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Hydraulic modeling is a useful tool to analyze the impacts from changes in the flow and in the
morphology of a river. To achieve accurate results it is necessary to collect detailed data of the
topography of the area, especially of the river channel. In this type of landform, conventional red
LiDAR data is not suitable as the near-infrared wavelength is largely absorbed by water bodies.
Nevertheless, the increasing availability of high precision remote sensing techniques allows to
gather this data by using green light in a so-called ALB process.
In this project, both red and green LiDAR data were processed in order to create an accurate
hydraulic model for the river of Lærdal, which is listed as a Norwegian national salmon river.
However, some flood protection works should be carried out in this river due to the high risk of
flooding in the area. In order to analyze this, inundation maps for a 200-year recurrence interval
were prepared in HEC-RAS, both for the current situation and for the case in which flood
protection works are included in the river. The modifications to protect the area against floods
were based on the NVE plans and include the construction of a wall in the lower part of the river
and some excavations to modify the shape of the river.
The green LiDAR data used to set up the hydraulic model was validated first. Comparisons of
this data against red LiDAR and manual GPS measurements proved that the differences in
elevation obtained with these three systems were, except in some local areas, within 10cm.
Subsequently, the hydraulic model created was calibrated against the measured water surface
elevation collected the day when the green LiDAR flight took place. The calibration was
performed by changing the Manning’s n coefficient of the river bed, since it was proved to be the
most influential parameter. A final value of 0.035 offered the most suitable results.
The simulations run with the final model proved that a 200-year flood event in the village could
be prevented with a flood protection wall about 1m high in most of its extension when the effects
of climate change on the hydrological parameters of the area are not considered.
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Hydraulic modelling is a useful tool to analyze the impacts from changes in the flow of a river
and to obtain a full understanding of its hydraulic behavior. The increasing availability of high
precision remote sensing techniques combined with the use of a Geographic Information System
(GIS) enables the creation of a detailed hydraulic model. This model can serve to evaluate how
flood protection works influence the water covered area and the environmental conditions in the
river.
In this project, both green LiDAR data from the river of Lærdal and red laser data from Høydedata
were processed in order to create a Digital Terrain Model of the area. Lærdalselva is a Norwegian
national salmon river and historically an important river for recreational salmon fishing.
However, the NVE considers it as a watercourse of potential damage due to its susceptibility to
flood occurrence. In order to analyze this, inundation maps for a 200-year recurrence interval
were prepared in HEC-RAS (Hydrologic Engineering Center’s River Analysis System) using the
digital model previously created in ArcMap. These maps could be used as a tool for municipal
planning and for an optimum design of flood protection works. In this case, there are some already
available flood protection alternatives developed by the NVE. These plans include the
construction of a wall in the lower part of the river and some modifications in the river itself that
will remove islands and increase its width. The digital terrain was therefore modified according
to these alternatives and new simulations were run to create maps showing the effect of the
different flood protection scenarios under a 200-year flood event (with and without considering
the influence of climate change on the hydrological parameters of the area).
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The main objective of this thesis is to create flood inundation maps of Lærdal for a 200-year flood
event using LiDAR data as a starting point. This data was first processed and integrated in
ArcMap to obtain a terrain model including the main features of the landscape of the area. This
terrain was imported into HEC-RAS to run the 2D unsteady flow simulations whose results
showed the hydraulic behavior of the stream and the water covered areas under different
scenarios. To achieve this, the following tasks must be completed:

-

Validate the accuracy of the bathymetric LiDAR data. To do so, the coverage of the green
LiDAR in the study reach is analyzed and the elevation values are compared with the ones
coming from red LiDAR measurements from Høydedata in the common areas. A
comparison between the green LiDAR data and GPS measured points taken during a
fieldwork in Lærdal (May 2019) is also carried out.

-

Collect the necessary hydrological data to define the discharge of the river in the different
situations under analysis: the day of the flight when the ALB data was collected, a 200year flood event under current climate conditions and a 200-year flood event considering
hydrological variations due to climate change.

-

Integrate the bathymetric and the topographic data to build a detailed model of the lower
part of the river, from the Eri border down to the fiord. Some simulations of this model
are performed under normal discharge conditions in order to calibrate it. Once the model
is calibrated, new simulations are run for a 200-year flood event.

-

Modify the geometry of the model according to the flood protection plans of the NVE and
run new simulations to evaluate their effect. Further, the extent of the morphological
changes in the river that are necessary to prevent floods in the city of Lærdal is analyzed.

-

Create the relevant maps to identify the water-covered areas under the different
conditions.

2

Following the standard scientific format, this report is divided in 6 chapters. After this short
introduction, chapter 2 presents the area of study (Lærdal) and some theoretical highlights of the
main concepts that are discussed throughout the thesis. Chapter 3 describes the methodology
followed in order to achieve the objectives of this study. For ease of reading, this chapter contains
3 different sections depending on the part of the procedure being explained: pre-processing,
processing and post-processing. Chapter 4 displays the most important results from the green
LiDAR validation, the sensitivity analysis performed in HEC-RAS, the calibration of the model
and the final results of the hydraulic simulations (both with and without flood protection works
in the terrain). Chapter 5 discusses the results presented in the previous section and summarizes
the main findings of this study. Chapter 6 presents some remarks and conclusions as well as some
suggestions for further and improved work.
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The study area is located in the southeastern part of Sogn og Fjordane county in Norway (see
Figure 1). Lærdal is a 1,342km2 municipality with a population of 2,161 inhabitants (StatisticsNorway, 2019). The administrative center of Lærdal is the village of Lærdalsøyri, with a
population of 1,120 (2013) inhabitants. An important part of this village is the area called Gamle
Lærdalsøyri, which contains 161 historic buildings that represent one of the best-preserved
original old wooden house communities in Norway. This means that it is important to ensure that
this area remains protected in case of floods.

Figure 1: Location of Lærdal in Sogn og Fjordane county – Norway
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The river of this region, Lærdaselva, is a national salmon river, so it also must be ensured that
any of the measures implemented to prevent the floods is detrimental to the salmon.
Lærdal watercourse has its origin in the confluence of Mørkedøla and Smedøla and opens into
the fiord at Lærdalsøyri. The whole river is 44km long and the watershed is around 1180 km2,
measured from the mouth of the river. An overview of the complete watercourse is shown in
Figure 2. This map was created by the Norwegian Water Resources and Energy Directorate (NVE
– Norges Vassdrags og Energidirektorat), and includes the gauging stations of the area and the
location of the reservoirs and hydropower plants.

Figure 2: Complete Lærdal watershed measured from the lowest point of the river

The regulation of this watercourse started in the 1970s with the construction of some reservoirs
for hydropower. In total, there are 3 hydropower plants and 7 reservoirs in the area, whose total
volume amounts to 274 mill m3.
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The average annual flow was reduced by 20% after the regulation. Figure 3 shows the monthly
average water flow measured in Skjærsbrui both before and after the regulation. The observations
before the regulation were measured between the years 1964 and 1970 and the ones after the
regulation between 1988 and 1998. The measurements in this last period were actually taken in
Stuvane and scaled afterwards, because Skærsbrui station was destroyed during the floods of
1971. (Holmqvist, 2000).

Figure 3: Monthly average discharge before and after regulation

The extent of this project is the lower part of the river, including the area between the Eri border
and down to the fiord (see Figure 4). This approximately 5 km long area is very flat and has
experienced several cases of floods, despite the existence of flood protection works along both
sides of the river. The aim of the present work is to obtain some maps showing the water covered
areas in case of a 200-year flood event when new flood protection works are implemented. The
objective is to see their effectiveness and to analyze if floods in some parts of the village could
be prevented without drastic morphological changes in the river. These flood protection works
are based on the already existing NVE plans (see appendix A). More precisely, the 3D terrain
modifications presented throughout the project (wall inclusion and excavation of some areas of
the river) rely on the alternative number 1 (Figure A.1).
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Figure 4: Part of the river studied

The discharge values in this part of the river for different recurrence intervals (measured
according to the previously existing gauge station Skjærsbrui) appear in Table 1. These values
were obtained by the NVE through performing different frequency analysis from flood values in
Lærdal and in neighboring watercourses. Note that the effect of the regulation decrease for
increasing flood values and that there is an uncertainty of at least 20% in the values (Holmqvist,
2000).

Table 1: Flood values for the area of study, before and after the regulation. For this project, only the values corresponding to a
200-year flood event were analyzed (green row).
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Since Lærdal has experienced numerous flood events (last significant one in October 2014),
different analysis in this area have been carried out in order to obtain flood zone maps as reliable
as possible. Special mention must be made to the NVE reports “Flomberegning for
Lærdalvassdraget - 2000” (Holmqvist, 2000) and “Flaumsonekart Delprosjekt Lærdal – 2002”
(Edvardsen & Svegården, 2002). Discharges and maps showing the areas covered by water under
different recurrence intervals floods can be found in both documents. However, as a result of the
floods in July 2011, it was decided that the model used for these reports should be recalibrated to
create new flood maps in this area. This new analysis was carried out by Norconsult in 2014.
The three aforementioned documents were used as a basis for comparing the results obtained in
this project. In addition, some values for the model setup (as the discharge in the river for a 200year flood or the tidal level) were taken from these documents, as will be mentioned in due course.
Nevertheless, none of the features of the terrain and none of the parameters of the hydraulic model
created for this thesis were modified in order to obtain the same or similar results as in the other
reports.

