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Abstract 

Alteration of rainfall patterns is one major impact of climate change. Rainfall events 

with big precipitation volumes under short periods of time are predicted to become 

even more frequent in higher latitude regions, including Sweden. One characteristic 

example of such an intense rainfall occurred between the 5th and 6th of September 

2015 in Hallsberg, a city in central Sweden, where approximately 105 mm of rain fell 

under 24 hours, causing severe flooding in the city. In order to be able to predict 

flood cases like the aforementioned one, hydrodynamic models are employed to 

simulate floods and investigate rainfall scenarios so that the competent authorities 

can take precaution measures. However, due to lack of calibration data most of flood 

models are not validated and are comprised of substantial uncertainty. 

This report aims to study the Hallsberg flood event in September 2015 by 

calibrating a hydrodynamic model using aerial photographs for the flood inundation 

extent. The utilized model is MIKE 21, which is a 2D overland flow model developed 

by DHI. Contrary to the common practice in flood studies where inclusion of the 

infiltration capacity is implemented with an arbitrary reduction of the rain volume, 

the infiltration module of MIKE 21, which is a new development in the model, was 

utilized. Apart from the inundation extent, the outputs were also evaluated for the 

water depth in two points based on a photograph captured from the streets of the 

affected area, the description of the course of events for the timing of flood’s 

culmination and the water volume on the pixels that were erroneously simulated as 

flooded. 

The results presented a high degree of agreement with the observations. The 

parameter of surface resistance, expressed as Manning’s “M”, was found to be of 

paramount importance with the suitable values for undeveloped areas being below 

5. In addition, the culverts’ limited capacity played an important role in the flooding 

of the city and hence including them in the simulations is crucial. Finally, utilization 

of the infiltration module resulted in a higher accuracy of 8.3% although it can be 

considered more of an arbitrary deduction of water as some of the parameters used 

in it are not physically well justified.   
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Sammanfattning 

Ändringar i nederbördsmönster är en tydlig konsekvens av klimatförändringen. 

Regnhändelser med stora volymer nederbörd under korta tidsperioder förutses bli 

alltmer frekventa i regioner vid högre breddgrader, däribland Sverige. Ett 

karaktäristiskt exempel av en sådan händelse skedde mellan den femte och sjätte 

september 2015 i Hallsberg. Ca 105 mm regn föll inom loppet av 24 timmar vilket 

orsakade stora översvämningar i staden. För att kunna förutse översvämningar så 

som den tidigare nämnd och möjliggöra vidtagning av förebyggande åtgärder 

används hydrodynamiska modeller för att simulera vattenflöden och undersöka 

möjliga scenarion av nederbörd. Emellertid, på grund av avsaknaden av data för 

kalibrering av modellerna medför användandet av dem en signifikant osäkerhet. 

Syftet med den här rapporten är att undersöka översvämningen i Hallsberg i 

september 2015 genom att kalibrera en hydrodynamisk modell med hjälp av 

flygbilder för översvämningens utbredning. Den använda modellen, MIKE 21, är en 

2D modell över ytavrinningen utvecklad av DHI. Praxis vid studiet av 

översvämningar är att inkludera infiltrationsförmåga med ett godtyckligt avdrag av 

nederbörden. Här används istället infiltreringsmodulen för MIKE 21, vilket är en ny 

del som har utvecklats i modellen. Förutom översvämningens utbredning 

utvärderades även resultaten utifrån vattendjupet vid två punkter baseras på ett 

fotografi från gatorna i det drabbade området. Utvärdering av resultaten gjordes 

också mot tid av översvämnings kulm från beskrivning av händelses förlopp samt 

vattenvolym vid pixlarna som felaktigt simulerades som översvämmade. 

Resultatet visade på en hög grad av samstämmighet med gjorda observationer. 

Parametern ytans råhet, uttryckt som Mannings ”M”, visade sig vara av stor 

betydelse med lämpliga värden för underutvecklade områden under 5. Därtill 

spelade kulvertarnas begränsade kapacitet en viktig roll vid översvämmandet av 

staden. Att inkludera dessa i simuleringarna var därför avgörande. Slutligen, 

användandet av infiltreringsmodulen resulterade i en högre noggrannhet av 8.3 %, 

även om det kan anses vara ett godtyckligt vattenavdrag då vissa av de använda 

parametrarna inte är fysiskt välmotiverade. 

Nyckerlord:  

MIKE 21, översvämnings modellering, kalibrering, infiltration modul, flygbilder 
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1. Introduction 

Flooding is a natural disaster which affects many areas all over the world on a yearly 
basis and is the most frequent among other natural disasters (Jha, Bloch and 
Lamond, 2012). According to the EU Floods Directive (Directive 2007/60/EC) 
flooding is defined as the event in which land that is not normally covered by water, 
becomes submerged. The frequency as well as the extent of the severity of flooding 
depends both on environmental-natural factors, as well as on the anthropogenic 
activity in the area. For modern societies to become flood resilient, a comprehensive 
understanding of the causes and the mechanisms that drive them is crucial. This 
includes the identification of the types of floods, calculation of their occurrence 
probability, simulation of the potential extent, the water depth and the flow velocity, 
as well as estimating the flooding-caused damage magnitude (EXCIMAP, 2007). It 
is worth mentioning that due to the floods in Europe between 1998 and 2009, 1126 
people have died, half a million have been displaced and the economic damages are 
estimated to be around 52 billion Euros (Ec.europa.eu, 2016). 

Although floods are natural occurring phenomena, their frequency and 
intensity have increased and are predicted to increase further in the future due to 
climate change (Collins, 2014). The temperature is expected to rise and some areas 
will experience droughts with deficit of water while others will be subjected to 
increased rainfalls with higher intensity, which will lead to increase of river flows as 
well (MSB, 2011). Furthermore, the sea level rise, sprawling of cities without flood 
consideration and urban development in proximity to coastal and riverine areas are 
reasons that vulnerability to floods and their impacts will significantly increase 
(Colins, 2014; Stockholm Environmental Institute, 2015). 

1.1 Types of floods 

Different criteria can be used for the characterization of floods. One of those 
characteristics can be their speed. According to their speed, floods can be classified 
as flash or slow rise floods. Flash flooding constitutes a rapid rise of the water level 
which can be either caused by intense rainfall, breakage or failure of a man-made 
structure such as a dam or a levee or the sudden release of water held by an ice jam. 
Due to the high velocity of the water, flash floods usually carry debris such as 
boulders and cause landslides (The University of West Indies, n.d.).   

Slow rise floods occur in low-lying areas from a river when the flow rate 
exceeds the capacity of the river channel. These floods are caused by precipitation 
falling a relatively large distance upstream from the flooding area. The main 
difference with the flash floods is that slow rise floods exhibit higher water level rises 
but are less dynamic (Geosphere & Hydrosphere, University of West Indies, n.d.). 

The types of floods according to the European Exchange Circle on Flood 
Mapping (EXCIMAP, 2007) are presented in Table 1. The source of flooding can also 
be used to classify respective flood events into categories. According to the source, 
the following types of floods can be identified (Falconer, 2009): 
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x Fluvial 
x Coastal 
x Pluvial 
x Sewer derived 
x Tsunami 
x Dam break or levee failure 
x Channel breach 

 
Pluvial and fluvial are the most commonly encountered floods. Pluvial 

flooding is defined as surficial ponding or water flow over the ground before it enters 
a drainage system or a water course, or when entering is not possible because the 
system is already at capacity. The cause of the pluvial floods is extreme and heavy 
rainfall which exceeds the infiltration capacity of the soils and the capacity of the 
sewer system. Usually the duration of the rainfall is very short, lasting up to 3 hours, 
with high intensities up to and exceeding 20 mm/hr. However, it can also occur with 
relatively low intensity e.g. 10 mm/h over a long period of time. These events occur 
more frequently in excessively developed areas where the permeable soil is usually 
covered by low permeable surfaces (e.g. cement or asphalt) or when the ground is 
already saturated by previous precipitation events. Pluvial floods are expected to 
have the highest increase in frequency due to the alteration of the rainfall patterns 
caused by the climate change (MSB, 2013).  

The fluvial floods are those which are caused when the carrying capacity of a 
watercourse is exceeded and the water rises and overtops the banks. The cause of it 
can be the same type of rainfalls causing the pluvial floods. However, the main 
difference is that the water rises from the watercourse, in contrast to the pluvial 
floods where it rises from rainfall runoff before it reaches the water body. Another 
difference is that the fluvial events usually affect areas downstream from those hit by 
the extreme rainfall. (Falconer, 2009). Hence, the response time i.e. the timing of 
the eventual flooding will happen later in time after the rainfall event (MSB, 2013). 
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Table 1: Types of floods (EXCIMAP, 2007) 

 

1.2 Flood management practices 

The increasing number of floods and consequently their consequences, such as 
casualties, financial damages and environmental deterioration, has led to the issuing 
of the EU Flood Directive (2007/60/EC). According to this directive, the EU member 
states are obliged to assess, manage and reduce the risks from floods. This will be 
done by identifying and mapping the river basins and coastal areas at risk and 
subsequently creating a plan for the prevention and protection from those events. A 
good practice is to create a database of flood prone areas, with the use of numerical 
modelling, comprising scenarios of rainfalls with various return periods. 

In Sweden, the Swedish Civil Contingency Agency (Myndigheten för 
Samhällsskydd och Beredskap, MSB) is assigned the responsibility to implement the 
EU Flood Directive. MSB is tasked to supply the municipalities with studies about 
flood vulnerable areas along watercourses, as well as estimating the flow in 
watercourses for various potential flood cases and contributing to the plans for 
managing and minimizing the risks of flooding (MSB, 2011; Colins, 2014). 
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1.2.1 Strategies for modelling floods 

Flood modelling using contemporary modelling software is a commonly used 
approach for flood risk management. However, models are simplifications of the 
reality and their ability to predict the floods’ characteristics depends on the available 
input data, their accuracy and the model design. Whichever the modeling approach 
and the study area, the modeler should follow a systematic approach when 
conducting a flood study, which includes the following steps (CORFU, 2014) as 
illustrated in Figure 1: 

1. Planning and preparation. This include among other things inspection of the 
area and assessment of the data requirements. 

2. Acquisition of the data, formulation and building of the model. 
3. Model calibration and validation. This may require a big number of simulations 

which depends on the complexity of the problem, the quality of the data, the 
experience of the modeler, the accuracy of the conceptual model and the 
assumptions, the time limits, as well as the tolerance for the divergence from 
the reality. 

4. Evaluation of the performance of the calibration and the validation step. In this 
step, the results are characterized as satisfying or not. If not, the steps 2 and 3 
are repeated until they become satisfying.  

5. Model application and assessment of the results. 
 

 
Figure 1: Chart explaining the modelling procedure (CORFU, 2014).  
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1.2.2 Different approaches for flood modeling 

MSB has issued guidelines with suggested approaches for mapping and investigating 
cloudbursts, which are heavy convective rains under a small period up to 1-day. For 
urban systems, the rain events which are considered crucial flood-wise are those with 
short duration lasting a few minutes up to one day. Depending on the degree of 
required details, the available data, the size and characteristics of the study area and 
the overall aim of the flood study, one or several of the following approaches are 
proposed (MSB, 2013): 

GIS analysis for detecting low lying areas 

This approach constitutes the simplest and fastest approach for a flood study. It is 
usually the preliminary step of a more detailed study and the aim is to identify areas 
of high flood risk. Using a Digital Elevation Model (DEM) with a resolution between 
1-5 m (MSB, 2013) is recommended as it allows a suitable representation of the 
urban structures such as highways, buildings, etc. Through the use of a GIS software, 
the low points can be identified in terms of their extent, depth and volume, as well 
as the water flow path on the surface. However, this type of analysis is very basic 
since no hydraulic calculations are applied. Hence, the rain volume required to 
inundate those areas with water cannot be estimated, which bears the risk for either 
over or underestimating the flood extent. Furthermore, no consideration is given to 
the temporal aspect of the flooding, nor the physical soil characteristics or drainage 
system capacity. The main advantage of this method is that it is easy and quick (MSB, 
2013). 

2-dimensional models for surface runoff 

Using a 2D model provides the possibility to calculate the velocity and the direction 
of the overland flow, the maximum depth and the extent of flooding. The water 
movement on the surface is described with a physically correct way and the 
performed simulations are dynamic which means that the calculated parameters 
change over time. Furthermore, an analysis with a 2D model for surface runoff offers 
a good description of the correlation between the contribution of the upstream area 
and the volume of the low lying areas (MSB, 2013). 

In most models of this type, the infiltration of water in the ground is not 
considered. However, in one of the most common used models that belong in this 
category, MIKE 21, an infiltration module has recently been added. This module is a 
simplified representation of the physical conditions which allows the removal of 
water from the domain, but not the groundwater recharge of the rivers and dikes. In 
cases where an infiltration module is not used, assumptions can be made for the 
infiltration capacity of the soil and this magnitude can be subtracted by the rainfall 
used as an input to the model (excess precipitation). 

In 2D surface runoff simulation approaches, the capacity of the drainage 
system to drain water from the surface is often not considered. However, like the 
assumption for the infiltration capacity, an amount of water corresponding to the 
system’s capacity can be estimated and subtracted from the input rainfall, assuming 
that it can be diverted and discharged by the piping system to a location that does 
not affect the flood. 
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Coupled 1-dimensional drainage system network to 2-dimensional surface 
runoff models 

This combined approach constitutes the state of the art methodology for pluvial flood 
studies, where a 2D surface runoff model is coupled with a 1D drainage system model 
that describes the drainage characteristics, such as the capacity and the distribution 
of the network system in the study area. Since it is the most advanced method, it is 
both the most time and data demanding one, but has the capability to represent the 
natural conditions with higher accuracy. The dynamic of a flood event can be 
captured and the interaction between the drainage system and the surface is 
represented. The user can get information about the water depth, the flow paths and 
the flow velocity (MSB, 2013). Although there are numerous software packages 
available, the most widely known ones are MIKE FLOOD by DHI and InfoWorks by 
Innovyze. 

The importance of including the drainage system in a flood study depends 
both on the duration and intensity of the rain event, as well as the capacity of the 
drainage system. The more extreme the event and/or the smaller the capacity of the 
system, the lower the effectiveness of the drainage system, and hence the importance 
of its inclusion considering the high workload for setting the drainage system model 
up. However, the acquisition of the data for the drainage system is not always 
possible. In many cases, the municipalities or water agencies do not have the data, 
or do not have the data in a digital format (MSB, 2013). 

