combined role of roads and watershed 
characteristics will be useful to predict the hydrological response 
of watersheds. A quantitative assessment of interaction between 
upstream physical characteristics and road characteristics will also 
be a useful tool for planning and taking actions to counteract peak 
flows.  

Variation in climate introduces pressure and occasionally causes 
catastrophes in environment which directly or indirectly affects 
human life and prevents sustainable ecosystems. 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 
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destructive in parts of the river such as confluences, bridges and 
culverts.  

1.1. Problem definition 

In recent years, the Swedish Road Administration (SRA) 
experienced several examples of how much road transport 
network (VTS) is vulnerable to damages mainly caused by high 
flows. Failures of road embankments and washed-away roads 
frequently have been observed during the last few years (Erickson, 
2004; Magnusson et al, 2009). Considering the alterations in 
climate and its effects on extreme events (IPCC, 2007), more 
attention and concern about flood risk 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 which may present 
significant cost saving. 

Reports of SRA (Eriksson, 2004; Magnusson et al, 2009) 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 act as a dam against the road embankments. 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. 

A risk analysis of selected road section provides with risk levels on 
for example: expected values of personal injury, property damage 
and financial damages at various events. Risk classes should be 
studied in detail to determine the need for mitigation measures. A 
crucial question to answers is what is the acceptable level of risk 
and by what mitigation actions should be made to reduce risk. 
Such actions should allow for efficient long term reductions of 
unexpected expenses.  Those actions are justified to avoid personal 
injuries, and limiting environmental damages. In addition to this, it 
is reasonable that all risks be addressed as far as the economy 
justifies, i.e. prioritization of mitigation measures done by a cost 
benefit analysis. 

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 response especially in case of un-gauged or poorly-
gauged watersheds. Thus an alternative to this modeling approach 
is the evaluation of hydrologicaly significant physical catchment 
descriptors (PCDs) that can be used together with simple statistical 
models.  
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1.2. Aims and objectives 

The main objective is to investigate the role of roads on 
hydrological response of watersheds. The study intended to fulfill 
the main objective in two sections: 

1. Investigating the interaction between PCDs and road 
network in a watershed and study the distribution of flood 
risk along roads. Study will be relevant to evaluate road 
network susceptibility to flooding. 

2. Simulate the impact of road topography on hydrological 
response in watersheds using a hydrological modeling 
system (HEC-HMS). 

The main intention in the study was to identify the important 
driving factors, which affect hydrological responses. In the second 
section, the objective was to simulate the impact of how the roads 
affect the topography and by that the hydrological response to 
extreme storm events in watersheds with no measured stream 
flows.  

 STATE OF THE ART  2.

Road network design and topographic characteristics of the road 
structures influence the natural regime of water in a watershed. 
Road infrastructure is an important artificial disturbance to geo-
morphologic characteristics of a watershed that influences the 
hydrological responses (Wemple et al, 2001; Tague and 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 changes affect 
alluvial and fluvial processes in 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 the road structure.  Therefore considering the interaction 
between road and watershed is essential for better understanding 
the hydrological behavior of a watershed in presence of 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 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 
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disparate hydraulic section to natural river profile. 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 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 also road network characteristics can lead 
us to quantitative flood prediction models. 

Climate change caused increase in average yearly precipitation and 
IPCC (Intergovernmental Panel on Climate Change) predicted 
more intense rainfalls for 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 according to World Meteorological Organization 

Fig. 1. Examples of alluvial and fluvial processes that could happen on a forest 
hill slope road (re-drawn from Wemple et al., 2000) 
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(WMO). These devastating natural hazards influence people’s life 
also ecosystems 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 
drainage area while flood peak is a function of watershed shape 
and slope, surface roughness and infiltration of the basin. 

Overlooking the recent legislation’s of European Union Flood 
Directive (EU-FD, EU, 2007), developing flood hazard maps 
seems essential for optimum flood management.  That legislation’s 
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 conducted 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 accurate 
flood prediction and risk assessment maps.  

2.2. Physical catchment descriptors, important hydrological 
indicators 

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 (Zucharias and Brutsaert, 1988; 
Sanborn and Bledsoe, 2006; Yadav et al, 2007). 