The European assessment and management of flood risks directive defines flood as “temporary
covering by water of land not normally covered by water, including flood from rivers, mountain
torrents and floods from the sea in coastal areas but excluding floods from sewerage systems”
(European-Parliament, 2007). Floods are usually described in terms of their statistical frequency,
a value chosen depending on the degree of risk that needs to be assessed (OAS, 1993). Within
this project a 200-year flood is studied, which means that the area is subjected to a 0.5%
probability of a flood of the size under study in any given year.
Flood risk is, as defined by the European directive, “the combination of the probability of a flood
event and of the potential adverse consequences for human health, the environment, cultural
heritage or any economic activity” (European-Parliament, 2007). In all the river basins with
significant potential of flooding, flood risk maps must be created as a preliminary step in order to
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analyze different mitigation measures and its effect as well as any other regional policy.A flood
risk map is a special topographic map in which the hypothetical flood characteristics are shown
graphically (Marco, 1992). To obtain this kind of map it is necessary to estimate the discharge of
the river within a catchment based on flood frequency analysis (note that the discharge values
change depending on the return period studied), and to create the hydraulic model in the area of
study. Once having this, relevant simulations can be run in order to obtain different maps showing
the water covered areas and its depth. This means that the creation of a reliable hydraulic model
could be the basis for certain projects in the river to be carried out or not.

Topographic Airborne Laser Scanning (ALS) is an active remote sensing technique where nearinfrared light pulses are emitted towards the Earth’s surface and a photodiode records the
backscattered echo (Wagner, Ullrich, Ducic, Melzer, & Studnicka, 2006). The variable distance
between the laser scanner and the Earth (or any other feature above the ground reflecting back
the light) is calculated from the time the laser pulse emitted takes to return to the sensor. As a
result, topographic information of the Earth surface is obtained. However, the near-infrared
wavelength is largely absorbed by water bodies making ALS systems unsuitable when water
penetration is required (Doneus et al., 2013). In these cases, longer wavelengths are required, so
green light is generally used in a process called Airborne Laser Bathymetry (ALB) or LiDAR
bathymetry. Similar to ALS, a bathymetric laser scanner is mounted in an aircraft or helicopter,
from where green light pulses are emitted. The time between pulse emission and reception is
measured to calculate the distance between the laser and the object that was hit. The use of
airborne acquisition combined with moderate flying heights and high pulse repetition frequency
high resolution is achieved (Mandlburger, Hauer, Wieser, & Pfeifer, 2015).
For this project, data coming from both red (for the floodplains) and green (for the river channel)
LiDAR is used. The sources and extent of each are explained in detail in section 3.1.
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The 3D points obtained using any of the available LiDAR procedures are processed to create a
Digital Elevation Model (DEM). These points are firstly classified into two categories: ground
(bare earth) and above ground (natural or built features on the Earth’s surface. This means that
there exist two different ways of modeling elevation: DTM and DSM. The elevation model
derived from points classified as ground type is called Digital Terrain Model (DTM). This concept
is not only limited to Earth’s visible terrain surface, as also bathymetric surfaces are included.
Digital Surface Models (DSM) include also the vegetation, buildings and other man-made
features above the ground (ArcGIS-PRO, 2019; Hirt, 2014). Both models can be described as a
3-D representation of a terrain based on the X,Y,Z coordinates of a point cloud stored in a digital
form. The selection of the model that is used depends on its application. While DSM are often
useful for landscape or city modeling, DTM are usually required for flood modelling or land use
studies (Mason, Horritt, Hunter, & Bates, 2007).
Within this project, the type of elevation model used is DTM. However, the buildings, roads and
most important features above the ground are included afterwards, as explained throughout
section 3.

ArcMap 10.6 and 10.71 was the software used in this project to create the 3D terrain during the
pre-processing and the flood maps from the results obtained in HEC-RAS during the postprocessing. ArcMap is the central application used in ArcGIS. ArcMap represents geographic
information as a collection of layers and other elements in a map, and it allows its users to create
and edit datasets and to perform a wide range of GIS tasks. (ESRI, 2019).
All the functions of ArcMap used within this project are mentioned in section 3, and the detailed
procedure and specific tools used for the most complex tasks is included in Appendix D.

1

The version 10.7 was released in March 2019, while the project was in progress
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HEC-RAS (Hydrologic Engineering Center – River Analysis System) is a software that models
the hydraulics of water flow through natural rivers and other channels. It allows the user to
perform one or two dimensional flow calculations, sediment transport/mobile bed computations
and water temperature and quality modeling. The program was developed by the United States
Army Corps of Engineers (USACE) and it is publicly available without charge (USACE, 2019).
The first version of the software was released in 1995, with the ability to perform only onedimensional unsteady flow calculations. Constant updates have been made to the software and
two-dimensional modeling is available since the version HEC-RAS 5.0 was released in 2016. For
this thesis, versions 5.0.6 and 5.0.7 are used2.
In this section, the most relevant theoretical points of the software are explained, so that the reader
knows the main principles and equations in which the software relies. For a deeper insight into
this part, the chapter 2 of the “Reference Manual” of HEC-RAS should be consulted, as the
information below is based on it (Brunner, 2016).

The Navier-Stokes equations describe the motion of fluids in three dimensions. In order to
obtain a flood model, some simplifications of these equations are imposed. In HEC-RAS, there is
the possibility to work with two different simplified set of equations: Shallow Water (SW)
equations (also referred as Full Momentum) and Diffusion Wave (DW) equations. The method
used is selected by the user3. HEC-RAS developers recommend developing the model using the
Diffusion Wave approach as it is faster and more stable. Once the model is in good working
order, they suggest running another simulation using Full Momentum as the computational
method, as it is slower but more accurate. If significant differences appear between the two

2
3

Version 5.0.7 was released in March 2019
DW Equations are set as default

11

runs, it should be assumed that the results obtained using the Full Momentum option are the
most accurate ones.
Regardless of the equation set used, the mass conservation law is included and computed with
a sub-grid bathymetry approach in order to decrease the computation time. Thereby, the
computational grid can be relatively coarse because the transport of fluid relies in the
information contained in the more refined underlying topography.

Assuming incompressible flow, the unsteady differential form of the mass conservation equation
is:

Where:

H = water surface elevation [m.a.s.l]
h = water depth [m]
t = time [s]
u,v = velocity components x,y [m/s]
q = source/sink flux term [m/s]

As a sub-grid bathymetry is used, the general mass calculation equation above is transformed
after some substitutions into the sub-grid bathymetry mass conservation equation:

Where:

Ω(H) = finite cell volume as a function of the water elevation [m3]
Ak(H) = face area of the face k as function of the water elevation H [m]
Vk = average velocity of the face k [m/s]
nk = normal vector of the face k
Δt = time step [s]
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The SW set of equations are obtained from the Navier-Stokes equations when the following is
assumed: the pressure is nearly hydrostatic, the density is uniform, the flow is incompressible and
the vertical velocity terms are neglected. The equations thus obtained are:

Where:

u,v = velocities in the Cartesian directions [m/s]
g = gravitational acceleration [m/s2]
H = water surface elevation [m.a.s.l]
vt = horizontal Eddy viscosity coefficient [m2/s]
cf =bottom friction coefficient [l/s]
f = Coriolis parameter [l/s]

The Shallow water approach can be simplified when the following is assumed: shallow and
gravity controlled flow; disregarded unsteady, advection, turbulence and Coriolis terms and
velocity determined by a balance between barotropic pressure gradient and bottom friction. This
simplification leads us to obtain the equation known as the Diffusion Wave Approximation of the
Shallow Water equation, whose classical differential form is:
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The methodology followed in order to obtain the floodplain maps of Lærdal is divided in three
major stages that are described in the subsequent sections: pre-processing, processing and postprocessing. Although this study was done for a specific river, this methodology is applicable for
the analysis of any other river system.
To facilitate the follow-up of the reading, a diagram containing the main steps of each stage is
included in Figure 5.

Figure 5: Sketch of the methodology followed to obtain the floodplain maps of Lærdal using ArcMap and HEC-RAS
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The preprocessing (section 3.1) part includes the entire process of acquiring, analyzing,
modifying and processing the input data in order to obtain an accurate 3D terrain. The rest of the
parameters (discharge, manning values according to the land use…) that are necessary to run the
simulations in HEC-RAS are also obtained. ArcMap is the software used for most of the
preprocessing. The processing stage (section 3.2) refers to all the procedure performed in HECRAS using the data and terrain model obtained during the pre-processing. The post processing
(section 3.3) consist in analyzing the results of the simulations and in creating the most relevant
maps and graphics.

The objective of this part is to obtain the 3D terrain of the study site in .tif format and the rest of
the parameters and shape files required for the simulation in HEC-RAS, as it is explained in detail
below.

The very first step of the preprocessing part is correctly defining the area of study: Lærdal. This
includes a geographical and hydrological definition and a proper understanding of the reasons
why a floodplain analysis is required in Lærdal. In this area, numerous cases of flooding have
been recorded both before and after the regulation, the last one in October 2014. This is why
different studies containing flood maps under different recurrence intervals are available. In
addition, there is a growing interest in carrying out flood protection works in the area, being some
alternatives created by the NVE under consideration. The most relevant information about this is
summarized in sections 2.1 and 2.2, and the NVE alternatives are included in Appendix A.
Once having some knowledge about the study area, the data required as input for the hydraulic
model was collected. This data were:
a) Elevation data
b) Land use and manning values
c) Flow data (discharges of the river for different situations)
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d) Other data (shapefile containing the buildings and roads of the area, water edge line for
calibration)


The DEM for the floodplain area was downloaded from Høydedata (Høydedata, 2019). The
elevation data in this webpage is open and free for everyone who request it. In addition, it is
possible to download the elevation model in raster format or the original point cloud. If the
elevation model is chosen, both the DSM (DOM – Digital Overflate Modell in Norwegian) and
the DTM data are received.
There are 3 available projects of Lærdal in Høydedata, from the years 2009, 2014 and 2017. The
coverage of each of the projects is shown in Figure 6.
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Figure 6: Coverage of the different projects available in Høydedata of the region of Lærdal. First picture shows the project "Sogn
og Fjordane (2009)". Second picture shows "Sogndal, Aurland, Lærdal (2014)". Third picture is the area covered in "NDH Lærdal
(2017)". The project downloaded for this thesis was the second one, as it covers the extent under analysis in the hydraulic model.
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For this thesis, the DTM from the project “Sogndal, Aurland, Lærdal (2014)” was used, as it is
the only one that fully covers the area of interest. Some relevant information of this project is
shown below:

Flight
date
22.09.2014

Supplier

Type of LiDAR

XY Coordinate
system

Z Coordinate
system

Blom
Geomatics

Topographic (red)

Euref89 UTM32

NN2000

Table 1: Most relevant information of the project "Sogndal, Aurland, Lærdal (2014)" downloaded from Høydedata.