1.2.3 Calibration data for flood models 

The calibration process is an important part of modelling. However, this step 
is difficult or even impossible to include in many flood studies. Flood monitoring is 
rare due to the disturbances caused by them and the absence of appropriate 
equipment, which leads to lack of calibration data. However, in the case that the data 
is available, it should be used and the authorities should aim to be prepared to 
acquire measurements in case of a flood event so that they could be used for future 
studies. The calibration process aims at ensuring that the behaviors of the natural 
phenomena are simulated by the model with a certain degree of accuracy. The main 
action in a calibration process is to minimize, and ideally eliminate the divergence of 
the simulated results from the observed data (CORFU, 2014). 
 The selection of the calibration data depends on the type of the flood model 
used. For 1D pipe network model, the calibration data can be the flows and water 
levels at strategic, hydraulically stable and representative points in the network and 
its outlets (CORFU, 2014). For studies which include, or just consist of 2D overland 
flow flood models, various types of data can be used. One of them is the water level 
at certain points, e.g. at the wall of a building at certain times. The water level can be 
measured during the actual event on the site by noting down the exact location and 
time of the measurement or by photographs/videos taken during the event at 
specified times so that the modelers can estimate the water level on a later stage. 
Furthermore, the watermarks on the buildings can also be used as an indication of 
the maximum water level. However, caution must be exercised since the watermark 
may have been created by waves, e.g. created by moving vehicles. Another calibration 
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parameter is the flood extent which can be retrieved from flood extent maps created 
from point observations, satellite images or aerial photographs captured during the 
flooding event. Finally, in the case of a river crossing the study area, the flow rate or 
the water stage can also be used in for calibration (Hunter et al., 2005a; Woodhead 
et al., 2007; CORFU, 2014). 
 A valuable source of calibration data can be the communication and 
interviews of various stakeholders (community servants, policemen, firemen and the 
residents or property owners of the flooded area). Crowdsourced data from social 
media and mobile phone applications has also been applied (Mazzoleni et al., 2015; 
Gjerstad Lindgren, 2016). Generally speaking, the calibration data can be a time 
series of measurements, data from distinct time points or even descriptions of the 
event (e.g. time of peak). In flood modelling, where extreme conditions are studied, 
the peak water level, the highest flow magnitudes and the broadest extent of the 
flooded area are recommended to be used. It is generally better for the calibration to 
have a large number of data from various time points and locations in order to 
represent the temporal and spatial variability of the event. The spatial distribution 
of the locations and whether they are strategically selected should also be considered 
(CORFU, 2014).  

According to recommendations of CORFU (2014), in an ideal scenario the 
number of different flood events in the study area to be used for calibration should 
be larger than the number of the calibration parameters, with a minimum of 3 events. 
It is apparent that the reliability and versatility of the model increases with a higher 
number of flood events used for the calibration. It should be reminded that some 
events should be kept for model verification where the calibrated model will be 
tested. 

1.3 Aims and objectives 

Mathematical models, although being able to simulate highly complex processes and 
systems, are still simplified representations of the reality. Hence, calibration of the 
model parameters is needed to ensure a reasonable level of confidence in the model’s 
ability to represent the real world. However, due to the lack of data from flood events, 
there is a limited number of studies that have attempted the calibration of flood 
models. Therefore, the aim of this study is to calibrate a hydrodynamic model and 
attempt to achieve simulation results corresponding to the observed data. The case 
study is the severe flood event in Hallsberg in September 2015. This will allow better 
understanding of the functionality of the mathematical model used, as well as give 
an indication about the magnitude of the parameters suitable for flood studies of this 
scale.  
The above aim will be accomplished by fulfilling the following objectives: 

x Investigating the current knowledge about flooding and 2D hydrodynamic 
models. 

x Assembling site specific data and setting up the 2D hydrodynamic model 
MIKE 21. 

x Calibrating the model by adjusting the model parameters. 
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x Assessing the limitations of the model and the uncertainties in the process 
through analyzing the response of the model iteratively with each run. 
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2. MATERIALS AND METHODS 

The study was conducted using the MIKE 21 Flow model used for simulation of the 
inland flooding and the overland flow. For the calibration of the model, photos taken 
on Sunday afternoon at the affected area were used. One batch of photos taken from 
an airplane were used as an indicator of the extent of the flooding at a certain time 
and one photo captured of the streets of Hallsberg’s city center was used to assessing 
the water level at certain points at known times. A detailed description of the data 
used, the study area and the methodology followed is presented hereunder. 

2.1 Materials 

The software used for flood calculations and for visualization of the results were: 

● MIKE ZERO 2016 by DHI 

● ArcMap 10.3.1 by Esri 

● Microsoft Excel 
The data used for setting up the model: 

● Elevation map. In raster format of 2 m resolution from Lantmäteriet. 

● Air photo. In raster format of 1 m resolution from Lantmäteriet. 

● Terrain map. Shapefile format from Lantmäteriet. The polygons for 

buildings, roads and land use were used. 

● Roads map. Shapefile format from Lantmäteriet. The polygons for the 

streets and the streams were used. 

● Radar images. Images in GeoTiff format with radar reflections from SMHI. 

From those images, rainfall was inferred. 
The calibration data were the following: 

● Photograph of the city centre for the depth of the water in certain points. 

● Aerial photographs for the extent of the flood. 

2.2 MIKE 21 

The implementation of the flood study presented in this report is done using MIKE 
21 which is a package from the software series MIKE by the Danish Hydrological 
Institute (DHI). MIKE 21 is a versatile tool mainly for coastal and marine 
environments but also for inland (flooding) applications. Some applications for 
which MIKE 21 could be used is the design of data assessment for coastal and 
offshore structures, cooling water, desalination and recirculation analysis, 
environmental impact assessment of marine infrastructures, ecological modelling 
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including optimization of aquaculture systems, coastal flooding and storm surge 
warnings (DHI, 2016b).  

MIKE 21 consists of 3 types of simulation engines: The Rectilinear grid model, 
the Curvilinear grid model and the Flexible Mesh model (Figure 2). The rectilinear 
model can be either single grid or dynamically nested with the ability to have a finer 
grid resolution only in the area of interest for computational time efficiency. The 
Curvilinear model is appropriate for river applications where the rectilinear grid 
cannot accurately represent the river formation.  The Flexible Mesh is based on 
linear triangular elements and uses an unstructured mesh. In this study, the 
rectilinear model was used. 

 
Figure 2: Simulation engines for MIKE 21 (Britton, 2016). 

 

Although there are various modules included in the package of MIKE 21 according 
to the nature of the application such as Mud/particle/sand transport, Spectral/ 
Parabolic Mild Slope/Elliptic Mild Slope/Boussinesq waves, Oil Spill, Advections-
Dispersion etc., the Hydrodynamic module was suitable for the aforementioned 
objective. This module accomplishes the simulation of water level variations and 
flows in response to a variety of forcing functions. 

2.2.1 MIKE 21 Flow Model 

The hydrodynamic module of MIKE 21 Flow Model (MIKE 21 HD) with a single 
rectilinear grid was used. MIKE21 21 HD is a modelling system for 2D free-surface 
flows. The forcing functions that can be considered as drivers for the water 
movement are the following: 

● Bottom shear stress 

● Wind shear stress 

● Coriolis force 

● Evaporation 
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● Barometric pressure gradients 

● Momentum dispersion 

● Wave radiation stresses 

● Sources and sinks 

● Flooding and drying 

The nature of the investigation must be assessed for deciding which of them 
should be used. Since it is a 2D model, it is used for hydraulic and environmental 
phenomena where stratification is not of importance. The model simulates unsteady 
two-dimensional flows in one layer fluids where the vertical direction is considered 
homogeneous. The main equations that govern the simulation are the conservation 
of mass and momentum integrated over the vertical and are presented hereunder: 
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𝜕
𝜕𝑥

(𝜌𝛼)

= 0 

(2.2) 

 
 
 
 

𝜕𝑞
𝜕𝑡

+ 𝜕
𝜕𝑦

(𝑞2

ℎ
) + 𝜕

𝜕𝑥
(𝑝𝑞

ℎ
) + 𝑔ℎ 𝜕𝜁

𝜕𝑦
+ 𝑔𝑝√𝑝2+𝑞2

𝐶2∙ℎ2 − 1
𝜌𝑤

[ 𝜕
𝜕𝑦

(ℎ𝜏𝑦𝑦) +
𝜕

𝜕𝑥
(ℎ𝜏𝑥𝑦)] + Ω𝑝 − 𝑓𝑉𝑉𝑦 + ℎ

𝜌𝑤

𝜕
𝜕𝑦

(𝑝𝛼) = 0  
(2.3) 

 
Where: 

x h(x,y,t)= water depth (= ζ − 𝑑, 𝑚) 
x d(x,y,t)= time varying water depth (m) 
x ζ(x,y,t)=surface elevation (m) 
x p,q(x,y,t)= flux densities in x- and y- directions (m3/s/m) 
x C(x,y)= Chezy resistance (m1/2/s) 
x g= acceleration due to gravity (m/s2) 
x f(V)= wind friction factor (1) 
x V, Vx, Vy(x,y,t)= wind speed and components in x- and y-directions (m/s) 
x Ω(x,y)= Coriolis parameter, latitude depedent (s-1) 
x pa(x,y,t)= atmospheric pressure (kg/m/s2) 
x ρw= density of water (kg/m3) 
x x, y= space coordinates (m) 
x t= time (s) 
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x τxx, τxy, τyy= components of effective shear stress 
The purpose and the nature of inland flooding investigations, such as the one 

performed in this report, render the use of the wind and the Coriolis component 
unnecessary. In order to integrate the equations of mass and momentum 
conservation in the space-time domain, MIKE 21 HD applies the Alternating 
Direction Implicit (ADI) method, which is a finite difference method. A Double 
Sweep (DS) algorithm is used for resolving the equation matrices that result for each 
direction and each individual grid line. For further information, the interested reader 
is referred to (DHI, 2016a). 

2.2.2 Resistance 

The resistance of the surface represents the friction during the flow of the water on 
a surface. This term can be crucial for the derivation of the velocity of the flow and, 
hence, is important for flood hazard mapping applications. The magnitude of the 
surface resistance and the relative variation of it between adjacent cells has a large 
effect on the flow path, flow velocity, and peak times and a smaller but not 
inconsiderable effect on the extent of the flooded area and the depth of the water 
(Filipova, Rana and Singh, 2012). According to MSB (2014), a higher resistance of 
the surface leads to slower spreading of the water to the deepest point of the low-
lying area which results to bigger spread of the flood but lower water depth. 

Using the Darcy-Weisbach equation for head losses due to wall friction from 
fluid mechanics, the velocity of the water V (m/s) in a cylindrical shaped pipe with 
constant diameter D can be expressed as follows(Chow, Maidment and Mays, 1988): 

 

 𝑉 = √
8𝑔
𝑓

𝑅𝑆𝑓 (2.4) 

 
Where: 

x f= Darcy-Weisbach friction factor (1) 
x g= acceleration due to gravity (m/s2) 
x R= hydraulic radius for which R= A/P= D/4 (m)  
x Sf= hf/L is the friction slope (1), with hf being the head loss (m) and L the 

length (m) 

  By using the Chézy C which is defined as 𝐶 = √8𝑔/𝑓 with units m1/2/s, the 

equation known as Chézy’s equation for open channel flow (2.5) can be derived from 

(2.4): 

 

 

 



13 

 
𝑉 = 𝐶√𝑅𝑆𝑓(2.5) 

 
(2.5) 

By setting 𝐶 = 𝑅
1
6

𝑛
 in (2.5), the Manning’s equation is produced (2.6) with n 

being the Manning’s roughness coefficient with units s/m1/3, often given as 𝑀 = 1
𝑛
 

with units m1/3/s: 
 

 𝑉 = 𝑅
2
3𝑆𝑓

1
2

𝑛
   (2.6) 

 
The determination of Manning’s coefficient is a challenge due to its empirical 

nature. According to Chow (1959), judgment and experience is needed. Initially the 
factors affecting the coefficient must be understood in order to select appropriate 
values. For catchment scale studies such as this one, those factors are (Chow, 1959): 

x Surface roughness. This is sometimes mistakenly perceived as the only 
factor affecting the resistance. The roughness is derived by the size and shape 
of the grains of the material of the surface. The resistance decreases with the 
grain size. 

x Vegetation. Vegetation may be also perceived as a type of surface roughness. 
The degree of its effect on the flow depends on the height, density, distribution 
and the type of vegetation. 

x Seasonality. Depending on the season, the resistance can take various 
values. During the grow season, foliage and, the growth of plants can be 
expected to cause an increase in resistance.  

x Level of water. High level of water can usually lead to a decreased effect of 
the irregularities of the surface and the vegetation on the water velocity. 
Hence, a higher water level usually results to a lower resistance. The effect of 
the water level becomes apparent in Table 2, where the n value is shown for 
various flood levels and types of floodplain covers.  

x Surface irregularities. Irregularities of the surface, such as hummocks or 
depressions, can cause an increase in the surface resistance. 

x Obstructions. Objects that could hinder the movement of the water, such as 
isolated boulders, exposed roots, debris etc. 
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Table 2: Manning’s n coefficients for various water levels in Nishnabotna River, Iowa (Chow, 1959). 

 
 
In the cases where the focus of the study is a river, factors such as channel 

meandering, silting and scouring, size and shape of the channel as well as suspended 
material and bedload are also expected to affect the value of the coefficient. 

After considering the aforementioned factors, the follow-up step is 
consultation of tables with typical n values from literature. Some examples of values 
for Manning's coefficient from widely used sources are presented in Table 3 and 
Table 4. 
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Table 3: Manning’s coefficient n for different surfaces (Chow, 1959).
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Table 4: Manning’s coefficient n for various overland flow surfaces (McCuen, 1998). 

 
 

After consultation of reference tables, an examination of photographs of some 
typical cases, for which the roughness coefficient is verified, is suggested in order to 
become visually acquainted with areas of various n coefficients. Furthermore, the 
photographs can be used as a reference for comparison and adjustment of the 
Manning coefficients taken by the reference tables (Chow, 1959; U.S. Geological 
Survey, 1989). 

 

2.2.2.1 Resistance in MIKE 21 

In MIKE 21, the surface resistance is represented by the Chézy formulation: 

 

 𝑔𝑝√𝑝2 + 𝑞2

𝐶2 ∙ ℎ2  (2.7) 

 

The friction for the flow is calculated by using the depth of the grid cell that is 
releasing water. For example, in case water is flowing from a deep grid point to a 
shallow one, the friction is calculated on the basis of the deep grid points water level. 
Contrariwise, the water level of the shallow point is utilized for water flow from the 
shallow to the deep grid point. In that way, it is easier for a shallow point to gain 
water than it is for it to discharge water. 
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In case the resistance is given in Manning’s number M, it is used to derive the 

Chézy number which is given, as mentioned before, from 𝐶 = 𝑀 ∙ 𝑅
1
6. However, for 

infinitely wide channel Chézy number can be approximated with the water depth and 
be rewritten as: 

 

 𝐶 = 𝑀 ∙ ℎ
1
6 

 
(2.8) 

2.2.3 Flood and Dry 

For cases such as areas with tidal flats or for inland flooding, the concept of flood and 
dry point is utilized by MIKE 21 as a way to deal with moving boundaries, the drying 
and flooding fronts. The dry point is the minimum water level (drying depth, hdry) 
that a flooded cell reaches before it is taken out of the calculations and made inactive. 
The water depths of the dry cells are stored and can be used at later time step in the 
calculations in case more water flows to the cell. The threshold for activating a dry 
cell is defined by the flooding depth, hflood. The relationship between those two 
threshold parameters must be: 
 

 hflood > hdry 
(2.9) 

 
 
A cell with a level of water below the hdry level will appear in the results files 

as blank. However, this does not necessarily mean that the cell is completely dry. 