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 forecast 
models. The products of these models which use runoff modeling 
of the continuum of runoff 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 
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model for flood management. Applicable methods for 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 method compare to flood inundation 
prediction method (Hill et al, 2010). Thus, 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).  The main intention of the 
suggested method was to establish a grid-based prediction map 
using the most influential and available PCD`s. 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. 

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 and Howarth, 1998), antecedent soil moisture 
prior to precipitation and frozen soil (McGlynn and McDonnell, 
2003; Wagener and Weather, 2006) are among the extrinsic 
variables that affect the outflow. In this part of the study it was 
assumed that for the entire study area the extrinsic variables 
(meteorological) are the same.  This assumption was taken because 
of the similar condition of the watersheds prior to flood event of 
2004 in the relatively small study area. 

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 network in a landscape enforces diverse alterations in natural 
regime of water flow (Fig. 1). It has been found that the presence 
of roads influences the peak flow magnitude (King and Tennyson, 
1984; Wemple et al, 1996; Jones and Grant, 1996) and timing 
(Jones and Grant, 1996). Compaction works and road pavement 
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cause changes to surface and near surface permeability, decrease in 
infiltration rate and the road surface drawbacks impermeable 
surface (King and Tennyson, 1984; Jones and 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. 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, 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 and 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 
is high, road embankments and ditches act as temporary streams. 
This will result in increasing level of drainage density (total length 
of streams 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 
and 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 the 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 basin scale (Wemple et al, 1996). 

 MATERIALS AND METHODS  3.

The methods in this study comprise several steps to achieve a 
better hydrological understanding of the role of road in 
watersheds. 

The steps can be categorized as: 

1. Suggest a method to predict the locations at risk of 
flooding in un-gauged watersheds based on the so-called 
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PCDs which have been assumed to be as the effective 
indicators of flood probability in watersheds upstream of 
the critical spots. (Paper I) 

2. 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 probability 
theory. (Paper II) 

3. Calculate the hydrology response to recorded and 
hypothetical storms in the study area in watersheds with 
roads and compare those results with watersheds without 
roads using a process-based hydrological model (HEC-
HMS). (Paper III) 

3.1. Study area 

Methods were applied to case study examples in the county of 
Värmland north of Karlstad City (W Sweden) between Hagfors 
and Munkfors municipalities. This boreal forest region has slightly 
undulating landscape and elevation ranging from 82 -409 m 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. This area has 
moderately cold climate with average monthly temperature ranging 
from -5 °C (minimum) in February to +15 in July (maximum), 
According to Swedish Meteorological and Hydrological Institute 
(SMHI). The average annual precipitation is 798 mm (1960-2011) 
with minimum and maximum precipitation occurs in February and 
August 30 and 80 mm respectively.  

Because the study 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 resolution of 50x50 m for 
elevation and 25x25 meters for land cover and soil type (Fig.2). 
The second data set had the resolution of 2x2 m for elevation and 
the same resolution as first for land cover and soil type (Fig.2). 
The study areas were 160 and 390 square kilometers respectively 
for the first and second data set. 

3.2. Extreme event 

An intense rainfall in August 2004 that was recorded by two 
meteorological stations in the area was considered for the case 
study (Fig. 3). The SMHI gauging stations in the area were Råda 
and Sunnemo stations (Fig. 2) 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 Erickson (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.  
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3.3. Identification and implementation of PCDs (Paper I) 

PCDs were applied 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 based on: 1) topographical, geometrical, 
geological and land-cover characteristics of upstream watershed, 
and 2) geo-morphological characteristics related to the roads. The 
most influential PCDs were classified into five levels of risk and 
implemented in flood prediction maps using simple statistical 
approaches and GIS methods.  

In the first step, the most effective PCDs and road descriptors 
were selected. The most significant and easily measurable PCDs 
were selected from a literature review. Some of the road 
descriptors were chosen to describe the effects of road 
geomorphology on hydrology response in the study area. The 
criteria to select the PCDs and road descriptors were based on that 
they should been widely used in hydrological models and easy to 
compute from remote sense data. The following PCDs were used 
to describe the test watersheds: 

- Elevation relief 

- Slope 

- Watershed shape and area 

- Watersheds length 

- Drainage density 

- Topographic wetness index 

- Flow accumulation area 

- Dominant soil type 

- Dominant land use 

- Road geometrical characteristics (length, area, cut depth) 

- Road density 

- Contributing length of a road 

- Local channel slope in road-stream crossing point 

- Road elevation in watershed 

- The selected PCDs and road descriptors were applied in 10 
water sheds in the study area in which four out of 10 
watersheds were flooded in extreme storm event on Aug 
2004. Locations of the road-stream crossings which 
experienced sever damages were identified based on the 
data from Erickson (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.  
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Fig. 3. Three storms with different intensities implemented in HEC-HMS 
model. The bold line is the original storm recorded on 4 August 2004.  