Note that the flight to obtain this data took place on September 22, 2014 and this area experienced
a large flood event in October of the same year. The deposition of sediments and erosion during
this flood is one of the reasons why some areas could show differences in elevation when
compared to more recent data. Section 5 explains this issue in detail.
The DTM was preferred over the DSM (difference between this two concepts is explained in
section 2.5) in view of the inaccuracies that the DSM presented in areas covered by trees or other
elements above the bare ground. Graphical explanation of the error is shown in the picture below
(ACP-EU, 2019).

Figure 7: Graphical explanation of why the DTM was preferred over the DSM. The main obstacles to the flow of water over the
bare ground will be included afterwards.

18

The DTM downloaded from Høydedata contains many rasters in .tif format with a spatial
resolution of 0.5m. In order to work with this data in ArcMap, it was first necessary to mosaic
them all into a new single raster of the whole area. This was done in ArcMap with the use of the
“Mosaic to new raster” tool.
As the elevation data from Høydedata was collected using red LiDAR, it does not contain the
underwater depth information of the river channel. This means that the bathymetric data from the
river had to be collected from a different source and merged with the Høydedata elevation model
for the floodplains afterwards.


The missing bathymetric data were made available by my supervisor. This data were given in two
different LAZ files, according to the classification of the points as “dry terrain” or “ground water”.
The technique used to collect them was green LiDAR, as this wavelength is short enough to
penetrate the water column of the river. The total area covered with this surveying method is
shown in Figure 13. The flight collecting the data took place on May 29, 2018 from 16:00 to
17:00. This information is required in order to obtain the value of the discharge that day and
compare and calibrate the hydraulic model in HEC-RAS when a simulation with the same
discharge value is run. In this study, this calibration was done graphically, by visual comparison
of the results in HEC-RAS with the water edge line given by the supplier of the green LiDAR.
Some details of the green LiDAR data used are included in the table below.

Flight date

Type of LiDAR

XY Coordinate system

Z Coordinate system

29.05.2018

Bathymetric (green)

Euref89 UTM32

NN2000

Table 2: Most relevant information of the green LiDAR data
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A layer containing the land use of the different zones of Lærdal was made available by my
supervisor. This layer contained other specifications about the area besides the land use, so it was
necessary to classify it according to the code ARTYPE (Areal Type). Under this code, the land
use is classified into 8 categories: living area, roads and railways, full-grown soil, cultivated soil,
cultivated pastures, forest area, open land and water bodies. Appendix B shows the description
(in Norwegian) of each category taken from Kartverket (Kartverk, 2014).
When the different type of land uses were identified, the most appropriate manning value for each
area was chosen. This information was taken from different tables found in Chow’s book (1959),
which are compiled in the HEC-RAS manual and collected in Appendix B. This appendix shows
the final manning value selected for each area too.

Other information collected prior to the creation of the hydraulic model is a file containing the
shape and position of the buildings and roads in Lærdal and the water edge line of Lærdaselva the
day of the green LiDAR flight.

As explained in subsection a, the digital elevation data used is coming from a DTM, so it only
includes the elevation of the bare ground. In order to create the maps and see the buildings of
which areas are at risk, it is necessary to include them in the digital terrain. A feature format
file (.shp) containing this information was made available by my supervisor.

The water edge line at the time of flight was used as a reference to calibrate the model. This
information was given by the green LiDAR supplier as a .shp format file. No modifications
were necessary in this file, which is shown in Figure 8.
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Figure 8: Water edge line (blue line) obtained from an aerial photograph taken the day of the flight when the underwater
bathymetry data was collected (29.05.2018).

Another indispensable input data for the simulations in HEC-RAS were the discharge values of
the river. Simulations with at least 3 different discharge values were necessary. First of all, the
discharge value of the day of the flight was obtained in order to compare the results with the water
edge line and calibrate the model according to it. Once the model replicated accurately the reality
thanks to the calibrations, new simulations were run using the discharge for a 200 years flood and
the discharge for a 200 year flood plus climate change. The sources and calculations to obtain
these 3 values are explained in this section.


The value of the river discharge on the day of the flight was known in the Stuvane gauging
station: 94m3/s. However, there is a great distance between this gauging station and the
starting point of the hydraulic model, with some tributaries in between.
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Figure 9: Distance between the starting point of the hydraulic model and closest gauging station (Stuvane).

In order to account for the tributary inflow, scaling was used taking Flåm Bru’s watershed as
reference. The value of the river flow of Flåm Bru on May 29, 2018 was extrapolated to the
area of the watershed between Stuvane and the start of the hydraulic model, considering the
size and the runoff of each catchment. The result was an estimate of how much the flow value
from Stuvane should be increased. Note that this was just an approximation whose level of
uncertainty is difficult to measure.
The equation used to calculate the tributary inflow between the points marked with a cross in
Figure 9 is:
𝑄𝑡𝑟𝑖𝑏𝑢𝑡 = 𝑄𝐹𝑙å𝑚 ∙

Where:

𝐴𝑡𝑟𝑖𝑏𝑢𝑡 ∙ 𝐹𝑡𝑟𝑖𝑏𝑢𝑡
𝐴 Flåm ∙ 𝑄𝐹𝑙å𝑚

Q = Measured discharge in the river [m3/s]
A = Catchment area [km2]
F = Runoff [l /(s·km2)]

As a result, an increase of 12m3/s in the discharge recorded in the Stuvane gauging station
was obtained, being the final value of the discharge used for the calibration of the model equal
to 106m3/s. The details of the calculations, as well as more information about the watersheds
(taken from NEVINA) are included in appendix C.
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The value selected was taken from the NVE report “Flomberegning for Lærdalvassdraget 2000”. The values that appear in this report for different recurrence intervals are shown in
Table 1. Between them, the culmination discharge value for a 200-year flood event was taken:
920m3/s. Note that there is a big uncertainty in the value.


Climate change may cause significant changes in hydrological patterns leading to more
frequent and intense flood events. According to NEVINA, the climate factor of the Lærdal
watershed is 1.4. In order to run a simulation including the climate change effect, a discharge
value of 1288 m3/s (920 · 1.4) was used.

Some of the data presented in the previous section required some previous work before being
used for the creation of the terrain. For some of the input files, this just consisted of some
computational processing (decompressing, format changing…). In other cases, modifications of
the data were made. A detailed explanation for each case is given in this section.

The elevation data of the floodplains (from Høydedata) was downloaded as a raster, so it did not
require any format modifications before being imported into ArcMap. However, the underwater
bathymetry data (from the green LiDAR) needed some processing as it was provided in .LAZ
format.
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In order to work with LiDAR data in ArcMap .LAS is the starting format. Still, the point cloud
data representing the 3D surfaces is usually provided in .LAZ format, the compressed form of
.LAS, in order to save space and transfer time.
As the underwater bathymetry data had to be decompressed, the software LASTOOLS was used4.
As the procedure followed was short, a step by step is presented below:

1. Inside the LAStool’s folder, open las2las.exe
2. Click browse and search for the LAZ files that are going to be converted into LAS.
3. Choose the directory where the LAS files are going to be included.
4. Click merge files into one so that all the LAZ files are decompressed in just one LAS file.
5. Select the format in which the data will be converted.
6. Press run32 or run64 depending on the bits of the computer Window’s system (64 bits in
this case).
7. A new window is opened automatically. Wait until it disappear, which means that the
process was complete successfully and the data is now in LAS format.

Note that in this procedure the coordinate system was not selected as it would be included once
the data is opened in ArcMap.
After this processing stage, the underwater bathymetry data was ready to be imported and used
in ArcMap.

The collected file containing the land use covers an area much bigger than the extent of the hydraulic
model, as shown in figure 10.

4

LASTOOLs software was used because of being a user-friendly software, but it could have been done directly in
ArcMap using the “spatial ETL” tool.
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Figure 10: Complete area included in the land use file (in cream color). The red line encloses the area included in the hydraulic
model. The land use file was clipped according to it

Therefore, the first modification was to clip the file according to the boundaries of the model.
Some discrepancies appeared in the classification of some areas when compared with the
ortophoto of Lærdal of 2017 from Geonorge, which was considered more accurate because of
being more recent. To fix this, the land use shapefile was manually modified in ArcMap. Figure
11 shows the land use classification before and after the modifications.

Figure 11: Land use of the different areas enclosed in the hydraulic model. The left picture shows the original classification. The
right picture shows the modified file.

25

Some of the buildings of Lærdalsøyri were missing in this shapefile, probably due to its antiquity.
Therefore, it was manually modified in order to include them (see Figure 12), using the ortophoto
of Lærdal from Geonorge (2017) as a reference.

Figure 12: Buildings in the area of Lærdalsøyri. The red polygons represent the originally missing buildings that were manually
drawn according to an Orto photo of Lærdal of 2017.

As the elevation data affects directly the output of the simulations and the degree to which the
model replicates the real situation, the quality of these data was checked.
Further, before merging the two sources of elevation data, an analysis of the areas covered by
each of them, as well as of its most relevant statistics was carried out. Once this was done, the
two sources were compared to check if both contain similar elevation values in the common areas
and prevent inaccuracies in the model. A deeper insight is presented in this section.
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The elevation data from both sources in .las format were imported into ArcMap, where the
“Create LAS Dataset” tool was used. This tool provides an option to compute statistics. The most
relevant results are included in Table 3.