2.2.4 Infiltration 

Infiltration constitutes the process by which the water penetrates from the ground 
surface into the soil. It is expressed as infiltration rate f and usually measured as 
mm/h. It is influenced by many factors including the initial soil moisture, the 
conditions of the soil surface (e.g. if compacted by machinery or poached by 
livestock), the properties of the soil such as porosity and hydraulic conductivity and 
the vegetation cover (Chow, Maidment and Mays, 1988; Hiscock, 2005). In cases 
that water supply at the ground surface exceeds the infiltration rate or the soil water 
storage is at capacity, ponding of water can occur. In extreme rainfalls, the rainfall 
intensity exceeds the infiltration rate and causes overland flow without the water 
storage being necessarily full. 

There are many equations describing the infiltration rate and most of them 
describe the potential infiltration rate. Since infiltration is a very complicated and 
dynamic process due to high spatial and temporal variability of the soil properties 
and conditions, the mathematical equations can only approximate it. One of the most 
broadly used equations is Horton’s equation (2.10), which is formulated as: 
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 𝑓(𝑡) = 𝑓𝑐 + (𝑓0 − 𝑓𝑐)𝑒−𝑘𝑡 (2.10) 
 

Where: 
x k= decay constant (s-1) 
x f0= initial infiltration (mm/s) 
x fc= constant infiltration rates (infiltration capacity) (mm/s) 

 
According to Horton, the infiltration rate f(t) declines rather quickly at the 

beginning of a rainfall event in an exponential way (see Figure 3). As more and more 
water infiltrates and the pores of the top soil layer become saturated, the infiltration 
reaches a constant rate, which is the infiltration capacity, fc. 
 

 
Figure 3 : Graphical representation of Horton`s equation for infiltration rate (Hiscock, 2005). 

 

Another equation is derived by Philip, hence known as Philip Equation (2.11): 

 

 𝑓(𝑡) =
1
2

∙ 𝑆 ∙ 𝑡
1
2 + 𝐾 (2.11) 

 

Where: 
x S= sorptivity, a function of the soil suction potential (m ⋅ s-1/2) 
x K= hydraulic conductivity (m/s) 

The first term on the right side of the equation represents the temporal 
pattern of the absorption of water which is the result from the sudden application of 
water at the surface of a homogeneous soil at time t=0. The second term describes 
the steady condition flow of water due to a potential gradient between the ponding 
water in the surface and the drier soil below (Hiscock, 2005). It can be observed that 
under very high values for time, the infiltration rate tends to become equal to the 
hydraulic conductivity. 
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2.2.4.1 Infiltration in MIKE 21 

There are two ways to include infiltration in the MIKE 21 model. One is as net 
infiltration and the other as constant infiltration with capacity. The net infiltration 
can be specified as constant in time and space, constant in time but varying in space 
and varying in both time and space. 

The constant infiltration with capacity option is a simplified way to describe 
the infiltration of water from the surface to the unsaturated zone and from the 
unsaturated to the saturated zone (Figure 4). There are 5 parameters that must be 
defined: 

x Infiltration rate. The flow of water from the surface of the ground to the 
subsurface expressed as a constant value.  

x Porosity of the infiltration zone. The infiltration zone is the 
unsaturated zone and is considered to be homogeneous with a constant 
porosity. 

x Depth of the infiltration zone. Alternatively, the level of the 
groundwater free surface can be defined. 

x Leakage rate to the saturated zone. This is the flow rate from the 
unsaturated to the saturated zone. When the infiltration layer becomes 
saturated, the infiltration rate is reverted to the leakage rate. 

x Initial water content. This represents the initial water content in the 
infiltration zone defined as percentage of the storage capacity. 
 

 
Figure 4: Schematization of constant infiltration with capacity (DHI, 2016b). 

 

A 1D vertical continuity equation is solved and the results are used for the 2D 
horizontal dynamic calculations for any potential changes to the depth of the water 
at the surface of the ground. The 1D equation is solved at each time step after the 2D 
horizontal flow equations have been solved. The steps of the procedure are given in 
the order of execution: 

1. Volume of water from leakage flow for each grid cell of the surface is 
calculated, Vleakage(j,k): 
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 Vleakage(j, k) =  Ql(j, k) ∙ Δt ∙ Δx ∙ Δy (2.12) 

 

 Vleakage(j, k) =  min (𝑉𝑙𝑒𝑎𝑘𝑎𝑔𝑒(j, k), 𝑉𝑖(j, k)) (2.13) 
 

 𝑉𝑖(𝑗, 𝑘) ≔ 𝑉𝑖(𝑗, 𝑘) − Vleakage(j, k) (2.14) 
 

Where: 

x 𝑉𝑖(𝑗, 𝑘)= total volume of water in the infiltration zone in each horizontal 
grid cell (m3) 

x Ql(j, k)= leakage rate of a cell (mm/h) 

x 𝑗= number of cell in the x direction of the domain  
x 𝑘= number of cell in the y direction of the domain 
x Δt= time step (s) 
x Δx= dimension of the cell grid in the x direction (m) 
x Δy= dimension of the cell grid in the y direction (m) 
 

 

2. Volume of water that infiltrates for each horizontal grid cell is calculated, 
𝑉𝑖𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛(𝑗, 𝑘): 

 
 𝑉𝑖𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑗, 𝑘) = 𝑄𝑖(𝑗, 𝑘) ∙ 𝛥𝑡 ∙ 𝛥𝑥 ∙ 𝛥𝑦 (2.15) 

 

 
𝑉𝑖𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛(𝑗, 𝑘) = 

𝑚𝑖𝑛 (𝑉𝑖𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛(𝑗, 𝑘), 𝑆𝐶𝑖(𝑗, 𝑘) − 𝑉𝑖(𝑗, 𝑘), 𝐻(𝑗, 𝑘) ∙ 𝛥𝑥 ∙ 𝛥𝑦) 
(2.16) 

 

 𝑉𝑖(𝑗, 𝑘) ≔  𝑉𝑖(𝑗, 𝑘) + 𝑉𝑖𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛(𝑗, 𝑘) (2.17) 
 

Where: 
x 𝑄𝑖(𝑗, 𝑘)= infiltration rate (mm/h) 
x 𝑆𝐶𝑖(𝑗, 𝑘)= water storage capacity (m3) 
x 𝐻(𝑗, 𝑘)=depth of water at the free surface (m) 

 
 

 
3.  New water depth at the free surface for each horizontal grid, H(j,k): 

 
 𝐻(𝑗, 𝑘) = 𝐻(𝑗, 𝑘) − 𝑉𝑖𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛(𝑗, 𝑘)/(𝛥𝑥 ∙ 𝛥𝑦) (2.18) 
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In case that the depth of the water 𝐻(𝑗, 𝑘) is lower than the threshold 
set for the dry point, the cell (j,k) will be both taken out of the 2D hydraulic 
calculations for the flow on the surface and also no infiltration will occur. 
However, leaking can occur in case there is water stored in the infiltration 
zone. 

 
Analogy of infiltration parameters to physical attributes 
The parameters used in the MIKE 21 infiltration module do not necessarily 
correspond to the physical attributes with similar or same terminology. Starting with 
infiltration rate, although as a physical notion it represents what its name stands for, 
it is considered as a constant value contrary to reality where it decreases from the 
initially high value until it reaches steady state as detailed in the text above.  

The porosity defined in the module is more analogous to the physical quantity 
of the effective porosity, which is defined as the total void space that are 
interconnected and capable of transmitting and storing water. 

Concerning the depth of the infiltration zone, it does not completely 
correspond to the depth of the unsaturated zone. It represents the distance between 
the ground surface to either a minimum groundwater level (occurring at baseflow) 
or the depth until which the flow of water is driven by gravitational forces and not 
influenced by processes such as capillary forces. 

Finally, since the leakage occurs just over the boundary of the saturated zone, 
it can be considered equivalent to the saturated hydraulic conductivity (Gunnarsson, 
2016).  The volume of water removed from the system by leakage never reenters the 
system. This is, however, not always the case since it can be possible that the water 
finds its way to the surface as surface runoff. 

2.3 Case study 

2.3.1 Description of the Study area 

Hallsberg is a city which belongs to Örebro County, situated in central Sweden 
(Figure 5). The population of Hallsberg municipality is 15,509 according to 2015 data 
(Statistiska Centralbyrån, 2016). Hallsberg is an important railway node in the 
Swedish railway system and with the railway as a reference, the city can be divided 
in two parts. There is a large industrial area in the north part, along with residential 
areas. The area south of the railway is traversed by two streams named 
Rösättersbäcken (or also Puttlabäcken) and Storån. These watercourses are almost 
parallel to each other towards the northeast direction and they enclose a residential 
area, sport facilities and a school area. The rivers meet at the northeast of the city 
creating the Ralaån river (Figure 6). The urban area is primarily sparsely built and 
mostly surrounded by cultivated land (Figure 7). 
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Figure 5: The location of Hallsberg in Sweden depicted with a red circle (left) and Örebro County 

(right) (Eniro, n.d.). 
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Figure 6: Descriptive map of Hallsberg with the names of the streams running through it (Gjerstad 

Lindgren, 2016). 

 

 
Figure 7: City of Hallsberg (GSD-Ortofoto, 1m färg © Lantmäteriet, 2014). 
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 The urban area is located in a low lying flat area with a mean elevation of 46 
m. Parallel to the railway runs an esker with a clear ridge which makes the south part 
of the city almost confined, with a limited outlet capacity. In the south, a geological 
fault exists resulting in a steep rise of the elevation (Figure 8). The northeast of the 
city center consists of low lying crop land where cultivation and harvesting has led 
to significant reduction of the ground surface (Gjerstad Lindgren, 2016).  
 

 
Figure 8: Elevation map with the black polygon depicting the location of the urban area (GSD-

Höjddata, grid 2+ © Lantmäteriet 2015). 

 

 According to the soil map (Figure 9), the urban area in mainly built on clay, 
more specifically gyttja clay and postglacial clay, which leads to low water storage 
capacity of the ground, constituting one more factor reasoning the area’s 
vulnerability to floods. The water storage capacity of the esker crossing the city 
constitutes it as the Hallberg’s reserve water supply (Länsstyrelsen Örebro län, 
2009). Just south of the urban area, the ground is dominated by postglacial sand, 
while the topographically higher areas in the south consist mainly of till.  
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Figure 9 : Soil map (Jordarter 1:25 000-1:100 000 © Sveriges geologiska undersökning, 2014). 

2.3.2 Hydrological conditions and previous floods 

Hallsberg belongs to Täljeån’s catchment (Figure 10) which is considered as flood 
vulnerable due to its land drainage conditions and the existence of only a small 
number of lakes (0,5 % of the catchment’s area). This means that there is a small 
retention capacity of stormwater and hence the water level of the streams can quickly 
rise in cases of extreme rainfalls (Länsstyrelsen Örebro län, 2016). Around 50 % of 
the basin consists of cultivated areas, while forests constitute around 28 % of the 
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land cover type. The total surface that Täljeån’s basin covers is 791 km2 

(Länsstyrelsen Örebro län, 2009; Länsstyrelsen Örebro län, 2016). 
The bedrock type is dominated in the central area of the basin by sedimentary 

rocks and in the north part from granite. Volcanic rock types are also present in the 
basin. Regarding soil types, 35 % consists of till and around the same percentage is 
clay. Sand and gravel constitute more than 10% of the soils and 7 % of the soil is of 
organic origin (Länsstyrelsen Örebro län, 2009). 

Concerning watercourses, the biggest river is Täljeån which discharges in 
Hjälmaren lake. The two streams that cross Hallsberg (Storån and Rösättersbäcken) 
get together to form Rålaån which downstream becomes Kumlaån. Kumlaån 
discharges to Täljeån (Länsstyrelsen Örebro län, 2009). 

 

 
Figure 10: Täljeån's catchment (Länsstyrelsen Örebro län, 2009). 
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 In the height of Sannahed (Nykvarn), downstream of Hallsberg, there is an 
outcrop in the river bed which limits the water flow capacity causing damming effect 
upstream of it under high water flow conditions.  The outcrop reduces the drainage 
velocity of the upstream areas, including Hallsberg, and hence contributes to their 
high vulnerability to floods (Länsstyrelsen Örebro län, 2011). However, it protects 
the downstream area from being flooded, and because of that, its removal has not 
been progressed as a solution for reducing the risk of flooding in Hallsberg 
(Jordbruksverket, 2015). 
 Since the beginning of 1900 many incidents of flooding have occurred in 
Hallsberg municipality. A lot of documented floods occurred during 1960s with the 
most severe one being in the summer of 1960. During that summer, many parts of 
the central Hallsberg, such as Allégatan and Kapellgatan were affected with the flood 
lasting approximately 20 days. On the 12th of July 1998, many basements were 
reported flooded. Another incident occurred on the 23th of July 2002 where extreme 
rainfalls of 50 mm over one night caused flooding in basements in the urban area of 
Hallsberg (Länsstyrelsen Örebro län, 2011).  

2.3.3 The flood event in September 2015 

On the 5th and 6th of September in 2015, a big part of Hallsberg municipality, as 
well as parts of the surrounding municipalities of Kumla, Askersunds and Laxå, were 
affected by severe floods. During this time period the two rainfall measurement 
stations located in the east and the north side of the town’s center recorded 112 mm 
and 104 mm of precipitation respectively. In addition, a private measuring station 
north of the town measured 106 mm for the same time period (Länsstyrelsen Örebro 
Län, 2016). However, the rainfall that fell during that event shows a very high spatial 
variability. For example, the measurement station of SMHI located in Örebro, 20 km 
north of Hallsberg, received precipitation of only 7.7 mm, while the station in 
Hjortkvarn situated approximately 25 km southeast of Hallsberg measured a 
precipitation height of 96.5 mm (Länsstyrelsen Örebro Län, 2016). 

A few days before the flooding event, between the 1st and 2nd of September, 
the area received around 30 mm of precipitation which resulted in a very high 
saturation of the ground when the event of 5th September occurred. The storm 
reached Hallsberg on Saturday morning around 9 am and ended about 10 am the 
next day. However, the peak of the flood occurred during the night between Sunday 
and Monday because water continued flowing into Hallsberg from areas upstream. 
On Monday afternoon the water level had decreased around 30-40 cm, but it was not 
completely vanished before Wednesday the 9th of September because of the 
saturated soil and the flatness of the area (Länsstyrelsen Örebro Län, 2016). 

The flood affected approximately 400 households and forced the evacuation 
of approximately 80. However, no casualties or injuries were reported. Furthermore, 
schools were closed and problems connected to road and train traffic occurred. An 
insurance company estimated the damages caused to buildings around 25 million 
SEK (Länsstyrelsen Örebro Län, 2016). According to Nerikes fire department, the 
cost for their operations was approximately 100 000 SEK in addition to their man-
hours put in. In addition, according to Jordbruksverket (2015), the crop areas 
affected of the flooding were around 1200 ha and the total damages caused in crops 
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are estimated to be around 16 million SEK without considering the long-term costs. 
The economic damages would have been higher if a big part of the crops were not 
already harvested. 
 Apart from the economic damages, there was also a toll for the environment. 
The volume of water that the wastewater treatment plant received during the event 
exceeded its capacity. This led to release of untreated water in the recipient river. 
However, due to the short duration of the flood, the municipality estimated that this 
did not constitute a threat to the ecological and chemical status of the area. 
Furthermore, many old spruces were damaged close to the railway because of the 
erosion the excess water caused. In Figure 11, obtained by Örebro County’s report, 
the red polygons display the flood extent during the event of the 5th-9th September, 
2016 (Länsstyrelsen Örebro Län, 2016).  
 