Fig. 2. The study area in W Sweden. Dashed line represents the study area in 
paper I and II. The bigger area illustrates the additional watersheds in the 
area which total number of 20 watersheds were used in the study.  
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Topographical and geomorphological characteristics and soil type 
and land cover distributions in the test watersheds 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. The original data were 
transformed to grid base maps to be easily evaluated, classified and 
weighted in later steps. The PCDs evaluated and compared in 
flooded and non-flooded watersheds (Table 1).   

The selected most influential PCDs were classified and applied in 
flood prediction map. The main criterion to classify the PCDs was 
based on the type of influence they have on runoff generation in 
response to a uniformly distributed and identical rainfall. The 
classification was based on response to surface runoff and 
precipitation according to soil-water properties for soil types and 
due to influence on infiltration rate and surface roughness for 
different land covers. Other morphological and topographical 
indicators (elevation, local channel slope, TWI and drainage 
density) were classified in the same way. These variables classified 
in five levels of significance and applied in GIS grid-based maps 
(Fig. 4). 

3.4. Implementation of PCDs and probability theory in GIS-based 
method for assessment and planning (Paper II) 

In the following, the steps to suggest a method for mapping flood 
hazard probability along roads will be described. The method 
consists of several steps: 1) Identify and calculate PCDs in the test 
watersheds; 2) Statistical approach to select most influential PCDs; 
3) Calculation of statistical correlation between most influential 
PCDs using PLS (Partial Least Square). Analogous to the previous 
section (paper I), PCDs were used to produce a flood hazard map. 
However, using statistical approach had the advantage of 
quantifying flood probability values for critical spots. 

The method applied to the watersheds in the study area in 
Värmland County in W Sweden (Fig. 2).  Reported failures and 

Table 1. Results of computed physical catchment descriptors for each 
watershed in the study area. 

 Elevation 
difference 

(m
2
) 

Watershed 
length 

(m) 

Slope 
difference 
(degree) 

Watershed 
area 
(ha) 

Drainage 
density 
(m/ha) 

TWI 
max 

Flow 
accumulation 

area (ha) 

Backa WS* 261 3994 40 515 14.1 12.4 338 

Haftersbol WS 227 3578 27 241 19.5 11.3 143 

Prästbol WS 208 7731 28 556 16.0 14.0 386 

Ås WS 83 1399 20 67 16.5 11.5 41 

Test  WS 01 179 1897 36 95 17.0 10.0 57 

Test  WS 02 233 3430 33 415 18.2 12.0 268 

Test  WS 03 134 1397 26 94 11.2 10.0 64 

Test  WS 04 173 2459 31 164 13.0 10.0 97 

Test  WS 05 218 2465 32 287 10.1 11.0 196 

Test  WS 06 207 2695 39 152 14.0 10.0 97 

* WS here stands for watershed 
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damages to road structures following the storm event August 2004 
(Eriksson, 2004; Magnusson et al, 2009) were used to test the 
resulted flood prediction map. 

3.4.1. Identification and calculation of  PCDs in GIS 

The following method applies DEM, soil type distribution and 
land cover data in GIS to calculate a list of PCDs. 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.  

The PCDs were estimated in the test watersheds of the study area 
(Fig. 2). To delineate watersheds in ArcMap (ESRI) one approach 
is to define an outlet and delineate the contributing area upstream 
of that point. The test watersheds were delineated applying two 
methods. Four spots that experienced washed away roads and 

Fig. 4. Different layers of grid-based data applied to one of the flooded 
watershed in the study area: 1) Elevation classes 2) Slope classes  
3) Topographic wetness index classes 4) Soil type classes 5) Land use classes 
6) Drainage density classes. © Lantmäteriet Gävle 2010. I 2011/0083 
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sever embankment failures were identified. Those spots were on 
the cross section of main streams and main roads 240 and 824.  

