
 
 

Division of Water Resources Engineering 
Department of Building and Environmental Technology 
Lund University 

 

Potentials and limitations of 
1D, 2D and coupled 1D-2D 
flood modelling in HEC-RAS 
 

A case study on Höje river 
_____________________________________________ 

Alexander Betsholtz 
Beatrice Nordlöf 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Master Thesis  
TVVR 17/5003 
 





Potentials and limitations of 1D, 2D and coupled
1D-2D flood modelling in HEC-RAS

A case study on Höje river
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Swedish title: Begränsningar och möjligheter med 1D, 2D och kopplad 1D-2D model-
lering i HEC-RAS - En fallstudie av Höje Å
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Abstract

Hydraulic models can be used to predict the consequences of flooding events. In this
project, three hydraulic models were constructed using the software HEC-RAS, and
compared through a case study on Höje river catchment. The models include (i) a 1-
dimensional (1D) model, where river and floodplain flow is modeled in 1D, (ii) a coupled
1D-2D model, where river flow is modeled in 1D and floodplain flow is modeled in 2D,
and (iii) a pure 2D model, where river and floodplain flow is modeled in 2D. Important
differences between data requirements, pre-processing, model set-up and results were
highlighted and summarized, and a rough guide that may be used when deciding the
appropriate type of model for a project, was presented. In addition, the sub-grid
technique used in 2D HEC-RAS modelling was studied by investigating the influence
of computational mesh structure and coupling between 1D and 2D areas. The results
showed that all three models could successfully reproduce a historic flooding event. The
2D and 1D-2Ds model could also provide more detailed information regarding flood
propagation and velocities on the floodplain. The results from the 2D mesh analysis
show that model result is very sensitive to mesh alignment along barriers. In rural
floodplains with clear barriers, computational cell alignment is more important than
computational cell size. With regards to the 1D-2D model, the results showed that the
parameters describing the coupling between the 1D and 2D domain have large impact
on model results.
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Sammanfattning

Hydrauliska modeller kan användas för att förutsäga effekterna av översvämningar. I
detta projekt har tre hydrauliska modeller konstruerats med modellverktyget HEC-
RAS. Modellerna har jämförts genom en fallstudie av Höje Å avrinningsomr̊ade. Mod-
ellerna inkluderar: (i) En 1D-modell, där flöde i flodf̊aran och p̊a flodplanet modelleras
i 1 dimension, (ii) en kopplad 1D-2D modell där flödet i flodf̊ara modelleras i 1 dimen-
sion, och flödet p̊a flodplanet modelleras i 2 dimensioner samt, (iii) en ren 2D modell
där b̊ade flödet i flodf̊aran och p̊a flodplanet modelleras i 2 dimensioner. Viktiga skill-
nader mellan modellerna vad gäller dataunderlag, förbehandling, modelluppbyggnad
och resultat har lyfts fram och sammanfattats, och en enkel guide har presenterats som
kan användas för att välja lämplig typ av modell för ett givet projekt. Utöver detta
har programmets sub-grid teknik för 2D modellering studerats genom att undersöka
hur konfigurationen p̊a beräkningsnätet samt kopplingen mellan 1D och 2D p̊averkar
modellresultaten. Resultaten visar att alla tre modeller kunde användas för att repro-
ducera en historisk översvämning. 2D och 1D-2D modellerna kunde dessutom beskriva
översvämningens dynamik mer i detalj. Analysen av beräkningsnätets p̊averkan visade
att modellresultaten p̊averkas mer av hur beräkningscellerna är orienterade än av stor-
leken p̊a beräkningscellerna p̊a flodplan med tydliga barriärer. Analysen visade ocks̊a
att resultaten i hög grad p̊averkas av hur kopplingen mellan 1D och 2D modellen
beskrivs.
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1 Introduction

Flooding events are some of the worlds most significant natural hazards. Between 1998
and 2009, the 216 largest european flooding events caused a total of 1126 fatalities and
an estimated economical loss of 52.2 billion euros (European Environment Agency,
2010). Meanwhile, an increase in floods is expected in the future. The mean global
sea water level is expected to rise by up to 0.98 meters by 2100, threatening coastal
areas (Church et al., 2013). In urban areas, the damage from heavy rain is expected
to increase as a result of urbanization and increases in the intensity and frequency of
heavy rainfall (Olsson and Josefsson, 2015).