 

Figure 11: Flood extent denoted with the areas enclosed by the red polygons (Länsstyrelsen Örebro 
Län, 2016). 
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2.4 Acquisition and preprocessing of the data 

2.4.1 Bathymetry 

As a first step for setting up the model, the basin which constituted the domain of 
the study had to be delineated. This process was executed using ArcSWAT, an ArcGIS 
extension. The domain was selected so that it includes all the upstream area of 
Hallsberg as well as a large area downstream, in order to minimize erroneous effects 
of damming on the area of interest i.e. the south part of Hallsberg urban area. 

The terrain model used for the creation of the bathymetry file was a 2 m 
resolution grid acquired by Lantmäteriet. The terrain model was created by elevation 
data from aerial laser scanning with a density of around 0.5-1 point per 1 m2 which 
were classified to classes (water, ground, bridges or unclassified) with the help of 
polygons for buildings and water bodies from the GGD (Lantmäteriets basic 
geographical databases) and a database for the bridges and roads, then converted 
through linear interpolation in a TIN (Triangulated Irregular Network) and, finally, 
to the terrain model of raster format. The quality of the terrain model depends on 
the quality of the laser data (Lantmäteriet, 2015). According to the metadata for the 
terrain model from Lantmäteriet (2015), the aerial scanning took place the years 
2011-2012 in March and October when the snow had already melted and it was out 
of the growing season. The average error is 0.05 m in height and 0.25 m in plane. It 
is worth mentioned that the watercourses which are wider than 6 meters and the 
lakes which are larger than 0.25 km2 are represented with a smooth and well-defined 
surface. More specifically, the lakes are given a single elevation value while the 
watercourses are represented with a sloping surface (Lantmäteriet, 2015). However, 
in the domain used in this study, no watercourses or lakes with such characteristics 
exist. This means that the values of the terrain model in the lakes or the watercourses 
of the domain correspond to the actual bed value i.e. the bathymetry. 

A resolution of 1-5 m for the bathymetry is recommended by previous studies 
for being able to describe the urban structures such as houses and streets. By using 
a lower resolution, the extent of a flood can be overestimated and the depth of the 
water can be underestimated (MSB, 2014). The initial attempt of using a resolution 
of 2 m for the bathymetry was found to be impractical since, due to the very large 
surface of the delineated basin (44 km2), the time required for a single run of the 
model was more than 2 weeks which rendered the calibration impossible within the 
time limitations of a master’s thesis project. Instead, a grid with a resolution of 6 m 
was selected. This resolution made possible the use of the aerial photographs for 
calibrating the flood extent in a satisfying manner and also rendered the time 
required for each simulation acceptable (almost 3 days). For a more effective 
calibration process, the time for the simulation needs to be as small as possible. 
However, the tradeoff for small simulation times is the low resolution, and 
decreasing the resolution even more would result in a bad representation of the 
terrain, as well as deterioration of the accuracy for the description of the buildings 
and other urban structures. 
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2.4.1.1 Buildings  

The buildings were already removed from the terrain model. However, for a realistic 
representation of the flow of water around the buildings, the terrain model must be 
raised for the grid cells that represent buildings in order to impede flow through 
them (MSB, 2014). By using the building shapefile from the Fastighetskartan, 2 
meters were added in the bathymetry where the buildings are standing. That added 
height is considered sufficient, both for technical reasons since a higher increase 
could cause instabilities in the model due to the sharp elevation drops, and because 
the water level is not expected to exceed the 2 meters. 

2.4.1.2 Culverts and bridges 

Attention should be paid to the manmade structures in the terrain which can cause 
an unrealistic hindering of water movement. For example, it could be possible that a 
bridge is classified as ground and hence the water is not allowed to flow under the 
bridge. The same applies for roads which cross a stream or a ditch (MSB, 2014). 
Lantmäteriet has identified the main bridges and has corrected (“burned”) the 
elevation so that it represents the elevation of the ground under the bridge in cases 
where streams are relevant. However, for the smaller bridges this correction has not 
been made by Lantmäteriet. 

For representing the culverts in the model, a manual “burning” of elevation in 
the intersections of streams with roads or rails was performed using an aerial 
photograph and a field visit to identify them. This means that the points on the 
bridges or the roads above the culverts were assigned values by interpolating the 
ground level at their respective sides so that they represent the invert (the bed) of the 
culvert (Figure 12). It must be stated that this method has a risk of overestimating 
the capacity of the culverts or bridges for water flow (MSB, 2014). This risk is higher 
in culverts since their capacity is even more limited. Another flaw of this method is 
that the roads lose their capability to transfer water from one side of the stream to 
the other since the water transferred through the road discharges in the streams. 
This method of “burning” was chosen due to the lack of available data for size or 
capacity of the culverts and bridges, as well as the large number of them in the study 
area. 
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Figure 12: Basin with 6 m resolution with raised elevation for building polygons and "burned" streets 
to the level of the stream for bridges and culverts. The watershed effluent is depicted with a red circle. 
Digital Elevation Model from GSD-Höjddata, grid 2+ © Lantmäteriet (2015). Streams and buildings 
from GSD-Fastighetskartan © Lantmäteriet (2015). 
 

2.4.1.3 Closing the boundaries 

The resulting bathymetry from the procedure described above was subjected to a 
final adjustment in order to close the boundaries of the catchment. The cells outside 
of the catchment’s borders were deactivated in order to prevent water flowing into 
the domain, and prevent water from flowing out. This means that all the added water 
during the simulation remained in the domain apart from the infiltrated water (DHI, 
n.d.). 

The final bathymetry with the edits for the buildings and streams is illustrated 
in Figure 13. The basin is covering a surface of 44.5 km2 and the longest surface path 
rainwater could travel to the watershed effluent is 13.7 km (Euclidian distance). The 
highest lying areas of the basin are located in the southern part of the basin and the 
highest elevation in the basin is almost 150 m. 
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Figure 13 : Bathymetry as it was used in MIKE 21. 

2.4.2 Precipitation 

According to MSB (2013), the distance to the precipitation measurement station 
must not exceed the 2 km in order to capture the dynamic of a rainfall. Thus, for the 
large study area (44 km2), radar images from SMHI were selected to be used as input 
to the model to obtain a high spatial and temporal precision of the precipitation. The 
radar images were in GeoTiff format and had a temporal resolution of 5 minutes and 
a spatial resolution of approximately 2.4 km2.  

Firstly, those images were projected to the same projection system as the 
bathymetry (SWEREF99) and resampled so that their cells have the same 
dimensions as the bathymetry cells. The images contained values from 0-255. Zero 
values indicate that the measuring point is located in the radar coverage area, but no 
echo was reported, while 255 is assigned to points outside the coverage of the radar. 
SMHI provides two equations which can be combined to calculate the rainfall 
intensity. Reflectivity values (Z) expressed in dBZ can be obtained from the pixel 
values, and the rainfall intensity (R) can be calculated from the reflectivity in mm/h 
(SMHI, 2016) according to: 
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 𝑍 = 𝑃𝑖𝑥𝑒𝑙 ∙ 𝐺𝑎𝑖𝑛 + 𝑂𝑓𝑓𝑠𝑒𝑡 (2.19) 
 

Where: 
x Pixel (dBZ) 
x Offset= -30 (1) 
x Gain= 0.4 (1) 

And 
 

 𝑍 = 10𝑙𝑜𝑔10(200 ∙ 𝑅1.5) (2.20) 
 

Combining equation (2.19) and (2.20) provides: 
 

 

𝑃𝑖𝑥𝑒𝑙 ∙ 𝐺𝑎𝑖𝑛 + 𝑂𝑓𝑓𝑠𝑒𝑡 = 10𝑙𝑜𝑔10(200 ∙ 𝑅1.5) => 
 

𝑙𝑜𝑔10(200 ∙ 𝑅1.5) =
𝑃𝑖𝑥𝑒𝑙 ∙ 𝐺𝑎𝑖𝑛 + 𝑂𝑓𝑓𝑠𝑒𝑡

10
=> 

 

200 ∙ 𝑅1.5 = 10
𝑃𝑖𝑥𝑒𝑙∙𝐺𝑎𝑖𝑛+𝑂𝑓𝑓𝑠𝑒𝑡

10 => 
 

𝑅1.5 =
10

𝑃𝑖𝑥𝑒𝑙∙𝐺𝑎𝑖𝑛+𝑂𝑓𝑓𝑠𝑒𝑡
10

200
=> 

𝑅 = (
10

𝑃𝑖𝑥𝑒𝑙∙𝐺𝑎𝑖𝑛+𝑂𝑓𝑓𝑠𝑒𝑡
10

200
)

2
3 => 𝑅 = (

10
𝑃𝑖𝑥𝑒𝑙∙0.4−30

10

200
)

2
3 => 

𝑅 = (10𝑃𝑖𝑥𝑒𝑙∙0.04−3

200
)

2
3  (2.21) 

 

After converting the pixel values of the radar images to rainfall intensity, the 
maps were clipped to the same extent as the basin’s and inserted in the Grid Editor 
of MIKE 21. All cells extending over the limits of the basin were assigned a 0 mm/h 
value. Although the intensity was relatively low (the maximum intensity was around 
40 mm/h), the high duration of the event resulted in a water depth of 106 mm in the 
studied catchment during the 2 day event, according to the radar images (SMHI, 
2016). By examining the hyetograph, the event can be split into two sub-events. The 
first one started around 9:00 am of 5th of September and finished at 01:25 pm of the 
same day with a rainfall depth of 5.7 mm.  After 1 hour and 10 minutes of no rainfall, 
the second and main event started at 14:35 and continued raining almost 
continuously with low intensities until 09:55 am of the next day, 6th of September 
2015. Considering that the volume of the first sub-event constituted only 5.35 % of 
the total volume, and that it occurred over a very long period of time (4.5 h) with a 
very low intensity (maximum 5.5 mm/h) followed by 70 minutes of no precipitation, 
it was decided not to include the first subevent in the simulation. Instead, this 
subevent was indirectly considered in the simulation by setting a high degree of soil 
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saturation as an initial condition. Another reason for taking this decision was that 
including 5 more hours in the simulation would significantly increase the calculation 
time. The hyetograph of the rainfall used in the simulations is shown in Figure 14. 
Due to the very high frequency of the rainfall data provided to the model (every 5 
minutes), 337 rainfall images were included in the simulation. A Python code was 
created for automating the pre-processing of the radar images before their inclusion 
in the model. 
 

 
Figure 14: Hyetograph showing the intensity of the rainfall on the 5th and 6th of September 2016 in 

the center of Hallsberg city that was used in the simulations as inferred by the radar images  

2.4.3 Surface resistance 

For the representation of the surface resistivity which is an important parameter for 

numerical flood modelling, Manning’s coefficient M expressed in 𝑚
1
3

𝑠
  was used (see 

section 2.2.2). Manning’s coefficient is an empirically set parameter that carries high 
uncertainty and hence, the final values are derived from calibration process 
(Filipova, Rana and Singh, 2012; DHI, n.d.). 

A common practice is to use land use / land cover datasets for assigning 
Manning’s values. According to Kalyanapu, Burian and McPherson (2009), this 
approach is acceptable for medium to large study areas and hence suitable for this 
case study. A total of 8 classes were derived: forests, buildings, crops, roads and 
squares, open areas, industrial areas, residential areas and lakes (Figure 16).  

The streets were identified from the Fastighetskartan obtained from 
Lantmäteriet and were subsequently classified into 3 groups according to their 
width. The 3 classes representing different widths of the roads were 4, 6 and 10 m. 
After deciding which street matched what class, the corresponding buffer was 
created for the streets. The town squares were assigned the same M value as the 
streets, since it was assumed that their surfaces would have similar characteristics. 
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For the creation of the buildings’ class, the polygon shapes from the 
Fastighetskarta were used. As mentioned before (section 2.3.1.1), the elevation in the 
cells where buildings exist was raised by 2 m for a realistic representation of the 
obstacles that will hinder the surface runoff. The roughness coefficient for the 
buildings determines the velocity of the runoff from the rooftops to the ground. 
Although the buildings are comprised of hard surfaces, they were considered to have 
high surface resistance due to the damming effect of the water that could happen e.g. 
in the roof and the balconies. The rest of the land use classes were also acquired 
through the Fastighetkartan (Figure 15). 

 

 
Figure 15: Classes for different surface resistance based on land use type (GSD-Fastighetskartan © 

Lantmäteriet (2015). 

2.4.4 Infiltration 

The infiltration module of MIKE 21 was used, setting the option of constant 
infiltration with capacity. The scientific background of the module and the physical 
analogy of the module’s parameters are found in section 2.2.4. A .dfs2 type file was 
created with 5 different maps to describe the following parameters: infiltration rate, 
leakage rate, porosity, depth of infiltration zone and initial water content. Since field 
tests were not possible, the infiltration rate, the leakage rate and the porosity were 
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decided based on the literature and similar studies. Different values were assigned 
to different classes derived from the soil map acquired from SGU (Jordarter 1:25 
000-1:100 000 © Sveriges geologiska undersökning, 2014). The classification of the 
different soil types led to the creation of the 6 classes as shown in Figure 16. 

It must be stated that the till class is mainly consisted of sandy till (Sandig 
Morän) and the peat class by fen peat (Kärrtorv). Specifically, for peat, the fen peats 
have usually lower hydraulic conductivity and effective porosity than other peat 
types due to a high degree of decomposition of organic matter (Norconsult AB, 
2014). The values of peat for the parameters in the infiltration module were selected 
out of the literature ranges for peat with consideration of this information. 
 

 
Figure 16: Soil type classes based on the map Jordarter 1:25 000-1:100 000 © Sveriges geologiska 

undersökning, 2014. 
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2.5 Model setup 

After the acquisition and preprocessing of the required data into the desired form, 
the model was set up. The parameters that were specified in the program interface 
are divided in basic and hydrodynamic parameters. 
Basic Parameters 

x Module Selection. The hydrodynamic module was selected with inland 
flooding. 

x Bathymetry. The cold start option was selected since no previous simulation 
was used as an initial condition. That meant that the velocity field was 
initialized to zero (DHI, 2016b). The bathymetry with a resolution of 6 m was 
provided in a .dfs2 file. 

x Simulation period. The simulation period was from 14:35:00 on 
2015/09/05 until 18:40:00 on 2015/09/06 with a time step interval of 0.5 s.  

x Flood and Dry. In order to avoid mass falsification, relatively small flooding 
and drying depths were assigned. According to DHI (n.d.) suggestions, the 
drying depth was set to 0.01 m and the flooding depth to 0.02 m. 