Point count

Red LiDAR 1,499,928,792

Green
LiDAR

744,993,985

Point
spacing

Zmax

Zmin

Classification

0.245

2400.32

-4.38

Unnasigned, ground,
noise,
rail, bridge deck

0.123

429.35

-7.73

Ground, reserved

Table 3: Most relevant statistics of the Las datasets from the red and the green LiDAR

Note that in order to analyze the red LiDAR, the point cloud data from Høydedata was used. As
explained in section 3.1.1, Høydedata gives the possibility to download the elevation data both in
raster format (.tif) or in its original point cloud form (.laz). Even if the terrain model was created
using the raster, the point cloud data was also downloaded in order to analyze it. To do so, the
.laz data was converted into .las in LAStools, following the procedure explained in section 3.1.2.a.
With the lasdataset created, the areas covered by both sources were displayed (see Figure 13 and
Figure 14).
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Figure 13: Area covered by the topographic LiDAR. The river channel (in black) was clipped from the rest of data because the
red light does not penetrate the water column so the elevation values did not contain the depth of the soil in the river bed.. The
figure on the right is an enlargement where only the area of interest is shown.

Figure 14: Area covered by the bathymetric LiDAR. The river channel was clipped from the rest of data because it is the only
area of interest of the green LiDAR (the elevation data of the floodplains is taken from the red LiDAR). The figure on the right is
an enlargement where only the area of interest is shown.
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Before creating the digital terrain that integrates the red (for the floodplains) and green (for the
river channel) LiDAR in ArcMap, the underwater bathymetry data was validated. The reasons to
do this were:


To check the accuracy of the bathymetric LiDAR data. It is always important to double
check the data given to test its reliability, especially in cases like this one, where the data
was new and had not been analyzed before.



To ensure that there was not a systematic error in the elevation values between the two
sources of data. In this case, the errors could be due to having used two different
measurement systems or even a different Z coordinate system. If not detected, this error
could lead to some discrepancies in the final terrain, as the values from Høydedata and
LiDAR had to be merged into one single model. The solution of a case like this would be
simple. For example, if a +20cm elevation difference were found in almost all the points
of LiDAR when compared to Høydedata, it would be enough to increase 20cm the
elevation raster of Høydedata.

Two different comparisons were made to analyze the data coming from the ALB. The procedure
followed in each of them is explained in the following sub-sections.

As the survey of the whole terrain was made with two different methods, it is necessary to check
that both have a common reference. In order to do this, 4 different types of areas were selected to
be compared. These areas were classified depending on its land coverage as: open land, gravel,
grass and roads. 3 areas of each type were analyzed, resulting in a total of 12 comparisons. The
corresponding shapefiles enclosing the selected areas are shown below.
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Figure 15: Areas selected to compare the elevation data from the green and red LiDAR. 4 different types of areas were chosen
depending on the land coverage, classified as: open land, grass, gravel and roads. Within each category, 3 areas in different
locations were studied.

The elevation points contained in each of the areas were extracted, both from the green and the
red LiDAR. The point cloud from Høydedata contained not only the elevation of the bare ground
but also of all the other features above it (ground, brushes, low vegetation…). These points were
first classified so that only the ones labeled as “Ground” were kept for the comparison. Regarding
the green LiDAR data, as the point density from this source was proved to be very high, a 0.04m
resolution raster was created from it. Therefore, a comparison between the points from Høydedata
and the raster from the green LiDAR was carried out using the “Extract values to points” tool of
ArcMap. The output of this tool is a point feature dataset whose attribute table contains the
original elevation value of the point (which correspond to the elevation from Høydedata) and the
elevation of this same point extracted from the raster. The only thing left was comparing the
differences in elevation of every point in the attribute table, both numerically and graphically.
As the procedure followed is long and complex, a detailed step by step is attached in appendix D.
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Note that, again, the point cloud downloaded from Høydedata was used instead of the DTM
because an accurate comparison was necessary. If the DTM had been used instead, the elevation
of some of the points (particularly in the cells of the raster that did not contain any LiDAR point)
would have been obtained by interpolation and not because its elevation had been really
measured. These inaccuracies were avoided with the procedure that was followed. However, once
the LiDAR was validated, the DTM was the data used for the construction of the digital terrain.

A different method for assessing the accuracy of the green LiDAR data is to compare it with
manually measured points. The manual measurements taken with GPS were conducted during the
fieldwork in Lærdal on May 6 and 7, 2019. The idea was to double check the green LiDAR data
with more recent elevation information, as the data from Høydedata was taken in 2014 and some
flood events took place afterwards. This could lead us to think that the green LiDAR data is
unreliable or not accurate enough in cases where the differences are due to sediment transportation
or changes in land coverage. The way to proceed in this case was almost the same as the one
explained in section b1. Again, the elevation of each of the GPS points was compared to the
elevation of these same points when extracted from the 0.04 resolution rasters created from the
underwater bathymetry data (green LiDAR). In this case, the areas compared were classified as
gravel, roads and gravel roads.
Note that in order to compare the points, the GPS elevation values were first adjusted to the
NN2000 coordinate system (original coordinate system of the points was NN1954). A Z
coordinate system adjustment can be achieved by increasing or decreasing the elevation value of
the points according to a constant given depending on their location on the map, as represented
in Figure 16, taken from Kartverket. In this case, it was necessary to increase the altitude values
of the GPS points +6cm, which were added directly in ArcMap by modifying the attribute table
of the points (Field Calculator tool).
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Figure 16: Conversion of the elevation values from NN1954 to NN2000

The core of the preprocessing part is the digital terrain creation in ArcMap. The most important
highlights of the process are explained in this section. A deeper insight is given in Appendix D.
As previously mentioned, the data used in this thesis came from 2 different sources: red LiDAR
for the floodplains (Høydedata) and green LiDAR for the river channel (underwater bathymetry).
In addition, the elevation model selected from Høydedata was the DTM, containing only the bare
ground, so the buildings had to be be modelled and included in the terrain afterwards. As the
sources of data were different, their treatment was different too. However, prior to create the
terrain merging the data from both sources, it must be ensured that all the files used within the
project contained the same coordinate system. Because of the location of the area of study, the
coordinate system selected was ETRS1989 UTM Zone 32N (XY coordinate system) and NN2000
(Z coordinate system).
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Using the LAS data file obtained in LAStools (section 3.1.2.a) a raster was created in ArcMap
with the “LAS dataset to raster” tool. Here, two important parameters were chosen:
-

Interpolation type

As the LiDAR data was given as a point cloud, the void spaces needed to be filled in order
to create a complete underwater terrain of the river. This was done using an interpolation
technique between the measured points. The interpolation method chosen in ArcMap was
the binning approach. Within this technique, the interpolation options chosen were:
Average for the output cells containing LAS points (each cell value is calculated from the
average value of all the points in the cell) and Natural Neighbor for the output cells that
fell in areas without LAS points.

-

Cellsize

As the resolution of the LAS data is very good and the average point spacing is small (see
Table 3), the selected cellsize of the raster was 0.35. In general, the selection of this
parameter is not simple, as a balance between better resolution and other practical
requirements as processing time and storage space occupied needs to be found. After a
first trial with a bigger cellsize, it was reduced to the final value of 0.35. Big differences
in the processing time were not detected with this reduction, probably because the extent
of the river channel is not very large (the cellsize chosen for the floodplains was bigger,
as it will be explained during the Høydedata procedure).

The obtained 0.35m resolution raster was clipped so that it only encloses the river channel
(see Figure 14). The river bed terrain was created in this way.
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In this case, the input data were multiple rasters (.tif), each of them containing the DTM of a
small area. A single raster out of all of them was created. The resulting DTM is shown below:

Figure 17: Final DTM in raster format obtained by joining the files downloaded from Høydedata. Note that the lowest Z
value is -1m, which proves that the red LiDAR does not penetrate the water column of the river.

This terrain was created with two different cellsizes (1m and 0.5m) in order to the test if some
differences appeared in the results of simulations because of the sub-grid bathymetry function
of HEC-RAS. This is discussed in Section 4.2.

As explained in section 3.1.2.c the shapefile containing the buildings was modified to include
all the dwellings in the area. The next step was to create a raster containing these buildings
and to give it an extra height so that they act as an obstacle for the water flow in the flood
simulations in HEC-RAS. This was done by extracting the land occupied by the buildings
from the DTM and increasing 3m its height using the “Raster calculator” tool. This tool allows
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the user to operate with raster layers using the syntax of an algebraic expression. Deeper
insight of the procedure is explained in appendix D. A 3D view of the shape of the buildings
obtained is shown below:

Figure 18: 3D visualization in ArcScene of the buildings created in ArcMap from the feature layer containing their shape.
The polygons enclosing the dwellings were extracted from the DTM and given an additional height of 3m.

With the three raster layers created (sections a,b,c), the last stage in the process was to join
them together. This was done using the “Mosaic to New Raster” tool. Note that in the
overlapping areas it is necessary to determine an order of preference so that ArcMap maintains
the elevation value of the raster that was given priority. Preference was given in the following
order: underwater bathymetry (river channel), buildings, høydedata (floodplains). The cellsize
selected for this final terrain was also 0.35 so that the high resolution of the underwater
bathymetry raster was not lost. In addition, as explained in section 2.7. HEC-RAS perform
the calculations using a sub-grid method. This means that if a terrain with a good resolution
is used as input in this software, the cellsize of the mesh in HEC-RAS can be increased without
losing too much precision in the results as the calculations take the terrain below the geometry
into account. Considering the high number of simulations that were performed in HEC-RAS,
this could save a lot of time.
A picture of the final terrain (once in HEC-RAS) is shown in Figure 19.
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In the previous section, the methodology followed to obtain the initial 3D terrain that was
imported into HEC-RAS is explained. This terrain was used to calibrate the hydraulic model and
to analyze the areas at risk under a 200-year flood event when no flood protection work is carried
out. However, there are some existing plans to modify the area in order to minimize the
consequences of the floods. These plans were developed by the NVE (Appendix A) and are still
under consideration.
Prior to any morphological change in the river, a simulation showing the potential impacts caused
by the modifications is required. This is the reason why the initial terrain, representing the actual
features of the area, was reshaped according to the alternative number 1 of the NVE (Figure A.1).
This alternative indicates the areas where the ground must be raised (same effect as building a
protection wall) and the river zones that must be widened.
The wall was created in ArcMap from a polygon feature (.shp) of 4m wide and positioned
according to the NVE plan. The terrain occupied by this polygon (simulating the wall) was
extracted from the DTM and its height was increased using the “Raster calculator” tool. The new
raster with a higher elevation in the areas enclosed by the wall was then merged into the initial
terrain. A more detailed explanation of the procedure is included in Appendix D.
After some trials with different heights, the design of final wall and its elevation are detailed in
Appendix E.