Flooding events are often separated based on their characteristics. The three most
commonly types of floodings are (1) Fluvial floods, (2) pluvial floods, and (3) coastal
floods. Most common are fluvial floods, caused when the water surface of a river is
rising above its river banks, flooding nearby areas. Fluvial floods are controlled by
hydrological processes (such as precipitation, evaporation and infiltration) occurring
over large temporal and spatial scales, and typically occur after periods of sustained
rainfall. On the other hand there are pluvial (urban) floods, occurring when the in-
tensity of the rain exceeds the infiltration capacity of the ground, resulting in overland
flow and, when the stormwater system is insufficient, flooding. Pluvial floods do, in
contrast to fluvial events, occur on a significantly smaller temporal and spatial scale,
making them harder to predict (Olsson and Josefsson, 2015). Lastly, coastal floods are
caused by increases in sea water levels due to set up from winds, waves, climate change
etc. affecting low-elevation land next to seas.

In order to try to predict the consequences of flooding, different modelling techniques
are typically applied. River flow is estimated using hydrological modelling, while hy-
draulic modelling is required to compute water depths and velocities in order to assess
the actual consequences of a certain river flow or overland flow.

Over the last decades, the performance of hydraulic models have improved tremen-
dously as a result of more powerful computers, while techniques such as remote sensing
and radar has improved the detail of the input data (e.g. rainfall, topography and land
use). As promising as new technology seems to be, modellers still face problems with
lack off reliable data. In addition, current models are still far from able to correctly
represent the complexity of natural and urban environments. Important trade-offs have
to be made between the performance/detail of the model and the time (and money)
spent setting up and running the model (Salvadore et al., 2015).

Fluvial flooding can be modelled in many different ways. Traditionally, the river and
the surrounding floodplains are represented by a set of cross sections, in between which
the flow is modeled only in one dimension (1D-models). While such models seem to
perform well in straight rivers where the flow is restricted in a mostly 1D direction also
during elevated water levels, rivers that have flat and/or complex floodplains require a
2-dimension (2D) flow representation to account for the many individual 2D flow paths
that will arise when the river is flooded (e.g. Horritt and Bates (2002) and Tayefi et al.
(2007)). This has led to the development of coupled 1D-2D models, where the river
is represented by 1D flow between cross sections, and the floodplain is represented by
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a computational mesh where flow modeled is in 2D. Pure 2D models also exist, with
both river and floodplain flow is modelled in 2D. However, such models require detailed
representation of the river bathymetry, which increases computation times. In addi-
tion, rivers are often manipulated with bridges, weirs and culverts, and methods for
presenting such structures are only well developed for 1D modelling purposes (Babis-
ter et al., 2012). While coupled 1D(river)-2D(floodplain) is favoured in literature, the
connection between the two model descriptions is problematic with respect to set-up,
stability and description of the flow (US-ACE, 2015). Furthermore, by using models
that incorporate terrain representation that are smaller than the computational mesh
(so called sub-grid models), such as the hydraulic modeling software HEC-RAS, com-
putation times for pure 2D applications might be reduced substantially, making pure
2D modelling a potentially interesting alternative to 1D-2D.

The performance of sub-grid models are not well studied, neither in rural, nor urban
areas. Important questions regarding suitable mesh size and mesh orientation remains,
including software specific considerations for 2D modelling in HEC-RAS.