Hydrodynamic Parameters 
x Initial Surface Elevation. The initial water surface elevation was given a 

constant 0 value meaning that the domain was initially set as dry. Due to the 
relatively small size of the streams in the area in combination with the season 
of the event studied (early September), it was assumed that the quantity of 
water on the watercourses at the beginning of the rainfall event which caused 
the flood was not significant. 

x Source and Sink. The precipitation was given as .dfs2 data file covering the 
whole simulation period with given data every 5 minutes. It was included as 
net precipitation and the precipitation on dry land was enabled.  

x Eddy Viscosity. The eddy viscosity was set as flux based according to DHI 
(n.d.) to avoid potentially numerical instabilities. A value of 0.5 was used for 
the entire domain. 

x Resistance. The surface resistance was described in Manning’s number M 
and was given as a .dsf2 file. 

x Results. Every 5 minutes, a .dfs2 file was saved with information about the 
water depth and the velocity of the water and x and y directions. Those 
samples were not taken for the entire domain but rather for the area of 
interest i.e. the urban area of Hallsberg and the downstream area where the 
water was accumulated. A map file with statistics such as the maximum 
simulated water level, the time to maximum simulated water level and the 
maximum flux was also created based on 60 s test intervals.  
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2.6 Calibration 

After the model was set up and the ranges for the inputs with uncertain values were 
researched and determined, the iterative process of calibration began. During this 
process, 22 runs were executed (see Appendix for parameter values) until the results 
reached a satisfying degree of accuracy. Not all the possible combinations of inputs 
were tested due to time limitations. Sets of values were selected based on the 
modeler’s judgement. 

The available calibration data, to which the simulation results were compared 
to, were aerial photographs captured and provided by Håkan Risberg (Figure 17, 18, 
19, 20) and a photo taken from the streets of Hallsberg from Kicki Nilsson (Figure 
21). The aerial photographs were captured between 18:21 to 18:32 on the 6th of 
September, approximately 10 hours after it stopped raining, while the photo from 
the ground was captured at 17:02 of the same day. 
 

 
Figure 17: Aerial photograph of Hallsberg during the flooding event, 2015-09-06 at 18:21. Photo: 

Håkan Risberg. 
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Figure 18: Aerial photograph of Hallsberg during the flooding event, 2015-09-06 at 18:31. Photo: 

Håkan Risberg. 
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Figure 19: Aerial photograph of the most affected part in southeast Hallsberg during the flooding 

event, 2015-09-06 at 18:32. Photo: Håkan Risberg. 

 
Figure 20: Aerial photograph of Hallsberg during the flooding event, 2015-09-06 around 18:30 (the 

exact time is not known). Photo: Håkan Risberg. 
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Figure 21: Photo captured in Hantverkargatan in Hallsberg, 2015-09-06 at 17:02. Photo: Kicki 
Nilsson. 

 

The parameters included in the calibration process were: 
x Manning coefficients 
x Infiltration parameters 
x Initial water surface 
x Culverts 
x Sink 

The model’s configuration started off simple but later became more 
sophisticated as more features such as culverts, sinks and initial water surfaces were 
added. The new additions were introduced iteratively in order to judge the 
magnitude of the effects. Various model runs with different combinations of 
parameters can be found in Appendix. 

2.6.1 Surface resistance 

Surface resistance played a crucial part in the calibration process since it is a 
parameter with high uncertainty and big influence on the result of the water level 
and flood extent. After run number 13, separate Manning’s values were assigned to 
the streams for differentiating them from the land cover classes. This decision was 
based on Chow (1959) who stated that one major factor affecting the magnitude of 
the resistance is the level of the water. Therefore, it was considered reasonable to 
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assign different values to the streams where some reaches where the water level 
reached a 1m height, in contrast to the rest of the areas where the water would have 
a height of a few centimeters. The streams were divided to several reaches which 
could be assumed to have similar characteristics and similar expected water level 
(Figure 22). For determining the range of the Manning’s coefficients’ values to be 
used for each class, multiple sources were considered. The values for each class 
highly varied between different sources which resulted to a wide range of values 
(Table 5). 

 

 
Figure 22: River reaches for Manning's coefficients (Background map: GSD-Ortofoto, 1m färg © 

Lantmäteriet, 2014). 
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Table 5: Ranges of Manning's coefficient M values for each class after consultation of literature and 
similar studies. 

Land use Classes Manning's coefficient, M Sources Min Max 
Forests 1.25 10 

Chow, 1959; 
McCuen, 1998 ; 

Filipova, Rana and 
Singh, 2012 ;   
Petzén and 

Mårtensson, 2014 ; 
Gustafsson, 

Mårtensson and 
Masouleh, 2015; 

Salmonsson, 2015 

Buildings 2 11 
Lakes 2 76 

Other areas 2 32 
Crops 2 25 

Residential 2 32 
Industrial 2 40 

Roads/Squares 50 50 
River 1 2 29 
River 2 2 27 
River 3 2 20 
River 4 2 23 

River 5 2 15 

 

2.6.2 Infiltration parameters 

A zero infiltration rate was assigned to all impermeable surface i.e. buildings, roads 
and town squares. After run number 13, it was decided to also assign zero infiltration 
value for lakes and streams in order to force the groundwater level to reach the bed 
of the watercourses. This decision was made due to the inability of the MIKE 21 
infiltration module to allow infiltrated water to re-surface. Since it is not possible for 
the watercourses to gain water from the subsurface, it was at least considered 
necessary to prevent water from being lost from them. For the permeable surfaces, 
the derivation of infiltration rate was based on previous investigations performed by 
DHI (Petzén and Mårtensson, 2014; Gustafsson, Mårtensson and Masouleh, 2015; 
Salmonsson, 2015). These previous studies assume that the soil in urban areas is 
mainly composed of topsoil, while in the rural areas of humus. Their infiltration rate 
is between 20 to 40 mm/h. The final infiltration rates were derived by assuming that 
there is a mix between the upper soil and the soil located 0.5 m beneath the ground 
surface (as detailed in the soil map).  

The leakage rate, as was previously described in section 2.2.4, can be 
considered to be equivalent to the vertical saturated hydraulic conductivity as 
collected from the literature. However, the high variability of the characteristics and 
structure of a soil matrix of a specific soil type can result in a sizeable range of values 
for the leakage rate of each soil type, up to 3 or more orders of magnitude. 

The porosity of the infiltration module corresponds to the physical quantity 
of effective porosity as mentioned in section 2.2.4. The distribution of the porosity 
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was based on the classified soil map, and the range of the values tested were acquired 
from literature. 

For the depth of the infiltration zone, a wide range of values were considered 
during the calibration. Initially, the depth of the infiltration zone was spatially 
varying and set equal to the groundwater level. 2 of SGU’s monitoring wells in the 
catchment have groundwater level time series with a temporal resolution of 15 days 
(SGU, 2016). The values taken during 2015-08-31 were used since they are closest in 
time to the flood event. The groundwater level data for those 2 points cannot be 
considered sufficient for a catchment of this size for modelling the depth of the 
infiltration zone; additional data from the SGU well map was utilized to achieve 
better spatial representation. This map contains information for all types of wells in 
the area e.g. energy wells. It provides the groundwater level as measured the day the 
well was installed, and an attempt to refine the data was made. Through the time 
series of the 2 monitoring wells, the periods of very high and low groundwater levels 
(i.e. excess rainfalls and droughts respectively) were identified and the wells whose 
measurements were taken during those periods were excluded. Furthermore, the 
wells whose location uncertainties were greater than 100 m were also deleted. With 
the remaining data, the groundwater level map was created as presented in the 
Figure 23, using the Kriging Interpolation of ordinary method with an exponential 
semivariogram. However, this approach of representing the depth of infiltration 
zone as equal to the groundwater depth was used only in Attempt 2 and Attempt 3. 
Subsequently, the depth of infiltration was given a single value for the whole domain 
in the rest of the simulations, similarly to the practices followed by DHI (Petzén and 
Mårtensson, 2014; Gustafsson, Mårtensson and Masouleh, 2015; Salmonsson, 
2015). 
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Figure 23: Groundwater table based on data from Brunnar © Sveriges geologiska undersökning and 

Grundvattenobservationer, tidsserier © Sveriges geologiska undersökning. 

 

The initial water content contained in the soil at the beginning of the 
simulation was given as a percentage of the total storage capacity. Since tests from 
the actual site had not been performed at the day before the simulation, an 
estimation had to be made. According to Länsstyrelsen Örebro Län (2016), between 
the 1st and 2nd of September, the area received approximately 30 mm precipitation, 
which resulted in a high degree of soil saturation. The antecedent saturation 
conditions were also supported by the by the farmers and land owners of the affected 
area. Furthermore, as presented in section 2.3.1, approximately 5.5 mm water fell on 
the 5th of September, just a few hours before the beginning of the extreme rainfall 
event. During the calibration, this parameter was set between 75 to 80 %. The ranges 
of the values used for the parameters included in the infiltration module as well as 
their references are presented in Table 6.  
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Table 6: Ranges for infiltration module's parameters. 

Soil 
Classes 

Infiltration, 
mm/h 

Leakage, 
mm/h Porosity Water 

content, % 
Infiltration 

zone, m Sources 
Min Max Min Max Min Max Min Max Min Max 

Outcrops 0 0 0 0 0 0 

75 80 0.2 

Depth 
to 

ground-
water 
table 

Boelter, 1968 ; McWhorter 
and Sunada, 1977; 

Domenico and Schwartz, 
1990; Espeby and 

Gustafsson, 1998 Lindvall, 
2008 ; Länsstyrelsen 
Östergötland, n.d.; 
Mårtensson, 2014 ; 

Gustafsson, Mårtensson 
and Masouleh, 2015; 

Jordbruksverket, 2015; 
Salmonsson, 2015 ; 

Grundvattenobservationer, 
tidsserier © Sveriges 

geologiska undersökning; 
Brunnar © Sveriges 

geologiska undersökning 
n.d. 

Clay and 
Silt 4 4 0 0.4 0.1 0.6 

Till 36 36 0.4 4 0.1 0.3 

Peat 18 18 0.4 2 0.3 0,9 

Sand 68 72 3.6 72 0.2 0.3 

Gravel 68 180 36 180 0.2 0.3 

2.6.3 Initial Water surface 

An assumption that had to be made was the initial water surface in the domain. No 
measured data for the stage of the rivers or the level of the lake was available. 
However, even if measurements at some points were available, they would not be 
sufficient to approximate the water level of the rivers due to the high variability in 
river shape and size. 

Initially, it was assumed that the initial water volume in the domain was 
relatively small comparing to the amount of the rainfall that fell. This assumption 
was justified as the flooding event occurred during the beginning of September, when 
the river levels are expected to be relatively low. However, after run 10 it was decided 
to make an arbitrary assumption of the preexisting water volume. A certain level was 
set for each lake, and a certain water volume was added for each river. The lake 
polygons from the property map (Fastighetskartan) acquired by SLU were used. The 
water levels in the lakes were set so that the water only covered the extent of the lake 
polygons. Subsequently, the rivers were divided in several segments. The water 
volume added to each cell representing a river varied with an increasing order from 
upstream to downstream. The initial water depth can be seen in Figure 24. 
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Figure 24: Initial water surface elevation as it was set after Attempt 10. 

2.6.4 Culverts 

The report from Länstyrelsen Örebro län (2016) stated that the flooding 
mainly emanated from the overtopping of the stream banks. However, at the first 
runs of the model no fluvial flood occurred due to the significant overestimation of 
the culvert’s capacity as a consequence of the “burning” procedure Another approach 
was decided to be followed after Attempt 8 by using the MIKE 21 culvert module. A 
limitation of the module is that the culverts cannot be placed under the surface of 
the ground meaning that the “burning” of the streets that overlay streams had to be 
retained and subsequently the disadvantage of removing the road from the possible 
waterways. The dimensions of the culverts were approximated after a field visit and 
in total 16 culverts were added that are located in the main area of interest in the city 
of Hallsberg (Figure 25). 
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Figure 25 : Location of the culverts included in the simulations using the Culvert module of MIKE 21 

(Background map: GSD-Ortofoto, 1m färg © Lantmäteriet, 2014). 

2.6.5 Sink 

As mentioned above, the approach of closed boundaries has been used due to lack of 
time series data for the outflow of the river crossing the domain. By that way, a large 
area downstream of the city of Hallsberg has been included in the domain to allow 
the accumulation of water instead of using a boundary condition that would allow 
exit of the water from the domain. The flaw of this approach is that in the case of a 
high level of water downstream, the drainage velocity may be significantly affected 
in the area of interest.  

Starting from run number 12 and following, a sink was added towards the end 
of the simulation period and at the most downstream cell. That way, the effect of the 
unrealistic accumulation of water downstream was minimized and the water could 
drain from the city of Hallsberg with more reasonable velocities. The rate of removal 
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of water through the sink does not represent the expected river outflow from the 
area. However, to determine it, the daily calibrated modelled river flow rates, taken 
from the SMHI database (Vattenweb) for the days of the event, were considered 
instead.  

2.7 Performance comparison and uncertainty analysis 

For assessing how well a model run (a set of parameters) represents the flood 
event, a performance index has to be used. This performance index should be a 
mathematical quantity that measures how well the simulation output represents the 
observed data (Gustaffson, n.d.).  

In this study, 3 measures of fit were used. The first index F1 (Equation 2.21) 
was developed by Aronica, et al., (2002) and the second index F2 (Equation 2.22) 
was developed by Hunter et al. (2005). The index F2 is a modification of the first one 
with aim to further penalize overprediction of the flood and enhance discrimination 
between inundation patterns (Hunter et al., 2005a; Hunter et al., 2005b; Weichel, 
Pappenberger and Schulz, 2007). The third measure of fit (Equation 2.24) was the 
percentage of the pixels which were correctly classified (either wet or dry). 

 

 𝐹1 =
∑ 𝑃𝑖

𝑀1𝐷1𝑁𝐶
𝑖=1
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𝑖=1

𝑁𝐶
𝑖=1

 

 
(2.22) 
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 (2.23) 

 

 Accuracy, % =
∑ 𝑃𝑖

𝑀1𝐷1𝑁𝐶
𝑖=1 + ∑ 𝑃𝑖

𝑀0𝐷0𝑁𝐶
𝑖=1

𝑁𝐶
∙ 100 (2.24) 

 

Where i represents the pixel index and NC the total number of pixels found in the 
area used for the comparison. The model's prediction was considered correct in two 
contingencies: when the cell was correctly simulated as flooded (𝑀1𝐷1) or non-
flooded (𝑀0𝐷0). The other two possible contingencies were the model’s erroneous 
overestimation (𝑀1𝐷0) or erroneous underestimation (𝑀1𝐷1) of the inundation 
extent captured by the photographs.  For each cell, a value of 1 was given to the 
measure Pi if satisfied by the contingency, and a value of 0 if it wasn’t. In the 
calculation of the measure of fits described, a cell was considered to be simulated as 
flooded only if the simulated water level was exceeding a threshold of 5 cm. Many 
parts of the study area were covered by vegetation (grass or crops) and hence difficult 
to interpret as flooded or not at low water levels. The area for which the performance 
indices were applied and compared was based on the aerial photograph extent. This 
area, as well as the location of the points for which the water level was evaluated, are 
presented in Figure 26. 
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Figure 26: Extent of the area for which the comparison was applied as well as the position of the 

points for which the water level was assessed. 