All the tasks included in the processing part were carried out using HEC-RAS. Therefore, this
section starts with importing the terrain created in ArcMap into HEC-RAS.
The processing part is divided in 3 sections: hydraulic model creation, sensitivity analysis and
calibration of the model.
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The methodology for the creation of the 2D floodplain model in HEC-RAS is described in this
section. Although the hydraulic model was created and modified for the river of Lærdal, the main
steps presented are common for any 2D unsteady state simulation.

The terrain created in the preprocessing was imported into HEC-RAS using RAS Mapper, which
supports three different formats (.tif, .flt and .adf). The terrain layer used in this case was a single
raster in .tif format. Figure 19 shows how the terrain looks like in HEC-RAS.

Figure 19: Terrain created during the preprocessing displayed in HEC-RAS. This terrain does not contain any of the flood
protection measures.

In some cases, the terrain layer imported requires some modifications in order to include or
remove some features, as happens with detention basins, bridges, roadways channels or
bathymetric data, among others. Since the version 5.0 of HEC-RAS was released, it is possible to
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reshape the terrain by modifying the geometry from RAS Mapper. To achieve this, the river layer
creator and the cross section editor are used. The new terrain features are automatically
interpolated between the modified cross sections when the layer including the adjustments is
exported.
In this project, this feature of HEC-RAS was used to remove some of the river islands and to
excavate the river channel to widen it according to the NVE plan. Further details are given below:


Terrain modification in HEC-RAS:

In order to lower the elevation of the digital model in the areas indicated by the NVE plans, a new
1D geometry of the features to be modified was created. The centerline of each feature was
delineated and both longitudinal edges were marked. Some cross sections were also included (at
least two are required, but the more cross sections included, the more accurate are the results of
the modifications). Figure 20 shows which areas have to be modified and the 1D geometry lines
created to achieve it in HEC-RAS.

Figure 20: Islands and areas of the river terrain that should be removed according to the NVE alternative 1. The figure shows
the 1D geometries drawn in HEC-RAS to modify the terrain.
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Once these 1D geometries were created and saved, the elevation of the terrain in the marked cross
sections was reshaped in the usual Geometry editor. An example showing the excavation of the
land in two arbitrary cross sections is shown below.

Figure 21: Modification of the cross sections. The thin line shows the terrain in the cross sections prior to any change. The thick
black line represents the new shape of the river channel in this XS.

When all the cross sections were modified as desired, the new geometry layer was exported in a
raster format. The elevation data of the areas in between the cross sections were automatically
interpolated and the new terrain generated this way was opened in HEC-RAS to run the
simulations corresponding to the island removal.

Drawing the 2D flow area was the first step in the creation of the geometry, along with the
selection of the cellsize of the mesh. This parameter is very important, as the cell size should be
small enough to produce stable computations and accurate results but also big enough to do this
in a reasonable period of time. Because of the complexity of the decision, this parameter was
subjected to a sensitivity analysis, as described in section 3.2.2. With the 2D area delimited, the
boundary condition lines for upstreams and downstreams were drawn.
Another important feature that may be included in the geometry are the break lines. These lines
can be manually drawn in specific areas of the terrain, as along the crest of high ground features
in the topography that act, completely or temporarily, as a barrier to water flow. When this lines
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are drawns, the cell faces of the mesh are aligned along them. This new distribution of the mesh
helps HEC-RAS to keep the water out of the “dry” side of the breakline until the water surface
elevation is higher than the terrain where the breakline was delineated.
In this project, break lines along the flood protection wall were included for the simulations of
the 200-year flood including protection work, as incoherent results were obtained when the
simulation was run without them5.

–
The boundary conditions used for the upstream and the downstream lines drawn in the geometry
editor were:
-

Upstreams: Flow hydrograph. With flow hydrograph as boundary condition, it is possible
to vary the discharge with respect to time, so the volume of water entering to the model
per unit of time is controlled. The hydrographs chosen for the calibration of the model and
for the 200-year flood simulations (with and without climate change) werer plotted and
included in Figure 22.

Figure 22:Hydrographs showing the water flow chosen for the simulations in HEC-RAS. The hydrogrph on the left shows the
values chosen for the calibration of the model (maximum value: 106m3/s). The one in the middle shows the 200-year flood values
(maximum: 920m3/s). The right hydrograph shows the values of a 200-year flood event considering new hydrological conditions
due to climate change (maximum: 1288m3/s).

5

The break line features were included in the mesh after discovering that in the simulations in which the flood
protection wall was included in the terrain, the water was entering the village center through an area where the
terrain elevation was higher than the WSE. This problem was solved after including breaklines along the wall.
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Note that for the 200-year flood events the peak discharge remains 4 hours. This amount
of time was chosen according to the model of Norconsult, and because it proved to be
time enough to reach the steady state in the simulations.

-

Downstreams: Stage hydrograph. This option requires a value for the tide level. In this
case, a constant value of 1.24m was chosen, based on the model carried out by Norconsult.

Last step was performing an Unsteady Flow Simulation. In this stage of the procedure, it is very
important to make sure that the correct geometry (associated with its corresponding terrain) and
unsteady flow data files are selected. Once this is done, the settings of the simulation are
introduced. For the case under study, the most relevant settings were the ones below:
-

Simulation time: 14 hours, according to the flow hydrograph condition for the upstream
boundary selected in the previous step. In the case of the 200-year flow simulation, only
4 of these 14 hours contains the culmination values for the discharge. A period of 14 hours
of simulation was chosen because it was proved that good and stable results were obtained
within around 15 clock hours (which was considered an acceptable waiting time).

-

Computation settings: The courant condition option was used, as it allows variable time
steps of the simulation based on the computed velocities. The initial computation time
step was set in 4 minutes, as it was proved to be enough.

After the selection of the settings, the simulations were run. The results were shown in the RAS
Mapper extension of HEC-RAS. This part is included in the post-processing.

The sensitivity of the hydraulic model to variations in Manning’s number (n) and in cellsize was
evaluated. This procedure involves running simulations holding all the parameters constant
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except the one under analysis in each situation. The objective is to check which parameters have
a major influence in the model so that they are carefully selected in the final model.

Two different types of cellsize sensitivity analysis were carried out. First, the cellsize of the mesh
of the geometry in HEC-RAS was analyzed. In addition, as HEC-RAS works with a sub-grid
bathymetry approach6, also the effect of modifying the cellsize of the raster terrain created in
Arcmap was studied.



Cellsize of the mesh in HEC-RAS

Maintaining the rest of the parameters constant, two cellsizes were used: 2x2 and 3x3
(meters).



Cellsize of the raster containing the terrain in ArcMap

The cellsize of the raster containing the river was in all of the cases of 0.35m (explanation in
section 3.1). However, cellsize of the raster for the floodplains (from Høydedata) was
analyzed for 2 different resolutions: 0.5m and 1m.

Prior to include the land use layer in HEC-RAS with more accurate manning values depending
on the type of land coverage, the influence of the manning value was study. To analyze it, two
different simulations were run using a single manning number for the whole area: 0.03 and 0.05.

6

As explained in section 2.7, HEC-RAS computations for the transport of fluid take into account not only the mesh
created in the geometry editor of the software but also the information contained in the underlying terrain (the
one created in ArcMap during the preprocessing)
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In the absence of accurate observed data under a flood event, the model was calibrated using the
discharge value of the day of the flight when the underwater bathymetry data was collected. This
took place on May 29, 2018 from 16:00 to 17:00. The discharge at this time in the starting point
of the model 1 was approximately 106 m3/s (Section 3.1.1.d). As a shapefile containing the water
edge of this day was available, the model was calibrated by running simulations with 106m3/s and
comparing the simulated water covered area with the water edge line. This way, the most
appropriate manning number for the river channel was determined.

All the tasks carried out once the computations in HEC-RAS were finished are included in the
post-processing section. HEC-RAS 5.0.7 allows users to create 2D flow area models and to
observe the results in RAS Mapper. The three available result layers in RAS Mapper are Depth,
Water Surface Elevation and Velocity. In this project, the two first ones were used. Thus,
floodplain inundation boundaries and their depths were calculated. In addition to the 2D flood
map analysis, some profile lines were created to analyze the water surface elevation of some
sections with higher detail.
One of the objectives of the post-processing is to check that the results obtained are
computationally correct (if there are some instabilities in the model or some of the selected
parameters as cellsize or time step are not appropriate, it is easily detected when visualizing the
result layers in RAS Mapper). Furthermore, the areas at risk and the effect of the flood protection
works is studied in this stage.
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The main results obtained following the methodology presented in section 3 are presented in this
chapter.

The objective of this validation is to test the accuracy of the bathymetric data provided.
For each of the areas selected when comparing the green LiDAR, both with the red LiDAR and
with the GPS points took during the visit to Lærdal, 2 statistic measures were calculated: the mean
and the standard deviation. The formula used for the standard deviation is:

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 = √

Where:

∑ |𝑥 − 𝑥|2
𝑛

x = difference in the Z elevation of the point being compared
𝑥 = mean value of the differences in each area
n = number of points compared in this area

Some graphs were also created for each area, all of them with the same format. The elevation
value of each point corresponding to the red LiDAR or the GPS measurements is represented in
the x-axis. The y-axis displays the height of the same point according to the green LiDAR. Also,
an x=y line is plotted to analyze how much the results differ from the ideal case where the
elevation of each point is the same in both sources of data.