Overall, comparisons between the use of 1D, 1D-2D and 2D models are rarely done
in literature. In addition, most studies target calibration and validation of the models
and do not incorporate important differences and considerations during model set-up.

With this background, this study aims to investigate important differences between
1D, 2D and coupled 1D-2D modelling in HEC-RAS. The study is constructed as a
case study on the lower part of the Höje river catchment, including considerations for
Lomma city.

1.1 Aim

The general objective with this project is to study and compare different methods for
flood modelling and inundation mapping. The aim is to identify differences, potentials,
and limitations of 1D, 2D and 1D-2D HEC-RAS models for the modelling of fluvial
flooding events. Furthermore, the study aims at investigating model specific aspects
regarding the use of 1D, 2D and 1D-2D models in HEC-RAS.

More specifically, the following questions will be addressed:

• How do the models differ in terms of data requirements, pre-processing, model
set-up, and output?

• For what applications could 1D, 2D or 1D-2D models be suitable?

• How sensitive is flood inundation to computational mesh construction?

• How should the computational mesh be designed around the river and on the
floodplain respectively?

• Can pluvial flooding events be modeled using HEC-RAS 2D?

• How does the parameters describing the 1D-2D connection affect model results
and stability?

2



1.2 Method

The study is conducted through a case study on Höje River catchment where the
following three models will be constructed:

• A 1D model, where flow is modeled in one dimension both inside the river and
on the floodplains.

• A coupled 1D-2D model, where river flow is modeled in one dimension and flood-
plain flow in two dimensions.

• A pure 2D model, where both river and floodplain flow is modeled in two dimen-
sions.

The models are calibrated against the flooding event of July 2007 and compared with
respect to data-requirements, construction and capabilities to model flood dynamics.

A literature study, targeting important theory regarding hydraulic modelling of rural
and urban areas, mathematical background of equations and solution schemes as well
as general theory and methodology of the HEC-RAS software, is presented chapter 3-4.
Case specific information, as well as data collection and pre-processing is presented in
chapters 5-6.

Model set-up and result is presented separately for each of the models in chapter 7-9,
and a comparison is shown in chapter 10. Model-specific design considerations are
investigated in the sensitivity analysis of respective model chapter. The 2D model will,
in addition to the fluvial modelling, include a brief study targeting geometric set-up in
urban areas.

1.3 Limitations

This study aims at comparing the performance of 1- and 2-dimensional hydraulic mod-
els developed using HEC-RAS. No other hydraulic simulation software are used, and
the study does not aim at comparing HEC-RAS with other hydraulic models. The
models are not compared with respect to their ability to match validation data, simply
because no such data existed.

No hydrological simulations are performed in this study. HEC-RAS does not have the
capability to model infiltration, evaporation, groundwater flow or snow melt. Small
scale rainfall-runoff simulations are performed, these are limited to modelling surface
runoff. Flow in pipe networks or infiltration on green surfaces cannot be modeled using
HEC-RAS.

The study does not look into details of the modelling of hydraulic structures. The
bridge modelling options will be presented and tested briefly, to contribute to the the
comparison between 1D, 2D and 1D-2D capabilities.

The study will not investigate geometric sensitivity when modeling fluvial events in
urban areas, as no urban areas in the study area showed to be significantly impacted
by fluvial flooding, even during extreme events.
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2 Hydraulic modelling in 1D and 2D

For decades hydraulic models has been used to asses potential effects of fluvial and
pluvial flooding events. There is a broad variety of models available today that are
being used both in research and in commercial applications. The types of model vary
both in the way that the governing equations are formulated, in the numerical solution
of the governing equations, as well as in the way that the geometric properties of
the system are described. This section aims at giving an introduction to the types of
models that are being used, highlight potentials and limitations with different modelling
approaches, and to present some challenges that remains to be addressed within the
field of hydraulic modelling.