 
One more important information considered in the performance evaluation 

was the description of the course of events. According to the report of Länsstyrelsen 
Örebro Län (2016), although the rain stopped at some point early in the morning of 
Sunday the 6th of September, the water continued to rise during the whole day. 
Subsequently, the culmination of the flooding occurred during the night from 
Sunday to Monday the 7th of September. This knowledge was utilized through 
checking the statistics of the simulations and by making sure that the time of the 
maximum water height step coincided with the last time step of the simulation 
period (18:40 of Sunday the 6th). This practice does not necessary assure 
concurrence of the observed with the simulated peak of flooding. It does, however, 
contribute to ensuring that their time lag remain minimal. Furthermore, the 
description of the events lacked the necessary detail to define a time of culmination 
and use it as a performance index.  

For the execution of an uncertainty analysis, a method proposed by Aronica 
et al. (2002) was applied.  This methodology is based on a Monte Carlo simulation 
with a large number of model runs and random parameter selection from a 
probability distribution of each one. Those runs are subjected to an evaluation by 
using a performance index and those who achieve a score above a set threshold, take 
part in the uncertainty analysis. This technique is based on the assumption that there 
is no unique optimum set of parameters, but instead various combinations of 
parameter values that provide satisfying fits to the observed conditions (Hunter et 
al., 2005a; University of Bristol, n.d.) However, in this study, due to a long 
simulation time, a relatively small number of runs (22) were executed in contrast to 
the number of runs required for a Monte Carlo analysis. Furthermore, the chosen 
parameters in each run were not randomly selected from a predefined probability 
distribution, but rather based on the modeler’s judgment. For the uncertainty 
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analysis, the measures of fit F1 (Equation 2.22) and F2 (Equation 2.23) were used and 
the spatial uncertainty of the model’s predictions was calculated according to 
(Aronica, et al., 2002): 

 

 𝑃𝑖
𝑓𝑙𝑜𝑜𝑑 =

∑ 𝑓𝑖𝑗𝐹𝑗𝑗

∑ 𝐹𝑗𝑗
 (2.25) 

 
Where: 

x i= the pixel index 
x j= the model run index 
x fij=measure that a value of 1 for a flooded pixel in the simulation and zero 

otherwise 
x Fj= a measure of fit for the simulation j as the ones from the Equations 2.22 

and 2.23 
By applying this formula, a relative confidence measure (RCM) denoted as 

Piflood was derived from the 22 simulations by weighting the simulated flood state of 
each pixel for every model run according to the measure of fit F1 and F2. This will 
result in a generalized relative confidence measure that a certain pixel will be flooded 
or not. The parameter fij takes a value of 1 in case that the cell was predicted as 
flooded and 0 if it wasn’t. The Pi for each cell will range from 0, in the cases where 
the cell is simulated as flooded in none of the simulations, to 1 if the cell was 
simulated as flooded in all the 22 simulations. 
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3. RESULTS 

 The process of manually digitizing the observed flooded and dry areas from 
the photographs resulted in Figure 27. The buildings were set as dry because it was 
not possible to estimate which of them were flooded. 
 

The photographs showing the inundation extent were taken around 18:30 on 
Sunday and compared to the results of each simulation corresponding to the same 
day and time. Each cell was characterized as correctly flooded, correctly dry, 
erroneously dry or erroneously flooded (Table 7). The number of cells belonging to 
each category was calculated for each simulation attempt. The first attempt is named 
Attempt 0 because the infiltration module was not applied to this run. 

 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 27: Inundation extent according to the air photographs. 



53 

Table 7: Number of pixels that were correctly simulated as flooded or dry and erroneously simulated 
as flooded or dry for each realization of the model. 

Attempt Correctly 
flooded cells 

Erroneously 
flooded cells 

Erroneously 
dry cells 

Correctly dry 
cells 

0 20082 3077 808 5550 
1 3750 197 17140 8430 
2 4712 281 16178 8346 
3 10607 559 10283 8068 
4 10609 559 10281 8068 
5 10613 559 10277 8068 
6 11243 615 9647 8012 
7 11278 615 9612 8012 
8 11495 642 9395 7985 
9 14751 931 6139 7696 

10 14018 987 6872 7640 
11 20367 3213 523 5414 
12 20397 3054 493 5573 
13 19532 1301 1358 7326 
14 19270 1293 1620 7334 
15 18596 1070 2294 7557 
16 18606 1049 2284 7578 
17 18634 1057 2256 7570 
18 19319 1151 1571 7476 
19 19205 1116 1685 7511 
20 19148 1149 1742 7478 
21 20857 5011 33 3616 

  

Based on Table 7, the performance of each simulation for the 3 measures of 
fit was derived and is presented in Table 8. Furthermore, the simulated water level 
in every model run is also presented for the 2 locations, whose observed water levels 
were inferred from the photograph taken from the ground. The summation of 
divergence between the simulated and observed water level for the 2 points in each 
model run is also presented in Table 8. The table also contains information about the 
sum of the excess water volume in the cells that were erroneously simulated as 
flooded in the area used for comparison.  
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Table 8: Evaluation of model run. The lowest score in each column was given a red color and the 
highest a green color. 

  
Performance Indexes Water level, m Excess water, m3 

Attempt F1 F2 Accuracy, 
% 

Location 
1 

Location 
2 

Sum of 
divergence 

Sum of excess 
Volume 

0 0.84 0.71 86.10 0.660 1.102 0.61 47249 
1 0.18 0.17 37.95 0.00 0.04 1.11 907 
2 0.22 0.21 41.09 0.00 0.03 1.12 1245 
3 0.49 0.47 61.20 0.00 0.11 1.04 2566 
4 0.49 0.47 61.20 0.00 0.11 1.04 2567 
5 0.49 0.47 61.22 0.00 0.17 0.98 2573 
6 0.52 0.49 63.27 0.00 0.21 0.94 3162 
7 0.52 0.50 63.40 0.00 0.22 0.93 3375 
8 0.53 0.50 64.08 0.00 0.21 0.94 3179 
9 0.68 0.63 74.70 0.00 0.32 0.83 6811 

10 0.64 0.60 71.87 0.00 0.42 0.73 9059 
11 0.84 0.71 86.63 0.66 1.10 0.61 50040 
12 0.85 0.72 87.31 0.62 1.06 0.54 45863 
13 0.88 0.82 90.48 0.22 0.60 0.33 14173 
14 0.87 0.81 89.57 0.19 0.63 0.32 13819 
15 0.85 0.80 87.96 0.12 0.56 0.46 8933 
16 0.85 0.80 88.07 0.13 0.57 0.45 8900 
17 0.85 0.80 88.14 0.13 0.57 0.45 9100 
18 0.88 0.82 90.26 0.17 0.61 0.37 9649 
19 0.87 0.82 89.98 0.17 0.61 0.38 9189 
20 0.87 0.82 89.65 0.12 0.56 0.47 9518 
21 0.81 0.61 81.95 0.83 1.27 0.95 72352 

Average 0.66 0.61 73.60     0.71 10795 

 

By considering all 3 categories (performance indexes, water level, and volume 
of excess water), the simulation with the best performance is Attempt 18. In Figure 
28, the results from Attempt 18 were compared with the inundation extent from the 
photographs (Figure 27) and assigned one of the following characterizations: 
correctly flooded, correctly dry, erroneously dry or erroneously flooded. The results 
presented hereunder are the simulated water level at 18:30 on Sunday 6th of 
September 2015 (Figure 29), the maximum water level reached (Figure 30) and the 
time that the maximum level was met (Figure 31). 
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Figure 28: Characterization of the cells for the best simulation (Attempt 18) after comparison with 

Figure 27 which was derived from the photograph. 

 

 
Figure 29: Water level at 18:30 on Sunday 6th of September, 2015 according to the simulation with 

the best performance (Attempt 18). 
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Figure 30: Maximum water level according to the simulation with the best performance (Attempt 

18). 

 

 

The values of the parameters used in the best simulation (Attempt 18) are presented in Table 
9 and Table 10. 

 

 
 
 

Figure 31: Time that the maximum water level was simulated for the run with the best performance 
(Attempt 18). 
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Table 9: Manning's coefficient M for every land use class for the best simulation (Attempt 18). 

Land use Classes Manning's coefficient, M 

Forests 1.25 

Buildings 3 

Lakes 10 
Other areas 3.5 

Crops 2.5 
Residential 4 
Industrial 30 

Roads/Squares 50 
Rivers 1 26 
River 2 24 
River 3 20 
River 4 23 
River 5 15 

 
Table 10: Values of infiltration parameters for the best simulation (Attempt 18). 

Soil Classes Infiltratio
n, mm/h 

Leakage, 
mm/h 

Porosity, 
% 

Water 
content, % 

Infiltration 
zone, m 

Outcrops 0 0 0.1 

80 0,3 

Clay and Silt 4 0.18 0.06 
Till 36 1.8 0.1 

Peat 18 0.72 0.3 
Sand 68 5.4 0.22 

Gravel 72 36 0.2 
 

For examining the spatial uncertainty, two maps were created with Relative 
Confidence Measure (RCM) based on Equation 2.25. In Figure 32, the measure of fit 
F1 was used, while in Figure 33 the measure of F2 was utilized. The cells that were 
simulated as flooded in all model runs were assigned a value of 1. Contrariwise, the 
cells simulated as dry in every model run were assigned a value of 0. In Figure 33, 
the RCM is shown for the cells that were observed as dry from the photographs. This 
assists the identification of the areas that the model runs systematically failed to 
simulate as dry. These areas can be seen in Figure 34 as 3 circled areas where a 
sizeable concentration of pixels with RCM values close to 1 (reddish color). 
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Figure 32: Relative Confidence Measure (RCM) using the measure of fit F1. 

 

 
Figure 33: Relative Confidence Measure (RCM) using the measure of fit F2. 
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Figure 34: Relative Confidence Measure (RCM) using the measure of fit F1 is presented for the cells 

that were observed dry through the photographs. The three areas which were systematically 
simulated erroneously as flooded are the red pixels and are pointed out with the yellow oval shapes. 
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4. DISCUSSION 

4.1 Results 

 Concerning the scores of the simulations presented in Table 8, it can be 
concluded that the simulations had an average accuracy of 73%, while the 
performance indexes F1 and F2 were 0.66 and 0.61 respectively. Those performance 
indexes were given the biggest weight for evaluating the performance of a simulation 
as those indexes were derived by taking into consideration all the cells of the selected 
area; contrariwise, the indexes for the water level was derived from 2 cells. When the 
values of the performance indexes were rather close, consideration was given to the 
volume of the excess water found in cells which the photographs depicted as dry. 
 A characteristic example of this assessment methodology was the selection of 
the simulation with the best results. Attempt 13 is the one with the best score in the 
performance indexes (0.88–0.82–90.48), followed by Attempt 18 with an 
imperceptible difference (0.88–0.82–90.26). Furthermore, the summation of water 
level divergence for those 2 known points was 0.33 m and 0.37 m in Attempt 13 and 
18 respectively, which was not considered sizeable. However, by analyzing the water 
volume accumulated in the erroneously flooded cells, Attempt 18 had almost 4500 
m3 less excess water in the those cells, which suggests that Attempt 18 possibly had 
higher accuracy than the other simulation attempts. 
 However, one should not rely on the scores of the various indexes employed 
for assessment. Judgement and critical thinking are important in order to make sure 
that the result is not right for the wrong reasons. In deciding the best simulation 
between the two aforementioned attempts, one should consider the parameters’ 
values as well. The main difference between Attempts 13 and 18 is the 
parameterization of the rivers regarding Manning’s coefficients. In Attempt 18, the 
rivers were assigned unique values, which is a more realistic approach than assigning 
an average value which takes land which does not constitute a waterway into 
account. As discussed in section 2.2.2, according to Chow (1959) the water level is 
crucial in the determination of a Manning’s coefficient. 
 By analyzing the model parameter values in Attempt 18, interesting 
conclusions can be drawn. Concerning the Manning’s coefficients in Attempt 18 
(Table 9), the values used for the land cover classes, apart from the watercourses and 
those expected to be consisted of mostly hard surfaces, were significantly low. More 
specifically, the Manning’s M values for crop, forests, residential areas which were 
sparsely developed and open area classes were below 5. This selection was justified 
by the time that the peak level was achieved in the simulations. According to the 
description of the course of events, the peak of the water level in the area of interest 
was observed in the night from Sunday 6th to Monday 7th. Hence, the low values of 
M (i.e. the high surface resistance and subsequently the reduced water velocities) 
caused the peak of the water level to be reached at the end of the simulation, i.e. at 
18:40 on the 6th of September and not earlier. The magnitudes of those values are 
much lower than the ones suggested by Chow (1959) for the same land cover classes 
in floodplains. This may be justified by the depth of the water which can be expected 
to be much higher in floodplains than in watershed applications, where floodplains 
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constitute only a small part of the domain. However, the values of the best simulation 
are in accordance with the values used by DHI (Petzén and Mårtensson, 2014; 
Gustafsson, Mårtensson and Masouleh, 2015; Salmonsson, 2015). 
 Concerning the values of the infiltration parameters (Table 10), it is apparent 
that the infiltration module is more of an arbitrary subtraction of water than a 
scientifically justified application. The main finding that justifies this conclusion is 
the depth of the infiltration zone. For the simulations where the depth to the 
groundwater table was used (Attempt 1 and Attempt 2), the model achieved a very 
limited flood extent which led to underperformance with scores of 0.18-0.17-37.95 
in Attempt 1 and 0.22-0.21-41.09 in Attempt 2 for indexes F1, F2 and accuracy 
respectively. On the other hand, the best simulation was achieved by using an 
infiltration depth of 0.3 m, which did not correlate to the average real depth to the 
groundwater table (Figure 19). The contribution of the infiltration module in the 
improvement of the model’s performance can also be observed by comparing 
Attempt 18 with Attempt 21. Attempt 21 has the same setup and the same values for 
the set of the parameters as Attempt 18, apart from the fact the infiltration module 
was not utilized i.e. no water infiltrated and hence was not removed from the system. 
The attempt that utilized the infiltration module (Attempt 18) had a score of 0.88-
0.82-90.26 compared to the attempt without the infiltration module (Attempt 21) 
which scored 0.81-0.61-81.95 on the performances indexes F1, F2 and accuracy 
respectively. Attempt 21 resulted to the overestimation of the flood and thus received 
a low score for index F2 which penalizes the overprediction of flood. The degree of 
the overestimation becomes apparent by comparing the volume of the excess water 
accumulated in the cells that were erroneously simulated as flooded; Attempt 21 
resulted in 62703 m3 more water in those cells comparing to Attempt 18. 
 The inclusion of the culverts had a positive effect in accomplishing more 
realistic inundation extents. The culverts were inserted in two steps. In Attempt 8 
only the culverts of the stream Puttlabäcken in the extent of the area of interest were 
used. Those however were not proved to have a decisive effect in the outcome since 
the scores achieved were 0.53-0.5-64.08 and were hardly varying from the scores 
0.52-0.5-63.40 of in the previous attempt (Attempt 7) for which the culvert module 
had not been utilized. In Attempt 10, the culverts of Storaån in the area of interest 
were also inserted in the model. This attempt is more comparable to Attempt 8 and 
led to an improvement of the performance indexes with scores of 0.64-0.6-71.87. 
This indicates that the capacity of the culverts of Storaån in the urban city of 
Hallsberg was exceeded in the studied flood event which contributed to the spread 
of the flooding in the city. 
 From the uncertainty analysis (Figure 34), three areas that were incorrectly 
and systematically simulated as flooded are identified. Two of those areas are 
situated in the agricultural land east of the urban area. One possible explanation for 
this systematic misidentification is the possible elevation changes that the 
cultivation activity can result to. The compaction of the soils by heavy machinery, the 
removal of the soil together with harvesting of crops and the addition of new more 
fertile soil could have caused significant alterations in the area’s elevation between 
the year that the laser scanning was performed and the year that the flood event 
occurred. The third area is located in the center of the study area and comprises of a 
large area that is mostly covered by impermeable surfaces drained by a stormwater 
pipe system. Excluding the drainage system in the simulations led the 
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underestimation of the drainage capacity of this district and to the model’s inability 
to simulate the observed non-flooded condition.  