Note that the differences were calculated by subtracting the red LiDAR or GPS elevations minus
the green LiDAR ones.

44

–
The numerical results obtained by susbtracting the elevation values red – green LiDAR are
presented in this section. The graphical classification carried out in ArcMAP is included in
Appendix F.

Gravel 1

Gravel 2

Gravel 3

Number of points

16959

7871

15631

Mean

0.25

0.09

0.03

Standard deviation

0.17

0.23

0.08

Table 4: Main statistics of the differences in elevation (red-green LiDAR) obtained for the areas classified as “Gravel”

Figure 23: Red - green LiDAR comparison graphs for the points included in the areas classified as “Gravel”
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Road 1

Road 2

Road 3

Number of points compared

4465

4225

803

Mean of the differences

0.007

0.133

0.010

Standard deviation

0.100

0.103

0.026

Table 5: Main statistics of the differences in elevation (red-green LiDAR) obtained for the areas classified as “Road”

Figure 24: Red - green LiDAR comparison graphs for the points included in the areas classified as “Road”

Open Land 1

Open Land 2

Open Land 3

Number of points

61174

91808

77868

Mean

-0.04

0.04

0.02

Standard deviation

0.21

0.16

0.10

Table 6: Main statistics of the differences in elevation (red - green LiDAR) obtained for the areas classified as “Open land”

46

Figure 25: Red - green LiDAR comparison graphs for the points included in the areas classified as “Open land”

Grass 1

Grass 2

Grass 3

Number of points compared

52634

130173

164050

Mean of the differences

0.043

0.010

-0.234

Standard deviation

0.06

0.12

0.11

Table 7: Main statistics of the differences in elevation (red-green LiDAR) for the areas classified as “Grass”
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Figure 26: Red - green LiDAR comparison graphs for the points included in the areas classified as “Grass”

–
The GPS points were measured in the areas where the comparison red – green LiDAR required a
double check. These areas were classified as gravel, gravel roads and roads. Again, only the
numerical results are presented in this section, being a graphical classification included in
Appendix F.

Gravel A

Gravel B

Gravel C

Number of points compared

52

100

95

Mean of the differences

-0.034

0.39

0.201

Standard deviation

0.043

0.33

0.173

Table 8: Main statistics of the differences in elevation (GPS - green LiDAR) for the areas classified as”Gravel”
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Figure 27: GPS - green LiDAR comparison graphs for the points included in the areas classified as “Gravel”

Road A

Road B

Road C

Number of points

12

49

43

Mean

0.088

0.106

-0.057

Standard deviation

0.04

0.08

0.13

Table 9: Main statistics of the differences in elevation (GPS - green LiDAR) for the area classified as “Road”

Figure 28: GPS - green LiDAR comparison graphs for the points included in the areas classified as “Roads"
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Gravel road A

Gravel road B

Gravel road C

Number of points

27

54

23

Mean

0.66

0.086

0.847

Standard deviation

0.11

0.108

0.157

Table 10: Main statistics of the differences in elevation (GPS - green LiDAR) for the areas classified as “Gravel roads”

Figure 29: GPS - green LiDAR comparison graphs for the points included in the areas classified as “Gravel Roads"

To try to allocate the most significant uncertainty sources in HEC-RAS, two input parameters
were analyzed: cellsize and manning number. The degree to which modifications in these
parameters affect the results of the simulations is shown below

Both the effect of changing the cellsize of the mesh in HEC-RAS and the cellsize of the raster
containing the digital terrain in ArcMap were analyzed.
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Changing the cellsize of the mesh in HEC-RAS

The mesh of Hec-Ras was created with two different spacing values: 2m x 2m and 3m x 3m.
The results and comparison are shown below.
Number of cells of the mesh

Computational time

2x2

1594271

44h 21'04''

3x3

729672

14h43'04''

Table 11: Number of cells and computational time for two different meshes in HEC-RAS

Figure 30: Results of the simulations (water depth) in Ofta for two different cellsizes of the mesh

For both cases, the discharge value chosen was 106 m3/s. The figure above shows that there
was practically no difference in the results. In order to double check this, two profile lines
(marked with red lines in Figure 30) were created to check the water surface elevation in both
cases. The terrain and WSE profiles in these cross sections is displayed in Figure 31.
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Figure 31: Water surface elevation in the two cross sections drawn in Ofta for two different cellsizes of the mesh

Figure 31 proves that the differences in elevation are only a few centimeters (3-4 cm).
However, the computational time was almost four times bigger when a cellsize of 2x2 was
used. This proves that the size of the cell has a great influence on the computational time,
creating a trade off between time and precision in the results. It was proved that for this case
cells of 9m3 were small enough since more accuracy was not achieved by reducing their size
further.



Changing the cellsize of the raster containing the terrain in ArcMap

Two different terrains were created in ArcMap. In the first one, the raster cellsize of the
floodplains was 1m; in the second one, it was reduced to 0.5m. The raster cellsize of the river
channel was maintained in both cases at 0.35m.
Two different simulations were carried out with a discharge value of 920m3/s in order to check
if significant differences appear in the results considering the sub-grid bathymetry approach
of HEC-RAS. The rest of the parameters selected are shown below.
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Cellsize of the mesh

Manning value

Computational time

River channel: 0.035
Raster 1m

3m x 3m

32h16'12''
Floodplains: 0.07
River channel: 0.035

Raster 0.5m

3m x 3m

34h29'53''
Floodplains: 0.07

Table 12: Most important parameters for the raster's cellsize sensitivity analysis

Note that even if the rest of the inputs were maintained with the same values in both cases, a
higher resolution of the initial terrain increased the computational time. However, the
differences in the results were insignificant, as shown in the figure below.

Figure 32: Results of the simulations in HEC-RAS when a terrain with different resolution is imported

The conclusion of this was not that the sub-grid bathymetry does not have any effect in the
results (more simulations with bigger raster resolutions should be compared to affirm that),
but that for this case a resolution of 1m for the floodplains was enough, since the only
appreciable change was the computational time, which increased.
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Before importing the land use file into HEC-RAS and selecting a different manning value for
each area according to its coverage, it was necessary to check how important it is to choose a
suitable manning number and to what extent it affects the results.
To do so, two simulations with a discharge of 920 m3/s were run maintaining all the parameters
constant except from the manning value, which was changed from 0.03 to 0.05 (for the whole
area).

Figure 33: Comparison of the results when different manning numbers are used for the whole area

The results obtained show clearly the great importance of choosing properly the manning value.
Because of this, the manning values for the different areas (classified according to their land used
were carefully chosen in order to obtain accurate results.
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As the results of the sensitivity analysis showed that the parameter with the greatest influence was
the manning value, different simulations changing the manning number of the river channel were
run. The aim was to find the value that made the results of the simulation as close as possible to
the water edge line. According to the literature reviewed, for natural channels like the one under
study, the minimum and maximum manning values are 0.03 and 0.04 respectively (see Appendix
B). The results obtained for different values within this range are shown in figure 34.
Note that only the manning value of the river channel was calibrated due to the lack of any
reference to compare the manning number of the floodplains (there was no information about the
water covered area or inundation boundary under a flood event).

Figure 34: Comparison of the different inundation boundary obtained changing the manning values in the river bed. The water
edge line of the day of the green LiDAR flight was used for the comparisons.
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The figure above shows that the results were very close to the reality when the manning value for
the river channel is within the range 0.03 to 0.04. Even if the differences were almost insignificant,
the results obtained using a value of 0.035 were the most accurate ones. Since no other parameter
is negatively affected by choosing one or the other value, 0.035 was the manning value selected
for the river bed in order to perform the final simulations and obtain the flood maps.

This section includes the flood maps obtained with the final terrains (with and without flood
protection workd) once all the parameters analyzed were chosen. As a summary, the most
significant ones are included in the following table.
Raster resolution

Floodplains: 1m
River channel:
0.35m

Mesh
cellsize

Manning values

3x3

River channel: 0.035
Living area: 0.085
Roads: 0.013
Full grown soil: 0.04
Surface cultivated soil:
0.03
Cultivated pastures:
0.04
Forest: 0.11
Open land: 0.1

Discharge values

200-year:920m3/s
200-year+climate:
1288m3/s

Time step
simulation

4 min + Courant
condition

Table 13: Most important input parameters used for the creation of the final floodplain maps

The first map (Figure 35) shows the water covered areas in case of a 200-year flood event (with
and without considering the effect of climate change) when no measure against floods is
implemented in the area. The second map (Figure 36) shows the same flood event but including
a flood protection wall in the terrain. The third map (figure 37) adds the excavation of the river
bed and the removal of some of the river islands as marked by NVE. The fourth map (Figure 38)
illustrates the situation of a normal spring discharge if the river channel was reshaped (same
terrain as for the third map was used).
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Figure 35: Water covered areas and inundation depth for a 200-year flood event without flood protection
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Figure 36: Water covered areas and inundation depth for a 200-year flood event with a flood protection wall included in the
terrain
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Figure 37: Water covered areas and inundation depth for a 200-year flood event with a flooding protection wall and excavations
in the river
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Figure 38: Water covered area and depth for an ordinary spring discharge when some of the islands of the river are removed.
The same discharge as for the calibration of the model was used (106m3/s)
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This thesis has evaluated the accuracy of the bathymetric LiDAR data measured in May 2018 in
Lærdal. The aim was to validate the green LiDAR data and use it for the creation of a digital
terrain of the area (once it was merged with the available topographic LiDAR data for the
floodplains). ALB is known to be a powerful method for collecting the elevation data of areas
covered by shallow waters. Nevertheless, the coverage and precision of the data must be checked
prior to the construction of the hydraulic model. To do so, this study checked the coverage of the
green LiDAR and compared it with the red LiDAR data downloaded from Høydedata and with
some GPS points taken during a fieldwork in Lærdal in May 2019. The analysis showed that the
green LiDAR data covers the whole river bed and its banks with no missing areas. Its point density
is very high and its point spacing very small, which allowed the creation of a high resolution
raster of the area. In addition, it was proved that the green LiDAR data is accurate enough to be
merged with the topographic data even if some type of areas presented a small deviation from the
expected values, which is discussed in detail in this section.
After the validation of the input data, the hydraulic model of Lærdal was created in HEC-RAS.
Some simulations were run for different discharge conditions in order to calibrate the model and
to predict the areas affected by floods for a 200-year event with and without considering the
effects of climate change (which account for an additional river discharge of 40%). The initial
terrain was modified to include the flood protection works designed by the NVE. The results
proved that the floods of the city center could be avoided with an adequate design of a flood wall.
Further details are given in this section.