They were considered as the outlet to the upstream contributing 
watersheds. Second, the intersections of main roads 240 and 824 
with the main streams were the locations that could be considered 
as the watershed outlets. Based on those locations, six other 
arbitrary watersheds delineated that had not experienced any sever 
damages in the storm event 2004. The values of the selected PCDs 
in both flooded and non-flooded watersheds were incorporated 
into the GIS. 

3.4.2. Statistical approach to select most influential PCDs 

To extract the important information from the list of selected 
PCDs a principle component analysis (PCA) was used. 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 2 
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. 

3.4.3. 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-colinearity 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; Wold, 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. 5).  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 
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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. 5). 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 we can 
predict for example the first score in Y from the first score in X. 
The equations can be defined as following: 

               (1) 

               (2) 

where X and Y are matrices of I*J and I*K 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: 

                (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:  

                (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: 

                          (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 technique used to test the 
performance of the predictive modeling method. Leave-one-out 
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 
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remaining samples new coefficients were derived and applied in 
the probability equation (Pi) for the excluded catchment. 

3.5. Hydrological modeling by HEC-HMS (Paper III) 

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 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. Watershed delineation and removal of road topography 
from digital elevation model 

2. Hydrological modeling of delineated watersheds by 
implementing storms with different intensities 

3. Analysis of the outcomes from hydrological modeling 
employing FDCs and L-moment ratios 

3.5.1. Topographical manipulation of  watersheds 

In the first step a total number of twenty watersheds were 
delineated in the study area 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 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 watersheds there are 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. 

3.5.2. Hydrological modeling 

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 
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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 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 watershed and 
climate conditions (Cunderlik and Simonovic, 2005; Fleming and 
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. 
6). The components necessary for hydrological modeling of a 
storm event in HEC-HMS are: hyetograph, loss model parameters 
and transform model parameters (USACE, 2000b). 

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 (USACE, 2000b) for 
distributed event-based models. The calculation of excess runoff is 
based on the curve number of each cell and the distance of the cell 
to the outlet: 

   
(    ) 

      
        (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: 

  
            

  
      (7) 

Method to compute direct surface runoff was 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): 

   
   

  
      (8) 

   
  

 
        (9) 

where Qp is peak runoff (m3/s), C equals to 2.08 (SI unit), A is 
watershed area (km2), Tp is time of rise (hr), Tr is rainfall duration 
(hr) and Tl is lag time (hr) that is calculated from Tc (time of 
concentration) as: 

               (10) 
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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.2). 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 storm two 
other hypothetical storms designed with half and double intensity 
of the recorded precipitation to investigate the hydrological 
response to different storm intensities (Fig. 3). It was assumed that 
the precipitation was uniformly distributed in the area with the 
same depth as it was recorded in the gauging station. 

3.5.3. Analysis of  the flow curves 

In the following method, flow duration curves (FDCs) produced 
from the results of hydrological modeling and further investigated 
by using L-Moment ratios analysis. Flow duration curve (FDC) is 

Fig. 6. 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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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 and Smakhtin, 1996), water resources management (e.g. 
Alaouze, 1989), estimate the allowed discharge of contaminants to 
streams (e.g. Male and 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 and Snelder, 2012). The 
advantage of using L-moments is that this method is nearly 
unbiased for small (n≤100) samples (Vogel and 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   ( ) is ordered from the smallest 

observation   (  ) to the largest observation   ( ) and r indicates 

the order of moments. From the equation (11), the first four L-
moments for any distribution are calculated from PMWs: 

                 (12) 

                  (13) 

                         (14) 

                             (15) 

Analogous to the product moment ratios, the first four L-

moments ratios (  ) can be defined for r =1,..,4 as (Hosking, 
1990): 
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                 (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-moments and L-moment ratios 
(L-skewness and L-Kurtosis) were computed for the FDCs and 
their measure of variation investigated in box and whisker plots.  
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 RESULTS  4.