4.2 Uncertainties and limitations 

Understanding the uncertainties is important in order to comprehend the limitation 
of the methodology and the reasons that led to simulation results that differ from the 
observed flood extent represented by the photographs. Hereunder, the main 
uncertainties will be classified and analyzed in 3 different categories: in model 
structure, conceptualization and model inputs uncertainties.  

Model structure errors/uncertainties 

The model structure of MIKE 21 used is a simplification of the reality. The 2D 
overland flow in MIKE 21 assumes that the characteristics of the water flow are the 
same in the vertical dimension (z). 

The infiltration module constitutes one very simplified attempt to model the 
physical processes occurring during infiltration. A limitation of the module is due to 
the 1-D nature of it which excludes the ability of the water to move horizontally. The 
importance of the horizontal underground movement of water is essential, especially 
in high anisotropic conditions where the horizontal hydraulic conductivity can be 
one to two orders of magnitude higher than the vertical component. Furthermore, 
the spatial variability of the soil structure in the vertical direction is not captured 
since only one average value is used to describe the soil properties. In reality, many 
layers with different soil types could be stratified under a certain point of the ground 
surface, and hence the water transport and storage could vary depending on the 
depth from the surface.  

It is also important to note that the infiltration module does not allow the 
resurfacing of the groundwater in areas where the groundwater level reaches the 
surface. Due to that, water is only subtracted from the water balance but it doesn’t 
reenter the calculations e.g. as baseflow in the streams. The importance of this 
limitation may be small in cases where the time span of the simulation is short (since 
this a relatively slow process) and also in cases with low saturation fraction in the 
unsaturated zone and high depth to groundwater table. However, this study satisfied 
none of those two exception scenarios and hence the adverse effect of this limitation 
was essential for the outcome. The simulation time was long (3 days) and the area of 
interest is enclosed by streams which indicates that the groundwater level is close to 
the ground surface. The latter was also confirmed through data analysis of the wells 
in the area, which indicated that the groundwater level was varying between 0.5 to 2 
meters deep. 
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Conceptualization uncertainty 

One significant uncertainty introduced through the conceptual model is that the 
capacity of the drainage system is not considered. The drainage systems are usually 
designed for rain events with return period between 2 and 10 years. The higher the 
return period of the rain event, the lower the fraction of the amount of water diverted 
comparing to the amount of water that fell as precipitation and hence the lower the 
impact of the draining system (MSB, 2013). In this study, data for the drainage 
system could not be acquired and hence was not used. 

The collected stormwater from Hallsberg is discharged downstream of the city 
but still in the studied basin. Discharging the water downstream of the city causes a 
damming effect upstream of the discharging point (the city of Hallsberg). This means 
that in a flood event, the drainage system reduces the pluvial flooding in the areas 
where the pipes were installed but indirectly contributed to the fluvial flooding of the 
areas close to the river. In conclusion, the conceptual model, by excluding the 
drainage system, attributed a higher weight to the contribution of the pluvial 
flooding over the fluvial flooding comparing to what probably happened. 
Nevertheless, regardless the source of the flood, excluding the drainage system has 
probably led to the overestimation of the flood. 

Another uncertainty is introduced due to the model’s closed boundaries. In 
the reality, the river crossing the area discharges out of the basin studied and is an 
open boundary. However, due to the lack of time series data for river flow, the 
downstream boundary of the basin is placed further downstream than the area of 
interest, and was set as a closed boundary, thus allowing the accumulation of water 
in the downstream area. This may result in different flow directions and water levels 
in the river downstream of the area of interest, and can have consequences in the 
extent and magnitude of the flooding upstream i.e. the area of interest (the town of 
Hallsberg). 

Input uncertainties 

The input elevation data of the domain constitute the most important task in the 
modelling process (DHI, 2016b). The bathymetry acquired by Lantmäteriet had a 
resolution of 2 m and was produced by aerial laser scanning with density of 0.5-1 
point per m2. However, due to computational time limitations, the bathymetry used 
had a 6x6 m grid cell. This constitutes one of the biggest uncertainties and one of the 
major limiting factors since only one elevation value was given for every 36 m2 
surface. This resolution is considered unsatisfying for detailed description of the 
urban structure such as houses and roads as well as peaks and depressions in the 
terrain. 

Errors in the model bathymetry exist in the bathymetry data provided by 
Lantmäteriet in locations of structures such as viaducts, where the elevation given 
represents the elevation of the road and hence prevents the water from flowing 
through the culverts. In order to resolve this issue, two approaches were used but 
none of them is a correct representation of the reality. In both approaches, the roads 
were “burnt” down so that the elevation of the bathymetry represents the culvert 
invert instead of the road. An error introduced with this method is that the road does 
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not act as a water-transport ways anymore. This constitutes one of the reasons why 
the lowest lying area of Hallsberg which is enclosed by streams on the north and 
south part received less water than what was observed according to the photos 
(Figures 17, 18, 19 and 20). In case the roads were not removed in locations where 
they intersect the streams, water would have been transferred through them to the 
low-lying areas of the city instead of been spilled in the streams. By simply lowering 
the roads’ elevation, which constitutes the first approach (Attempt 0-7), the capacity 
of the culverts was overestimated and, hence, the damming effect upstream of the 
culverts was not considered in case their capacity was exceeded. In the second 
approach, apart from “burning down” the elevation, the MIKE 21 culvert module was 
used as well (Attempt 8-21). In this module, the dimensions of the culverts are 
provided to the model and hence their capacity is considered, constituting the 
upstream damming possible under the appropriate conditions. However, a 
limitation of this module is that the culvert cannot be placed below the ground which 
justifies why the elevation was burnt down in this approach as well. Hence the 
consequence of removing the water-transferring ability of the roads applies here too. 
Additional error is introduced due to the lack of data for the culverts. The dimensions 
of them as well as their resistance and the energy losses they caused was only 
approximated by visual inspection. In the Hallsberg case where the flood emanated-
partly- from the high flow of the river, the importance of the culverts is significant. 

Uncertainties of high importance are incorporated in the model by the surface 
resistance parameter. The Manning’s coefficients are difficult to estimate due to their 
empirical nature and hence constituted a major calibrating parameter (Appendix). 
The factors affecting them are thoroughly descripted in Section 2.2.2. Important 
uncertainties derived by the parameters used in the infiltration module should also 
be considered. As mentioned in Section 2.2.4.1, the parameters of this module are 
not exactly analogous to physical attributes 

Another uncertainty in the model is due to the use of the precipitation. The 
data used for source of water as precipitation were acquired from SMHI as Radar 
reflections in dBZ units. This incorporates an uncertainty by default since the 
precipitation is not measured but rather inferred. Another uncertainty emanates 
from the temporal and spatial resolution of those data. The radar reflections are 
given in 2x2 km pixels and the frequency of the data is 5 minutes. However, those 
metadata as considered satisfying and much more detailed comparing to 
measurement stations available that are located outside of the basin and with a 15 
minutes frequency at the best case. 

Lastly, an important uncertainty is due to lack of initial state of the system i.e. 
water volume and distribution of it in the domain at the beginning of the simulation. 

4.2 Investigation of uncertainty in model parameters 

Ideally, a Monte Carlo analysis would have been used for investigating the 
uncertainty of the model parameters. This method is based on applying random 
drawing of model parameters from a given, determined based on literature, 
distribution and propagating the results in order to produce an ensemble of the 
required outputs. In that way, all the possible combinations for the set of inputs can 
be tested and the set or sets of parameters that better describe the reality can be 
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determined. However, especially in this case study that the number of the uncertain 
parameters and the computational time are high, Monte Carlo analysis is regarded 
as inefficient and impractical (FLOODsite, 2007 , FLOODsite, 2008). Hence, rather 
than using all the different combinations, the selection of the parameters to be used 
for each run was manually selected by using the so-called judgment (FLOODsite, 
2007) i.e. the intuition and experience that was gained by analyzing the result of the 
previous run. The uncertainties of the model parameters can be decreased by 
increase of knowledge. This can be done by three ways: 

● gathering data 

● research 

● expert judgement 

4.3 Calibration and Performance Index 

Since the data available for calibration were photographs taken during the 
flooding event, an indicator had to be created using them in order to compare and 
assess the simulated results. Indicators constitute the quantification of relevant 
information and are representative of the flood event. However, the process of 
obtaining quantitative information out of the photographs conceals a high degree of 
uncertainty as well as subjectivity, since the drawing of the flood extent was done 
manually. One should consider factors such as lack of visual contact for some spots 
e.g. under trees, behind buildings etc., the height of vegetation which hindered the 
identification of ponded water, as well as the difficulty mapping the irregular flood 
shapes extent into a 6 m cell. 

The available photographs can be considered a synoptic view of the event and 
only provided a snapshot of it. Hence, the dynamic nature of inundation is not 
incorporated. This could have been improved if the photographs showing the extent 
of the inundation were available from multiple times i.e. multiple snapshots. 
However, the information about the course of events can be found useful for 
capturing the dynamic to some extent. This description can give information about 
the time of the observed culmination of the flood and, hence, inform the modeler 
whether the image used depicts a post or pre-peak flood extent. 

The flood extent which was the main object of the study can be considered as 
the zero-water depth contour. It has been proved to be a useful index for assessing 
the performance of models especially in flat areas where even a relatively small 
change in the water level could result in a great difference of the position of the 
shoreline. However, although the studied area is flat, the existence of buildings and 
barriers e.g. the rail tracks, causes the flood shoreline to be constrained by those 
barriers in some parts of the area. In those cases, the importance of the flood extent 
as a performance assessment factor is reduced, making internal validation i.e. water 
depth data, more significant (FLOODsite, 2007). The use of flood extent as a 
performance index should be considered along with the model’s resolution. 
Relatively small bumps in the elevation that could considerably affect the inundation 
extent in flat areas are smoothed out when using a coarse pixel size. In conclusion, 
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this combination of coarse pixel size and flatness of area rendered the mission of 
calibrating the inundation extent a challenging task. 
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5.Conclusions 

In this study, the calibration of the 2D hydrodynamic model MIKE 21 with an 
infiltration module is attempted in order to identify to what degree the model can 
describe the Hallsberg flood event in September 2015. The utilized calibration data 
were air photographs for the flood extent, a photograph taken from the ground for 
the water level and the description of the course of events for the flood peak. 

The achieved results showed a high model performance that reached almost 
91 % accuracy. The calibration process contributed to approximately 30 % 
performance improvement by deviating the parameter values within a large range 
from the literature values. For achieving a good temporal representation of the flood 
event, with a flood peak several hours after the rainfall event cessation, low 
Manning’s coefficients M for surface resistance were used. By setting a Manning’s M 
value lower than 5 for the class types of forests, crops, open areas and sparsely 
developed residential areas, the model achieved to approximate the observed delay 
of the flood peak arrival. These values are significantly lower from those used for the 
same land cover types in previous floodplain flood studies. A possible hypothesis is 
that the average water level expected to occur in a catchment scale study is expected 
to be lower than in a floodplain study which has an impact on the magnitude of the 
Manning’s coefficients. 

The contribution of the infiltration module was proved to be favorable for the 
model performance. However, the description of the infiltration processes occurring 
in nature by the infiltration module is questioned due to the module’s high degree of 
simplification and its limitations. The inability of the module to allow the resurfacing 
of the infiltrated water resulted into the setting of an unrealistic shallow depth for 
the infiltration zone, which diverges from the real depth of the unsaturated zone. 

Finally, the impact that the limited capacity of the culverts can have in a flood 
event was shown. Raised water levels in streams that exceed the culvert flow capacity 
can be the source of fluvial floods. By representing culverts in the corresponding 
module of MIKE 21, the model performance was improved. For flood studies in areas 
crossed by streams with culverts of limited capacity, the inclusion of the culverts in 
MIKE 21 is recommended despite the limitations comprised in the culvert module.  
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Appendix 

The yellow color indicates the parameters that were altered compared to the previous attempt. 

  Attempt 0 Attempt 1 Attempt 2 

Soil Classes 
No infiltration module Infiltration module Infiltration module 

 - 

Infiltration, 
mm/h 

Leakage, 
mm/h Porosity Water 

content, % 
Depth, 

m 
Infiltration, 

mm/h 
Leakage, 

mm/h Porosity Water 
content, % 

Depth, 
m 

Outcrops 0 0.04 0.02 

75 
Till 

water 
table 

0 0 0.1 

75 
Till 

water 
table 

Clay and Silt 4 0.4 0.6 4 0.4 0.06 
Till 36 4 0.25 36 4 0.1 

Peat 18 2 0.85 18 2 0.44 
Sand 72 72 0.3 68 36 0.25 

Gravel 180 180 0.25 68 36 0.2 
Buildings/Roads 0 0 0 0     
Land use Classes Manning, M Manning, n Manning, M Manning, n Manning, M Manning, n 

Forests 10 0.100 10 0.100 10 0.100 
Buildings 10 0.100 11 0.091 11 0.091 

Lakes 76 0.013 76 0.013 76 0.013 
Other areas 32 0.031 32 0.031 32 0.031 

Crops 25 0.040 25 0.040 25 0.040 
Residential 32 0.031 32 0.031 32 0.031 
Industrial 32 0.031 32 0.031 32 0.031 

Roads/Squares 50 0.020 50 0.020 50 0.020 
Rivers 1 

 -  -  -  -  -  - 
River 2 
River 3 
River 4 
River 5 

  Other features Other features Other features 
Culverts No No No 

Sink No No No 
Initial Volume, 

(m3) No No   

Comments   
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  Attempt 3 Attempt 4 Attempt 5 

Soil Classes 
Infiltration module Infiltration module Infiltration module 

Infiltratio
n, mm/h 

Leakage
, mm/h Porosity Water 

content, % 
Depth,

m 
Infiltration, 

mm/h 
Leakage, 

mm/h Porosity Water 
content, % 

Depth
,m 

Infiltration, 
mm/h 

Leakage, 
mm/h Porosity Water 

content, % 
Depth,

m 
Outcrops 0 0 0.1 

80 0.3 

0 0 0.1 

80 0.3 

0 0 0.1 

80 0.3 

Clay and Silt 4 0.4 0.06 4 0.4 0.06 4 0.4 0.06 
Till 36 4 0.1 36 4 0.1 36 4 0.1 

Peat 18 2 0.44 18 2 0.44 18 2 0.44 
Sand 68 36 0.25 68 36 0.25 68 36 0.25 

Gravel 68 36 0.2 68 36 0.2 68 36 0.2 
Buildings/Roads 0 0 0 
Land use Classes Manning, M Manning, n Manning, M Manning, n Manning, M Manning, n 