Traditionally, 1D river models have been used to model fluvial flooding events. 1D
models are made up of a series of cross sections describing the topography of the river
and floodplain, and water levels are calculated using the 1-dimensional form of the
governing equations. 1D models only require topographical data to be collected at the
cross sections that make up the model, which was a major advantage when access to
topographic data was limited.

While 1D models perform well when flow is restricted between channel banks, 2D
modelling have shown to better estimate flows in topographically complex floodplains,
where the flow is considered largely 2-dimensional (e.g. Andersson and Bates (1993),
Tayefi et al. (2007), Cook and Merwade (2009), Vojinovic and Tutulic (2008)). In these
applications, 1D models may underestimate frictional losses, inundation extents and
fail to capture flood dynamics (Tayefi et al., 2007).

2D models hydraulic models consist (most often) of a 2D computational mesh/grid,
representing the underlying topography by connected cells/elements. In contrast to
1D, 2D models need continuous topographical data, covering the whole area that is to
be modeled in 2D. Thanks to the development of Light Detection And Ranging (LI-
DAR) techniques for land surveying, the availability of high resolution topographic data
has increased significantly in recent years, favouring the development of 2D hydraulic
models.

Although floodplain flow is best represented in 2D, river channel flow is considered
highly 1-dimensional, and 1D river modelling has been standard practice for decades.
The importance of correct river representation has been highlighted in many articles
(e.g. Horritt et al. (2006),Cook and Merwade (2009). For pure 2D modelling, it i
suggested that the channel width is represented by at least 5 cells (Babister et al.,
2012), something that might substantially increase computation times without im-
proving model results. Furthermore, techniques for representing hydraulic structures
(such as bridges, culverts and weirs) are based on empirical relationships derived for
1D applications. 2D representations may be able to incorporate some of the energy
losses generated by contraction and expansion, although smaller scale phenomena, such
as the formation of eddies around piers are much smaller than reasonable mesh sizes.
Overall, there are less guidelines as how to handle energy losses around structures in
2D than in 1D (Babister et al., 2012). A final aspect of 2D river modelling is the lack
of continuous river bathymetry data, shown to be very important for model results

4



(Cook and Merwade, 2009). This is because the LIDAR is incapable of penetrating
the water surface. As a result 2D river models need to interpolate bathymetry from
existing cross sectional data, resulting in additional work and uncertainty (Costabile
and Macchione, 2015).

In order to benefit from the strengths of both 1D and 2D models, coupled 1D-2D
models, where channel flow is represented using a 1D approach, and overbank flow is
modeled in 2D, were introduced. However, these types of models require some kind of
description of the coupling between the 1D and 2D domain. One solution is to run the
1D model separately to generate a boundary condition to the 2D domain of the model,
this is referred to as loose coupling, and has been applied in many studies (e.g. Yu
and Lane (2011), Yu and Lane (2006b),McMillan and Brasington (2007)). Yu (2005)
compared the loose coupling technique with a so called tight coupling technique, where
the 1D and 2D domains are coupled on a time step basis. The study showed that
the choice of coupling technique can impact modeled inundation extent. Furthermore,
they showed that loose coupling can lead to continuity errors since water cannot flow
back into the 1D domain of the model. Tight 1D-2D couplings are often calculated
using lateral weir equations, where flow is calculated from the water levels differences.
Recent studies by for example Morales-Hernández et al. (2016) have proposed 1D-2D
coupling techniques where both mass and momentum is conserved. The version of
HEC-RAS used in this project allows for 1D-2D coupling on a time step basis. Flow
between the domains can be calculated using a lateral weir equation (US-ACE, 2015),
or by imposing 1D water levels onto the 2D domain as a stage boundary condition
(US-ACE, 2016).