4.1. Results from GIS-based methods for assessment (Paper I) 

Concerning total 47 intrinsic PCDs, road topographical descriptors 
and meteorological variables, which were collected through 
literature review, 18 PCDs and 6 road descriptors, were selected. 
According to well-described reports by Erickson (2004) and 
Magnusson et al (2009) about the flooding event in W Sweden on 
August 2004, the selected PCDs were computed in 10 flooded and 
non-flooded watersheds. The resulted PCDs quantified and 
compared between the flooded watershed and non-flooded 
watershed. The most significant PCDs selected and considered as 
the flood probability map indicators. The selected PCDs were: 1) 
Elevation 2)Slope 3)TWI 4)Soil types 5)Land covers and 
6)Drainage Density which were applied in GIS map and classified 
in five levels of significance (Fig. 4). The maps of classified PCDs 
(Fig. 4) added with equal weights and the resultant map produced 
showing the areas susceptible to flooding. The final map (Fig. 7) 
shows an example of the areas susceptible to flooding along the 
roads in the Haftersbol Watershed that had experienced sever 
damages in flooding event August 2004.  

4.2. Results from statistical approach (Paper II) 

4.2.1. Candidate PCDs and results of  the PCA 

The results of PCA describe the principal components that explain 
about 75% of total variation. Using the Kaiser Criterion (Kaiser, 
1960) four factors were chosen as candidate PCDs and retained. 
The Scree test was carried out to estimate the number of 
components that should be retained to explain maximum possible 
variance. Results of the Scree test (a technique to specify the 
number of factors to keep in a PCA) 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 first dimension which included 
watershed elevation, total channel length, topographic wetness 
index (TWI), road density, and watersheds area/length/perimeter 
(Table 2). 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).  

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 
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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 

4.2.2. 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 the risk for a flood hazard (Equation 5, 
Paper II). 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.  

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% 

Fig. 7. Final map of flood risk probability (right) and illustration of collapse 
of Road 240 in Hagfors County (left) after the August 2004 flood event. 
(Photo: Thomas Morling, Vägverket) 
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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. 

4.3. Hydrological modeling by HEC-HMS (Paper III) 

The responses of the test watersheds to the recorded and 
hypothetical storms were simulated in HEC-HMS and the 
outcomes of the models illustrated as hydrographs. For each 
watershed, 12 hydrograph resulted from using the three storms in 
hydrological modeling of the watershed with road/no-road and 
loss/no-loss conditions. The hydrographs were normalized by 
dividing the hydrograph values by the area of the watersheds. To 
better visualize and understand the differences in the response of 
the watersheds, flow duration curves were produced and 
illustrated.  

The results showed differences in the timing and outflow rate of 
the watersheds. A few number of the watersheds had higher peak 
outflow and faster response when the roads were removed from 
their topography (e.g. the test watershed 12). In most of the 
watersheds, the peak outflows were advanced in time with higher 
values of discharge e.g. the test watershed 14 (Fig. 8). 

Table 2. Principle components (PC) 1, 2, and 3 and the related loading in 
which statistically significant factors are represented in bold. 

Code Variable PC 1 PC 2 PC 3 
Variables 

in PLS 

1 Catchment elevation 0.88 0.07 0.27 Yes 

2 
Slope of trend line in slope 
graph 

0.13 0.15 -0.05 
- 

3 Catchment length 0.77 -0.50 0.10 - 

4 Catchment perimeter 0.83 -0.45 0.00 - 

5 Catchment area 0.85 -0.43 0.04 - 

6 Drainage density -0.58 -0.41 -0.60 Yes 

7 Channel slope -0.08 0.48 0.09 Yes 

8 Total channel length 0.82 -0.53 0.09 - 

9 Topographic Wetness Index 0.77 -0.55 -0.02 Yes 

10 Road density -0.54 -0.19 0.68 Yes 

11 Gravel 0.21 0.73 -0.47 Yes 

12 Sand -0.55 -0.09 0.59 Yes 

13 Till -0.42 -0.84 0.00 Yes 

14 Peat -0.14 -0.63 -0.74 Yes 

15 Rock 0.57 0.75 -0.18 Yes 

16 Agricultural land -0.88 -0.19 -0.14 Yes 

17 Forest 0.33 0.31 -0.56 Yes 

18 Grassland 0.12 -0.12 0.60 Yes 

19 Surface water and wetland -0.45 -0.47 -0.72 Yes 

20 Built-up areas and roads -0.48 -0.15 0.73 - 
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L-moment ratios of the FDCs computed to investigate variations 
in time to peak and peak outflow of the hydrographs. L-skewness 
and L-kurtosis of the normalized FDCs were computed in Matlab. 
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, 
loss/no-loss conditions and the applied storms in HEC-HMS 
modeling (Fig. 9). The box plots represented in figure 9 (1-1 and 1-
2) show variations in the L-skewness and figure 9 (2-1and 2-2) 
illustrates variations in the L-Kurtosis of the FDCs. 