Forests 10 0.100 10 0.100 10 0.100 
Buildings 11 0.091 11 0.091 11 0.091 

Lakes 76 0.013 33 0.030 33 0.030 
Other areas 32 0.031 32 0.031 32 0.031 

Crops 25 0.040 25 0.040 25 0.040 
Residential 32 0.031 32 0.031 32 0.031 
Industrial 32 0.031 32 0.031 32 0.031 

Roads/Squares 50 0.020 50 0.020 50 0.020 
Rivers 1 

 -  -  -  -  -  - 
River 2 
River 3 
River 4 
River 5 

  Other features Other features Other features 
Culverts No No No 

Sink No No No 
Initial Volume, 

(m3) No No No 

Comments     
Change in bathymetry, lowering of west vertical road 
limiting the study area (Vibytorpsvägen) 5 cm 
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  Attempt 6 Attempt 7 Attempt 8 

Soil Classes 
Infiltration module Infiltration module Infiltration module 

Infiltration, 
mm/h 

Leakage, 
mm/h Porosity Water 

content, % 
Depth,

m 
Infiltration, 

mm/h 
Leakage, 

mm/h Porosity Water 
content, % 

Depth,
m 

Infiltration, 
mm/h 

Leakage, 
mm/h Porosity Water 

content, % 
Depth,

m 
Outcrops 0 0 0.1 

80 0.3 

0 0 0.1 

80 0.2 

0 0 0.1 

80 0.3 

Clay and Silt 4 0.4 0.06 4 0.4 0.06 4 0.4 0.06 
Till 36 4 0.1 36 4 0.1 36 4 0.1 

Peat 18 2 0.44 18 2 0.44 18 2 0.44 
Sand 68 36 0.25 68 36 0.25 68 36 0.25 

Gravel 68 36 0.2 68 36 0.2 68 36 0.2 
Buildings/Roads 0 0  0  
Land use Classes Manning, M Manning, n Manning, M Manning, n Manning, M Manning, n 

Forests 10 0.100 10 0.100 10 0.100 
Buildings 11 0.091 11 0.091 11 0.091 

Lakes 8 0.125 8 0.125 8 0.125 
Other areas 20 0.050 20 0.050 20 0.050 

Crops 25 0.040 25 0.040 25 0.040 
Residential 30 0.033 30 0.033 30 0.033 
Industrial 40 0.025 40 0.025 40 0.025 

Roads/Squares 50 0.020 50 0.020 50 0.020 
Rivers 1 

 -  -  -  -  -  - 
River 2 
River 3 
River 4 
River 5 

  Other features Other features Other features 
Culverts No No Yes, only in Puttlabäcken (9 culverts) 

Sink No No No 
Initial Volume, 

(m3)  No  No  No 

Comments       
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  Attempt 9 Attempt 10 Attempt 11 

Soil Classes 
Infiltration module Infiltration module Infiltration module 

Infiltration, 
mm/h 

Leakage, 
mm/h Porosity Water 

content, % 
Depth,

m 
Infiltratio
n, mm/h 

Leakage, 
mm/h Porosity Water 

content, % 
Depth,

m 
Infiltration, 

mm/h 
Leakage, 

mm/h Porosity Water 
content, % 

Depth,
m 

Outcrops 0 0 0.1 

80 0.3 

0 0 0.1 

80 0.3 

0 0 0.1 

80 0.3 

Clay and Silt 4 0.4 0.06 4 0.4 0.06 4 0.032 0.06 
Till 36 4 0.1 36 4 0.1 36 0.36 0.1 

Peat 18 2 0.44 18 2 0.44 18 0.37 0.32 
Sand 68 36 0.25 68 36 0.25 68 3.6 0.22 

Gravel 68 36 0.2 68 36 0.2 68 36 0.2 
Buildings/Roads 0 0 0 

Land use 
Classes Manning, M Manning, n Manning, M Manning, n Manning, M Manning, n 

Forests 2 0.500 10 0.100 5 0.200 
Buildings 2 0.500 11 0.091 10 0.100 

Lakes 2 0.500 10 0.100 7 0.143 
Other areas 2 0.500 20 0.050 12 0.083 

Crops 2 0.500 25 0.040 20 0.050 
Residential 2 0.500 30 0.033 22 0.045 
Industrial 2 0.500 40 0.025 30 0.033 

Roads/Squares 50 0.020 50 0.020 50 0.020 
Rivers 1 

 -  -  -  -  -  - 
River 2 
River 3 
River 4 
River 5 

  Other features Other features Other features 
Culverts Yes, only in Puttlabäcken (9 culverts) Yes (16 culverts) Yes (16 culverts) 

Sink No No No 
Initial Volume, 

(m3) No  20112 20112 

Comments   Same Manning's coefficient with att7 Leakage:  Clay: = 9*10-9 mm/h. Till=1*10-7 mm/h. 
Peat=10-7 mm/h. Sand=10-6 mm/h 
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  Attempt 12 Attempt 13 Attempt 14 

Soil Classes 
Infiltration module Infiltration module Infiltration module 

Infiltration, 
mm/h 

Leakage, 
mm/h Porosity Water 

content, % 
Depth,

m 
Infiltration, 

mm/h 
Leakage, 

mm/h Porosity Water 
content, % 

Depth, 
m 

Infiltration, 
mm/h 

Leakage, 
mm/h Porosity Water 

content, % 
Depth, 

m 
Outcrops 0 0 0.1 

80 0.3 

0 0 0.1 

80 0.3 

0 0 0.1 

80 0.3 

Clay and Silt 4 0.032 0.06 4 0.032 0.06 4 0.032 0.06 
Till 36 0.36 0.1 36 1.8 0.1 36 1.8 0.1 

Peat 18 0.37 0.32 18 0.72 0.3 18 0.72 0.3 
Sand 68 3.6 0.22 68 7.2 0.22 68 7.2 0.22 

Gravel 68 36 0.2 72 36 0.2 72 36 0.2 
Buildings/Roads 0  0 0 

Land use 
Classes Manning, M Manning, n Manning, M Manning, n Manning, M Manning, n 

Forests 2 0.500 1.25 0.800 1.25 0.800 
Buildings 10 0.100 3 0.333 3 0.333 

Lakes 7 0.143 10 0.100 10 0.100 
Other areas 12 0.083 4.5 0.222 3.5 0.286 

Crops 14 0.071 4 0.250 2.5 0.400 
Residential 22 0.045 5 0.200 4 0.250 
Industrial 30 0.033 30 0.033 30 0.033 

Roads/Squares 50 0.020 50 0.020 50 0.020 
Rivers 1 

 -  -  -  - 

22 0.045 
River 2 21 0.048 
River 3 20 0.050 
River 4 23 0.043 
River 5 15 0.067 

  Other features Other features Other features 
Culverts Yes (16 culverts) Yes (16 culverts) Yes (16 culverts) 

Sink Yes (27.540 m3) Yes (156.226 m3) Yes (187.290 m3) 
Initial Volume, 

(m3) 20133 20257 20257 

Comments       
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  Attempt 15 Attempt 16 Attempt 17 

Soil Classes 
Infiltration module Infiltration module Infiltration module 

Infiltration, 
mm/h 

Leakage, 
mm/h Porosity Water 

content, % 
Depth,

m 
Infiltration, 

mm/h 
Leakage, 

mm/h Porosity Water 
content, % 

Depth,
m 

Infiltration, 
mm/h 

Leakage, 
mm/h Porosity Water 

content, % 
Depth,

m 
Outcrops 0 0 0.1 

80 0.3 

0 0 0.1 

80 0.3 

0 0 0.1 

80 0.3 

Clay and Silt 4 0.032 0.06 4 0.032 0.06 4 0.032 0.06 
Till 36 1.8 0.1 36 1.8 0.1 36 1.8 0.1 

Peat 18 0.72 0.3 18 0.72 0.3 18 0.72 0.3 
Sand 68 7.2 0.22 68 7.2 0.22 68 7.2 0.22 

Gravel 72 36 0.2 72 36 0.2 72 36 0.2 
Buildings/Roads 0 0 0 

Land use 
Classes Manning, M Manning, n Manning, M Manning, n Manning, M Manning, n 

Forests 1.25 0.800 1.25 0.800 1.25 0.800 
Buildings 3 0.333 3 0.333 3 0.333 

Lakes 10 0.100 10 0.100 10 0.100 
Other areas 3.5 0.286 3.5 0.286 3.5 0.286 

Crops 2.5 0.400 2.5 0.400 2.5 0.400 
Residential 4 0.250 4 0.250 4 0.250 
Industrial 30 0.033 30 0.033 30 0.033 

Roads/Squares 50 0.020 50 0.020 50 0.020 
Rivers 1 22 0.045 22 0.045 22 0.045 
River 2 21 0.048 21 0.048 21 0.048 
River 3 20 0.050 20 0.050 20 0.050 
River 4 23 0.043 23 0.043 23 0.043 
River 5 15 0.067 15 0.067 15 0.067 

  Other features Other features Other features 
Culverts Yes (16). Altered invert for culvert under Östra Storgatan Yes (16 culverts) Yes (16). Altered invert for culvert under Östra Storgatan 

Sink Yes (187.290 m3) Yes (187.290 m3) Yes (245.281 m3) 
Initial Volume, 

(m3) 20257 21939 21939 

Comments 

Elevation of invert for the culvert under Östra Storgatan was 
altered in this attempt. This culvert is not facilitating river flow 
under Östra Storgratan’s bridge rather under the railway bridge 
which is located under it. The Östra Storgatan bridge is wider 
than the railway bridge and Lantmateriet had manually 
removed the road bridge from the DEM. This led to an 
uncertainty to the elevation of the cells at the inlet and outlet 
of the culvert and subsequently to the elevation of its invert. 

Bathymetry altered so that the ditches of the cultivated 
area east of the urban area of interest were more 

apparent. In the 6 m resolution, the ditches were not 
possible to represented sufficiently and hence a manual 

burning was required. 
 

Elevation of invert for the culvert under Östra Storgatan was 
altered in this attempt. This culvert is not facilitating river flow 

under Östra Storgratan’s bridge rather under the railway 
bridge which is located under it. The Östra Storgatan bridge is 
wider than the railway bridge and Lantmateriet had manually 

removed the road bridge from the DEM. This led to an 
uncertainty to the elevation of the cells at the inlet and outlet 
of the culvert and subsequently to the elevation of its invert. 
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  Attempt 18 Attempt 19 Attempt 20 

Soil Classes 
Infiltration module Infiltration module Infiltration module 

Infiltration, 
mm/h 

Leakage, 
mm/h Porosity Water 

content, % 
Depth,

m 
Infiltratio
n, mm/h 

Leakage, 
mm/h Porosity Water 

content, % Depth,m Infiltration, 
mm/h 

Leakage, 
mm/h 

Porosit
y 

Water 
content, % Depth,m 

Outcrops 0 0 0.1 

80 0.3 

0 0 0.1 

80 0.3 

0 0 0.1 

80 0.3 

Clay and Silt 4 0.18 0.06 4 0.3 0.06 4 0.18 0.06 
Till 36 1.8 0.1 36 1.8 0.1 36 1.8 0.1 

Peat 18 0.72 0.3 18 0.72 0.3 18 0.72 0.3 
Sand 68 5.4 0.22 68 5.4 0.22 68 5.4 0.22 

Gravel 72 36 0.2 72 36 0.2 72 36 0.2 
Buildings/Roads 0 0 0  

Land use 
Classes Manning, M Manning, n Manning, M Manning, n Manning, M Manning, n 

Forests 1.25 0.800 1.25 0.800 1.25 0.800 
Buildings 3 0.333 3 0.333 3 0.333 

Lakes 10 0.100 19 0.053 21 0.048 
Other areas 3.5 0.286 3.5 0.286 2.5 0.400 

Crops 2.5 0.400 2.5 0.400 2 0.500 
Residential 4 0.250 4 0.250 3 0.333 
Industrial 30 0.033 30 0.033 30 0.033 

Roads/Squares 50 0.020 50 0.020 50 0.020 
Rivers 1 26 0.038 29 0.034 26 0.038 
River 2 24 0.042 27 0.037 24 0.042 
River 3 20 0.050 20 0.050 20 0.050 
River 4 23 0.043 23 0.043 23 0.043 
River 5 15 0.067 15 0.067 15 0.067 

  Other features Other features Other features 
Culverts Yes (16). Altered invert for culvert under Östra Storgatan Yes (16). Altered invert for culvert under Östra Storgatan Yes (16). Altered invert for culvert under Östra Storgatan 

Sink Yes (306.406 m3) Yes (412.307 m3) Yes (412.307 m3) 
Initial Volume, 

(m3) 21939 21939 21939 

Comments 

Elevation of invert for the culvert under Östra Storgatan was 
altered in this attempt. This culvert is not facilitating river flow 

under Östra Storgratan’s bridge rather under the railway bridge 
which is located under it. The Östra Storgatan bridge is wider 

than the railway bridge and Lantmateriet had manually 
removed the road bridge from the DEM. This led to an 

uncertainty to the elevation of the cells at the inlet and outlet of 
the culvert and subsequently to the elevation of its invert. 

Elevation of invert for the culvert under Östra Storgatan was 
altered in this attempt. This culvert is not facilitating river flow 

under Östra Storgratan’s bridge rather under the railway 
bridge which is located under it. The Östra Storgatan bridge is 
wider than the railway bridge and Lantmateriet had manually 

removed the road bridge from the DEM. This led to an 
uncertainty to the elevation of the cells at the inlet and outlet 
of the culvert and subsequently to the elevation of its invert. 

Elevation of invert for the culvert under Östra Storgatan was 
altered in this attempt. This culvert is not facilitating river flow 

under Östra Storgratan’s bridge rather under the railway bridge 
which is located under it. The Östra Storgatan bridge is wider than 

the railway bridge and Lantmateriet had manually removed the 
road bridge from the DEM. This led to an uncertainty to the 

elevation of the cells at the inlet and outlet of the culvert and 
subsequently to the elevation of its invert. 
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 Attempt 21 

Soil Classes 
No Infiltration module 

 - 

Outcrops 
Clay and Silt 

Till 
Peat 
Sand 

Gravel 
Buildings/Roads 

Land use 
Classes Manning, M Manning, n 

Forests 1.25 0.800 
Buildings 3 0.333 

Lakes 21 0.048 
Other areas 2.5 0.400 

Crops 2 0.500 
Residential 3 0.333 
Industrial 30 0.033 

Roads/Squares 50 0.020 
Rivers 1 26 0.038 
River 2 24 0.042 
River 3 20 0.050 
River 4 23 0.043 
River 5 15 0.067 

  Other features 
Culverts Yes (16 culverts) 

Sink Yes (412.307 m3) 
Initial Volume, 

(m3) 21939 

Comments  Same set of parameters as in Attempt 18 but 
without the infiltration module 
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