The main issue with 2D modelling are the often large computation times. In many
areas, performing computations on the same resolution as the topographic detail gen-
erated by LIDAR techniques will result in unreasonable computation times. Thus, the
effect of spatial resolution of 2D hydraulic models is a topic that as been explored
extensively in literature (e.g. Yu and Lane (2006a) and Horritt and Bates (2001)). Yu
and Lane (2006a) showed that decreasing the spatial resolution will, by smoothing the
topography, (i) increase the rate of flood propagation of the inundation (overestimate
flooding extents) and, more importantly, (ii) that it may change the direction of the
propagation. While the first may be compensated by increasing the friction parameter,
the latter cannot. In order to address these issues, Yu and Lane (2006b), amongst oth-
ers (e.g. McMillan and Brasington (2007), and Casulli (2008)), have developed models
that can represent the topographical data on a sub-grid level, capturing important
features while keeping the computational grid large, reducing computation times. In
the study by Yu and Lane (2006b), this was done by changing the stage-volume rep-
resentation as well as introducing a porosity representation of the flux between cells,
considering whether all sub-grid cells along the face of the larger computational cell
are wet or not. The sub-grid representation was shown to produce a better result than
could be attained by using a non-sub-grid approach and calibrating using the friction
parameter: The sub-grid approach was both better at validating the extent at a certain
point in time and produced a more similar extent over time as when using a higher
resolution computational mesh.
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Still, work remained regarding the optimization of resolution on computational grid
scale and sub-grid scales. This issue was partly investigated by Yu and Lane (2011) -
comparing inundation extent for various computational mesh sizes for a fluvial flooding
in a rural area, with several clearly defined barriers in the floodplain. The study showed
that sub-grid representation improves the results for all tested computational cell sizes
in terms of producing more similar inundation extents as generated by a higher resolu-
tion mesh. Using 8m computational cell size with sub-grid (4m) representation heavily
improved the result compared to the 8m - non sub-grid results. However, corresponding
improvements were much smaller for larger cell sizes, indicating that sub-grid repre-
sentation won’t necessarily lead to large improvements for any given computational
cell size. McMillan and Brasington (2007), did a similar study on fluvial flooding in
an urban area. Using a 10m computation mesh size with sub-grid representation, they
were able to produce similar inundation extent as using a 2m computational mesh,
whereas a 10 m computational mesh (without sub-grid representation) overestimated
the extent.

The development of sub-grid representations has increased the scale over which 2D
models can be applied. For example, Neal et al. (2012a) used a pure 2D model with a
sub-grid representation of both channel and floodplain flow over a 800km reach of the
Niger river, Mali. The sub-grid representation had better agreement with satellite data
than corresponding coupled 1D-2D (non sub-grid) model, indicating that representation
of small channels, falling within the computational grid cell size, can be very important.

The literature study highlights several lacks of research and investigations when it
comes to the use of 1D, 1D-2D and pure 2D modelling. Overall, there is a lack of studies
looking at the use of sub-grid models for river channel modelling. The ones found have
mainly targeted large scale applications (reaches of several 100 km) where topographical
data is sparse (e.g. Neal et al. (2012b)) and the river width falls well within the size of
the mesh. The use sub-grid models for river and floodplain representation for smaller
applications in data rich environments thus still needs research. No studies looking
at 1D models tightly coupled to sub-grid 2D models were found during the review.
A question that remains to be addressed more in detail is how 1D-2D approaches
differ from pure 2D approaches when modeling channel flow and channel-floodplain
interaction.

Most of the studies found in the literature focused on model performance and accuracy
of model results. In non-research applications, factors such as model set-up time, data
requirements, computation times, and robustness will impact the model choice. Thus,
this study aims at modeling channel and floodplain flow using 1D, 2D and 1D-2D
modeling techniques, and comparing not only model performance, but also looking at
factors presented above, relevant from a user perspective.
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3 Theoretical background

This chapter will introduce the basic equations governing 1- and 2-dimensional (1D
and 2D) unsteady flow, as well as a simplification of these equations, and some basics
regarding the numerical solution of these equations.