Fig. 8. Normalized FDCs for the test watershed 14 with the loss condition 
(Top) and no-loss condition (Bottom) are represented. 
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 DISCUSSION  5.

5.1. GIS-based methods for assessment and planning (Paper I) 

The most influential PCDs selected in this study can be 
implemented in flood prediction maps. These descriptors showed 
differences between flooded and non-flooded watersheds. Higher 
values of difference in elevation were recorded for flooded 
watersheds, which have been reported for many previous studies 
(Johnson and Warburtun 2002, Parajka et al. 2005, Sanborn and 
Bledsoe 2006). Larger watersheds are more prone to flooding due 
to larger contributing area. Area and shape of a watershed directly 
governs the travel time, drainage time and finally time to peak flow 
especially in a storm (Werritty and Acreman 1985, Sefton and 
Howarth 1998, Lamb et al. 2000, Wagener and 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 and 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 basic hydrological 
characteristics of watersheds.  Higher drainage density represents 
the smaller saturated portion of a watershed (Berger and 
Entekhabi 2001, Wagener and Weather 2006). During storm 
events roads act as temporary streams that will increase the 
drainage density of watersheds. Higher TWI in flooded watersheds 
describes the higher potential of areas in those watersheds to 
develop saturated conditions (Beven 1988). The adjacent areas 
along roads in the watersheds have high values of TWI that is due 
to morphological alteration of road structure in the hill slopes. 

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. Diverse land covers influence hydrological 
response by affecting characteristics such as infiltration rate and 
overland flow. 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. 



Alireza Nickman TRITA LWR LIC Thesis 2014:02 

 

24 

 

Figure 9 Box plots showing variations in the L-Skewness 
with losses and without losses (1.1) and (1.2) and the L-
Kurtosis with losses and without losses (2.1) and (2.2) 
respectively. Watersheds without roads are represented 
in whit boxes and with roads in white boxes. 
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Flood prediction map classified to five levels of risk showed 
similar patterns as the reported flood event 2004. For example in 
the Hagfors Watershed, the damaged road section along road 240 
is located in the high risk zone (Fig. 7). The probability of flood 
risk in the areas that damages and failures happened was high due 
to physical characteristics of upstream contributing area. 
Therefore, flood prediction map that was produced based on the 
most influential PCDs could have been a useful tool to indicate the 
crucial areas prior the flooding. 

5.2. Statistical approach (Paper II) 

5.2.1. Interpretation of  the statistical model 

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. This means the pre-conditions 
such as performance of the road culverts and soil moisture content 
of the watersheds affect the flood probability at road-stream 
crossings. 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. 

Through the PCDs that contribute to flood probability map, some 
showed higher influences. Those predictors were TWI, road 
density, local channel slope and some 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. TWI at a certain point can 
describe the potential of that point to become saturated. A TWI 
value is directly proportional to upstream contributing area and 
inversely to slope gradient. 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. 

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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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. Total 
length of streams (and consequently drainage density) is directly 
correlated to concentration time of a watershed and flood peak 
(Merz and Blöschl, 2008). Land covers may be important in the 
way that their characteristics such as surface roughness, root depth 
and canopy interception affect the runoff. 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.  

5.2.2. 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 method based 
on multiple statistics and easily measured PCDs without employing 
detailed hydrological modelling. 

The flood probability prediction method suggested in this study 
can be used in identification of critical areas along roads 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. 

5.2.3. Limitations and uncertainties 

The method employed a large amount of data and a range of 
statistical approaches. Although both data and approach checked 
in different stages, there exists a potential for errors and 
uncertainties which are generally mentioned in the following: 

- A need for large amount of data can be a limitation when 
applying in other areas with confined information. 
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- Data quality: limitation of available information according 
to data type and probable deficiency in the available data. 

- Limitation in defining PCDs embedded in the coarse 
spatial resolution (here 50 x 50 m) 

- Uncertainty in positioning the exact location of road 
culvert due to relatively large area of each pixel (here 50 x 
50 m) compare to width of the roads. 