The green LiDAR data was validated by comparing the elevation of some of its points with the
elevation of the same points when they are measured using other techniques: red LiDAR
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(measured in 2014) and GPS (measured in 2019). In view of the results obtained, it was assumed
that the green LiDAR provides reliable data. A more detailed discussion is offered in the
following subsections.

In the case of the red – green LiDAR comparison, the mean of the differences in elevation ranged
from a minimum of 1cm to a maximum of 25cm.
The areas classified as gravel were the ones considered susceptible to greater differences, so it
was decided to take GPS points in the same locations to double check the green LiDAR data with
more recent information. To help the follow-up of the discussion, the location of the gravel areas
is presented again in Figure 39.

Figure 39: Location of the areas classified as "gravel"
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Surprisingly, “gravel area 1” was the area with the highest differences in the red - green LiDAR
comparison (25cm) and the one with the lowest difference values when compared with the GPS
points (3.4cm). The areas “gravel 2” and “gravel 3” showed just the opposite: small differences
in the red – green LiDAR comparison (9 and 3 cm respectively) but greater variations when
contrasted against the GPS points (39 and 20 cm). Probably, the reason of these imprecisions in
the results is that these areas are covered by stones and other substrate with great potential to be
moved and deposited in a different location when the discharge of the river is high.
With regards to the rest of the areas, the results showed differences within a range that was
considered acceptable, especially in the “open land” areas (with mean differences from 2 to 4
cm). In the case of the areas classified as “grass”, the small variations from both sources of data
reflect the stand of the grass depending on the month when the measures are taken.
In general, the differences in elevation obtained with this comparison were quite small, which
was considered satisfactory.

In the case of GPS – green LiDAR comparison, the results were a bit more difficult to read
because the values obtained for the mean of the differences in each area ranged from a minimum
value of 3.4cm to a maximum of 84.7cm. Even in areas classified within the same group, the
differences varied considerably depending on where this area is on the map. However, after a
deeper analysis of the results, it was found out that the highest differences appear in all the cases
in the same location, which is marked in red in Figure 40.
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Figure 40: Location of the areas where the highest differences in elevation (GPS – green LiDAR) appeared. A and C are classified
as “Gravel Roads” and B as “Gravel area”

The fact that all the big differences appeared in the same zone gave rise to the idea that maybe
there is a local error in this area. More points should be compared in this location to confirm it.
In any event, these errors would not affect considerably the overall results of the simulations as
they were located in a small area.
In the rest of the areas compared, the mean values of the differences ranged between 3 and 10 cm.
Considering that the precision of the measure systems used is up to 10 cm (Meneses, Baier, Geist,
& Schneider, 2017) and that there is a small uncertainty in the conversion of the GPS points from
NN1954 to NN2000, it is possible to conclude that this is an acceptable range.
In the light of the results, it was assumed that the bathymetric LiDAR data supplied is of high
accuracy and that it gives similar elevation values to those obtained with other type of topographic
techniques. This allowed to merge both sources of elevation data (red and green LiDAR) as
convenient in order to create the final terrain that was used to perform the hydraulic simulations.
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–
The results of this study support that the application of LiDAR data to create a digital terrain
model and its later use in HEC-RAS is a reliable approach to obtain flood maps under different
conditions and to predict the effect of including flood protection works in the area.
It was proved that the results of the 2D model could change drastically by modifying different
parameters, so it is very important to analyze which ones have the most significant influence. In
this case, the manning value proved to be a determining factor in the magnitude of the floods, so
it was chosen carefully. Another important parameter is the culmination value of the river
discharge selected for the floods and included in HEC-RAS. In this case, this parameter was
obtained from previous studies carried out by the NVE. However, as stated in the “Flomberegning
for Lærdalvassdraget - 2000” report, the uncertainty of the value is high.
According to the maps obtained, the center of Lærdal would experience extreme floods for a 200year flow condition. This would lead to disastrous consequences, both in the river (morphological
changes, redistribution of the sediments…) and for the village itself (infrastructural damage, loss
of livestock, destruction of crops…). However, this study proved that this situation could be
avoided with proper flood protection works.
In the first alternative, the river shape was not modified in any of its parts, and the flood protection
works consist in rising the terrain level in certain areas (marked by the NVE). The second
alternative added morphological changes in the river bed itself. These changes included the
removal of some of the river islands and some excavations in the terrain to make the river wider.
The results showed that, without considering the climate change factor, it is possible to prevent
the city from being covered by water thanks to properly design a wall around the administrative
center of the village (position of the wall is shown in Appendix 1). In addition, it was proved that
the necessary wall height is only one meter in most of its extension (accurate geometry shown in
Appendix E). Nevertheless, the results showed that the center of the village would be covered by
water when the effects of climate change on hydrology are considered.
The results obtained when the terrain was excavated and the river bed was widened in some of its
parts were almost the same as when just the wall was included: the floods would be avoided when

65

the climate change factor is not included but the village would be fully covered by water when
climate change is considered. However, the morphological changes in the river showed to have
an appreciable effect in cases of low discharge. This should be studied in depth, as it would affect
negatively not only to the visual impact of the river but also to the species that inhabit it.
Considering that the river of Lærdal is a national salmon river, it is essential to ensure that any of
the measures taken is harmful to its life cycle.
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In this study, flood maps of Lærdal have been created to analyze if the execution of flood
protection works in the area would prevent the center of the village from being covered with water
under a 200-year flood event. The results proved that the proper design of a wall7 would be enough
to achieve this (when the effect of climate change is neglected). According to these results, the
necessary height of the wall would be only one meter in most of its length. Nevertheless, a wall
of that height would not prevent floods (according to the the simulations) when an extra discharge
due to climate change is included.
In addition to this, this project proved the power of hydraulic modeling when an accurate model
is created, which is only possible when proper input data are available. To ensure the reliability
of the data, it must be carefully analyzed prior to the development of the model. In this case, this
was carried out by comparing elevation measurements surveyed using different techniques (red
LiDAR, green LiDAR, GPS). As a result it was proved that the level of detail of the data provided
by the ALB was high. Results like these are very encouraging for the continuous development of
LiDAR systems, which is very benefitial due to their wide application in hydraulics and river
morphology development, among others.

Given that the extension and time for this project were limited, a list of suggested future work is
presented below:


Check that the calculations carried out by the NVE for the discharge values under different
recurrence intervals are up to date, as they were calculated in 2000. Probably there is a
more accurate approach to do the same nowadays.

7

In the 3D model, a wall was created to simulate the rise of the ground level.

67



Try to collect more data of any of the flood events that took place in Lærdal, or try to
record more information if this situation happens again before any of the measures against
floods start to be executed. This could help to improve the hydraulic model as it could be
calibrated using the data from a real flood event as reference.



Further investigate some other computational options of HEC-RAS that were out of the
scope of this thesis. Specifically, create inundation maps using the Full Momentum
equations instead of the Shallow Water ones.



Design the wall more accurately to identify exactly its minimum height in each of its
sections.

Last but not least, it is important to keep the flood maps constantly updated so that they forecast
the different events under study as accurate as possible.
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a

Figure A.41: Alternative 1 of the flood protection plans for Lærdal developed by NVE

b

Figure A.2: Alternative 2 of the flood protection plans for Lærdal developed by NVE

c

Table B.1: Definition of each land use and classification code

d

Table B.2: Recommended Manning values for natural streams. This table appears in page 3-14 of the HEC-RAS reference
manual, and it is extracted from Chow's book (1959): "Open-Channel Hydraulics".
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11

Living area: 0.085

12

Roads: 0.013

21

Full grown soil: 0.04

22

Surface cultivated soil: 0.03

23

Cultivated pastures: 0.04

30

Forest: 0.11

50

Open land: 0.1

80

River channel: 0.035

Figure B.2: Land use classification in the modeled area and final manning values chosen according to tables B.1 and B.2.
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Figure C.1: Catchment area measured from Stuvane (grey color) vs catchment area measured from the starting point of the hydraulic
model (grey area plus purple area). The area used for the tributary inflow calculation is the difference between them.

Astuvane = 994.5 km2
FStuvane = 31.4 l/(s·km2)
Amodel = 1118.1 km2
Fmodel = 31.4 l/(s·km2)

Atributaries = 1118.1 - 994.5 = 123.6 km2
Ftributaries = Fmodel = 31.4 l/(s·km2)
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AFlåmBru = 268.7 km2
FFlåmBru = 63.3 l/(s·km2)
QFlåmBru = 52.78 m3/s (29/05/2018 - day of the LiDAR flight)
𝑄𝑡𝑟𝑖𝑏𝑢𝑡 = 𝑄𝐹𝑙å𝑚 ∙

𝐴𝑡𝑟𝑖𝑏𝑢𝑡 ∙ 𝐹𝑡𝑟𝑖𝑏𝑢𝑡
123.6 · 31.4
= 52.78 ·
= 12.04 𝑚3 /𝑠
𝐴 Flåm ∙ 𝑄𝐹𝑙å𝑚
268.7 · 63.3

𝑄𝑚𝑜𝑑𝑒𝑙 = 94 + 12.04 ≈ 106𝑚3 /𝑠

According to the calculations, the calibration of the model must be done with a discharge value
of 106m3/s in order to include the tributary inflow from Stuvane to the starting point of the
hydraulic model.

The watershed taken as a reference for the calculations is Flåm Bru. The data of the catchments
(area and runoff) were downloaded from NEVINA (Nedbørfelt-Vannføring-INdeks-Analyse),
and it is included below.

Figure C.2: Watershed parameters measured from the starting point of the hydraulic model

h

Figure C.3: Watershed parameters measured from Stuvane

Figure C. 4: Watershed parameters measured from Flåm Bru
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1. Download the point cloud data from Høydedata (.laz format) and decompress the LAZ
files into LAS using LAStools (same procedure as the one explained in the thesis
document, section 3.1.2).

2. In ArcMap, create a new Lasdataset (.lasd) for the .las file obtained in step number 1. The
coordinate systems must be added in this step (XY: ETRS 1989 Zone 32N; Z: NN2000).
Now, 2 different Lasdatasets must be available in ArcMap (the one just created from
Høydedata and the one containing the bathymetric data that was created in a previous
stage of the thesis).

3. Choose the areas for comparison and create the corresponding shapefiles.
4. Clip both Lasdatasets according to the extent of the polygons created in the 3rd step. To
do so, the “Extract LAS” tool of ArcMap is used. The inputs of the tool are the Lasdataset
to be clipped and the shapefile used as a boundary.

Once both lasdatasets are clipped for the areas selected, the procedure followed is different
for the data from Høydedata and for the bathymetric data.
For the lasdataset from Høydedata, it is necessary to change its format to a feature format.
The result is a shapefile (.shp) layer containing all the points of the clipped lasdatasets and
its elevation values. Concerning the bathymetric lasdatasets, it is enough to turn them into
a raster. The steps followed in each case are described below.
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5. In order to convert each of the Lasdataset into a point feature layer, open the extension
las2shp of LAStoolds. Click “browse” and open the clipped LAS files coming from the
Høydedata lasdataset. Within the options of LAStools, select z and classification. In
addition to the elevation values, it is important to know the classification of each point so
that only the ones labeled as “Ground (2)” are kept for the comparison. As a result, all the
points contained in the LAS files are now in a multipoint shapefile format.

6. Open the shapefiles created in 5 in ArcMap. Open the attribute table of each file and using
the “Select by attribute” option, select all the points whose classification is different from
“Ground (2)”. Enable the editor of the shapefile and press “Delete selected”. The result is
a shapefile containing the points from Høydedata classified as ground.

7. Regarding to the bathymetric information, create one raster for each of the clipped
lasdatasets. To do so, the “LAS dataset to Raster” tool is used. The interpolation method
chosen was binning interpolation and the cellsize selected for the raster was 0.04m. The
reason to create such a small raster is that for this comparison, it is important to keep the
resolution as high as possible and the point spacing of the Las is very small. In addition,
the rasters created in this stage are used only to compare the elevations from both sources
but not to be included in the final model, which could make the rest of the processes done
with the terrain slower
8. Use the “Extract Values to Points” tool in Arcmap. The inputs are each of the rasters
obtained and the shapefiles containing the elevation points from Høydedata. The output
is a new point feature layer whose attribute table contains the original elevation value of
each point (which correspond to the elevation from Høydedata) and the elevation of the
same point extracted from the raster.
9. In the attribute table open the “Field Calculator” and calculate the differences (Høydedata
– bathymetry) in the elevation of the points. Some statistics can also be obtained.
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–
1. Connect the folder containing the GPS points in a .txt format. Right click in the file and

select “Create Feature Class from XY Table”. Include the coordinate system in this step.
The result is the GPS points in a point shapefile layer (.shp).

2. As the points were taken according to the NN1954, click “Open Attribute Table” and add

6cm to the elevation values of the points using the field calculator tool of Arcmap in order
to convert them into NN2000.

3. From now on, the steps 6 to 8 explained in red-green LiDAR comparison procedure have

to be followed for the areas containing the GPS points.

Starting from the LAS data file obtained using LAStools (section 3.1.2.a), the procedure
followed is explained below.
1. From ArcMap catalog, connect the folder containing the LAS file containing the green
LiDAR points.
2. “Create a new Lasdataset”. In LAS Dataset properties add the LAS file mentioned in the
1st step and include the coordinate system (XY: ETRS1989 UTM Zone 32N; Z: NN2000).
3. Convert the LAS dataset into raster, using the tool “LAS dataset to Raster”. Some
parameters regarding the interpolation type and the cellsize must be chosen, which is
documented in the main report.
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As the data was downloaded in a raster format, it was only necessary to include all the .tif
files in a single raster. To do so the “Mosaic to New Raster” tool was used. The coordinate
system and cellsize of the final raster must be included in this step.

1. Use the “Clip” tool in HEC-RAS, and include the DTM and the shapefile with the

buildings as input. As output, a new raster containing the elevation data from the DTM
but just in the areas enclosed by the polygons with the shape of the buildings is obtained.

2. Use “Raster Calculator” to increase the height of the output raster of step number 1. This

tool allows the user to operate with raster layers using the syntax of an algebraic
expression. The height given in this case was 3m, so the syntax was:
*name_of_raster_with_buildings*+3.

1. Create a feature layer with the shape of the wall designed by the NVE. The steps followed
to do this are:

-

Draw a line using the polyline feature in the editor toolbar according to the NVE plan and
place it in the correct position. Select the function copy parallel in the editor bar and create
two new lines, each of them at a distance of 2m from the original one, which remain in
the center. At both endings of the wall, draw a new line perpendicular to the previously
created ones, in order to “close” the feature so that it can be converted into a polygon.
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-

Use the function “Feature to Polygon”, which allow us to generate a polygon from areas
enclosed by input lines. Using the already created polylines as input, a polygon
representing a 4m wide wall is created in a .shp format.

Figure D.1: First steps of the procedure followed to create the wall. The figure on the top shows the lines that surround the
polygon that represents the wall. The result given by the “Feature to Polygon” tool appears in the second figure
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Figure D2: Final shape of the wall in ArcMap (in red). This polygon must be converted into a raster whose height will be
increased.

2. Follow the method explained in subsection c of this appendix and create a raster whose
height is increased using the raster calculator.
3. Use “Mosaic to new raster” to merge the wall in the original terrain of the river (the one
including the bathymetric LiDAR data, the elevation model for the floodplains for
Høydedata and the created 3D buildings).

o

Figure E.1: 3D view of the final wall created in ArcMap

The height given to the wall shown in Figure E.1 was 1m in the areas marked in red and 2m in
the yellow area. The reason of this is that the elevation of the terrain is very low in the part of the
village close to the fiord, so increasing the terrain in these areas just 1m was proved to not be
enough.
The wall shown in Figure E.1 is the one created in ArcMap. Once this wall was imported to HECRAS, some small modifications were made on it according to the results of the simulations. This
minor changes were made directly in the 1D Geometry editor feature
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Figure F.2: Location of the areas selected for the red-green LiDAR comparison
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Figure F.3: Area classified as "Gravel 1"

Figure F.4: Area classified as "Gravel 2"
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Figure F.5: Area classified as "Gravel 3"

Figure F.6: Area classified as "Road 1"
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Figure F.7: Area classified as "Road 2"

Figure F.8: Area classified as "Road 3"
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Figure F.9: Area classified as "Open land 1"

Figure F.10: Area classified as "Open land 2"
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Figure F 11: Area classified as "Open land 3"

Figure F.12: Area classified as "Grass 1"
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Figure F.13: Area classified as "Grass 2"

Figure F.14: Area classified as "Grass 3"
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Figure F.15: Location of the areas selected for the GPS-green LiDAR comparison
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Figure F.16: Areas classiffied as "Gravel A, Gravel B, Gravel C"
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Figure F.17: Areas classified as "Gravel Road A, Gravel Road B, Gravel Road C"
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Figure F 18: Areas classified as "Road A, Road B, Road C"
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Q= 920m3/s
Q= 1288m3/s
Q= 920m3/s
Q= 1288m3/s

Only Wall
Only Wall
Wall and excavations
Wall and excavations

Figure G 1: Profile line along the sections just before the wall in the lower part of the village (see figure on the top). Green line
represents the elevation of the terrain in this area.
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Q= 920m3/s
Q= 1288m3/s
Q= 920m3/s
Q= 1288m3/s

Only Wall
Only Wall
Wall and excavations
Wall and excavations

Figure G.2 Profile line along the sections just after the wall in the lower part of the village (same line as in figure G.1 but a few meters
further into the city). Green line represents the elevation of the terrain in this area. This figure shows that water does not appear
anymore after the wall when the effect of climate change is neglected, i.e. when the discharge value is 920m3/s.
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Figure G 3: Profile lines selected to check the WSE and the effect of the wall in some cross sections

Figure G.4: Terrain (green) and WSE for the profile line on the left. The peak on the terrain marked in yellow represents the wall
The rest of the peaks appearing in the terrain are buildings. The figure shows that the wall stops the city to get flooded when the
discharge value is 920m3/s.
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Figure G 5: Terrain (green) and WSE for the profile line on the middle. The peak on the terrain marked in yellow represents the
wall. The rest of the peaks in the terrain are due to some buildings of the city. The figure shows that the wall stops the city to get
flooded when the discharge value is 920m3/s.

Figure G.6: Terrain (green) and WSE for the profile line on the right. The peak on the terrain marked in yellow represents the
wall. The rest of the peaks on the terrain are due to some buildings of the city. The red line indicates how the terrain was in this
area prior to the excavation of the river. The figure shows that the wall stops the floods when the discharge value is 920m3/s.
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Figure H.1: Picture of Lærdaselva

Figure H.2: Pictures of the river. The discharge that day was around 38m3/s
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Figure H.3: Area classified as Gravel 2. It is in this location where the highest differences between the GPS and the green
LiDAR values were obtained

Figure H.4: One of the parts that would be excavated to widen the river if the NVE plans are carried out
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Figure H 5: Ortophotomosaic of two parts of Lærdaselva. The picture on the top corresponds to Øye and it has a total error of
5cm. The figure on the bottom corresponds to Ofta and it has a total error of 7cm
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