- Uncertainty in statistical analysis and the interpretation of 
the outcomes 

5.3. Hydrological modeling (HEC-HMS) (Paper III) 

Flow duration curves that were produced from the resulted 
hydrographs show variations in hydrologic responses of the 
different watersheds. The differences are both change in time to 
peak and peak outflows. It indicates that the changes in 
topography by elimination of the roads in the manipulated DEM 
can cause alterations in hydrologic responses of the watersheds in 
response to extreme events. Exploration of FDCs indicates that 
the role of roads was not only increase in outflow or advancing the 
time to peak. In a few watersheds (test watersheds number 2, 12 
and 17) peak outflow decreased after removing roads from the 
topography pattern. In some other watersheds (e.g. test watersheds 
number 4, 8 and 9) alterations in the peak outflow and timing were 
trivial. The differences in responses might be due to various road-
stream configurations and physical characteristics of the 
watersheds. In the rest of the test watersheds, an increase in peak 
outflow and advancement in time to peak can be detected. 

 Analysis of the box plots (Fig. 9) demonstrates an increase in the 
range of variations also in median of the L-moment ratios with 
increase in the storm intensity. This might indicate that road 
topography magnifies the hydrologic responses when intensity of 
the storm increases. An overview of the plots indicate that the 
watersheds with roads have larger values of median and range of 
variations compare to watersheds with no roads. The significance 
of the alterations depends on different factors such as the road-
stream configurations, geo-morphological and land cover 
characteristics of the watersheds. Exploration and comparison of 
the outcomes from simulation with losses and without losses 
indicate an increase in variation with the highest intensity storm 
but not with the recorded or half intensity storms. In fact in the 
simulation that the losses due to infiltrations were ignored, the 
outcomes are less realistic for real world conditions. Though, the 
results still show a significant variation in Skewness and Kurtosis 
of the FDCs applying the highest storm intensity (Fig. 9). 

 CONCLUSION  6.

The general method suggested here is the implementation of 
landscape characteristics in GIS by using statistical analysis to 
obtain a qualitative estimation of flood hazard probability along 
roads. One of the advantages of using such methods is the flood 



Alireza Nickman TRITA LWR LIC Thesis 2014:02 

 

28 

prediction model employs the available data without using detailed 
hydrological modeling. However, the general validity cannot be 
assumed without have a high number of empirical data reporting 
of flood events. Providing such data are made available it would be 
very important to further test the validity of the method suggested 
here.  

 The statistical approach and probability equation applied in this 
study structured a quantitative correlation between the PCDs in a 
watershed and probability of flooding in the road-stream cross 
sections in that watershed. This was done by using multivariate 
statistical analysis and GIS instead of using detailed hydrological 
modeling. The outcomes of 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.  

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 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 and responses especially in high storm 
intensities. 

 

 

  



The role of roads on hydrological response 

 

29 

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. 

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 K.P. Entekhabi D. 2001. Basin hydrologic response relations 
to distributed physiographic descriptors and climate. Journal of 
Hydrology. (247), 169–182. 

Beven K.J. 1988. Rainfall-Runoff Modelling, The Premier. Copy right 
2001, John Wiley & Sons ltd. 

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

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. 

Cung 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. 

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 omovädret i Värmland 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. 



Alireza Nickman TRITA LWR LIC Thesis 2014:02 

 

30 

Fleming M, Neary V.  2004. Continuous Hydrologic Modeling Study 
with the Hydrologic Modeling System. Journal of Hydrologic 
Engineering. (9), 175–183. 

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. 

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. 

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. 

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. 

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. 

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-



The role of roads on hydrological response 

 

31 

HMS/RAS: a case study for the San Antonio River Basin Summer 
2002 storm event. Journal of Environmental Management. (75), 325–
336. 

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. 

Magnusson K, Berglind-Eriksson M, Knutz Å, Löfling P. 2009. 
Metod för att hitta och åtgärda-vägavsnitt med höga risknivåer till 
följd av stora nederbördsmängder. VägverketKonsultsupp-
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. 

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

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. 

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. 

de Moel 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. 

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. 

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

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



Alireza Nickman TRITA LWR LIC Thesis 2014:02 

 

32 

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. 

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. 

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. 

Viessman W, Knapp JW, Lewis GL, Harbaugh TE. 1977. 
Introduction to Hydrology. 2nd Edition. Harper and Row, New 
York, N Y. 

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. 



The role of roads on hydrological response 

 

33 

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. 

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. 

 

 