Unsteady fluid flow varies in both space and time. The flow is governed by the conser-
vation of mass and momentum, which can be described by a set of equations referred
to as the Shallow Water Equations (also referred to as the St Venants equations). The
following sections presents the 1D and 2D formulations of these equations.

3.1 Assumptions

The 1D and 2D Shallow water equations are based on a set of assumptions that may
be more or less suitable depending on the application, and understanding their impli-
cations are therefore important. These assumption are the following.

• The fluid is incompressible: The volume is proportional to the mass since the
density is assumed constant.

• The pressure distribution is hydrostatic: vertical accelerations are neglected

• The flow is one- or two-dimensional, vertical variations in flow and velocity are
neglected.

• The wave lengths are much larger than the water depth.

• The average channel bed slope is small.

• Bed friction can be calculated using Manning’s equation, which has been derived
for steady flow conditions.

• The flow can be described as continuous functions of the velocity and the water
surface elevation H.

3.2 1D unsteady flow

In many river modelling applications it is assumed that the flow is 1D. The flow is
then calculated using the 1D formulation of the St Venants equations, which will be
presented below.

3.2.1 1D continuity equation

The continuity equation describes the preservation of mass in a given control volume.
It states that the net mass flux equals the change in storage. The 1D form of the St.
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Venant continuity equation can be written in the following form:

∂(Q)

∂x
+
∂A

∂t
+ q = 0 (3.1)

Where Q is the flow rate, A is the cross sectional area and q is the lateral inflow.

3.2.2 1D momentum equation

The momentum equation is based on Newtons second law of motion, stating that the
sum of the forces acting acting on an element equals the rate of change of momen-
tum. The formulation of the momentum equation will be different depending on what
forces that are being considered. Taking pressure, gravity and frictional resistance into
account, the 1-dimensional continuity equation can be written as:

∂V

∂t
+ g

∂

∂x

(
V 2

2g
+ h

)
= g(S0 − Sf ) (3.2)

Where V is the flow velocity, g is the gravitational acceleration, h is the water depth,
S0 is the bed slope and Sf is the friction slope.

3.3 2D unsteady flow

When studying flow over complex floodplains the assumption that flow is 1D may no
longer be valid. 2D unsteady flow varies in time and along two spatial dimensions. The
governing principles of 2D unsteady flow are the same as for 1D flow, the conservation
of mass and momentum.

3.3.1 2D continuity equation

The 2D form of the continuity equation states, just as the 1D form, that the net mass
flux into the control volume equals the change in storage in the control volume. The
difference is that the mass fluxes are now calculated in 2 dimensions. The 2-dimensional
continuity equation can be written as:

∂H

∂t
+
∂(hu)

∂x
+
∂(hv)

∂y
+ q = 0 (3.3)

Where H is the water surface elevation, h is the water depth, u and v are the depth
averaged velocities in the x- and y-direction, and q is the source term, representing
inflow from external sources such as precipitation. (Chaudhry, 2008)
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3.3.2 2D momentum equation

As in the 1D case, the momentum balance is based on the principle that the sum
of forces acting on an element equals the rate of change of momentum. Considering
forcing from gravity, eddy viscosity (momentum exchange), friction and the Coriolis
effect, the 2D momentum balance equations can be written as follows.

Momentum balance in the x-direction:

∂u

∂t
+ u

∂u

∂x
+ v

∂u

∂y
= −g ∂H

∂x
+ νt

(
∂2u

∂x2
+
∂2u

∂y2

)
− cfu+ fv (3.4)

The momentum balance in the y-direction:

∂v

∂t
+ u

∂v

∂x
+ v

∂v

∂y
= −g ∂H

∂y
+ νt

(
∂2v

∂x2
+
∂2v

∂y2

)
− cfv + fu (3.5)

where H is the water surface elevation, νt is the eddy viscosity coefficient, cf is the fric-
tion coefficient , f is the Coriolis parameter and v and u are depth averaged velocities in
the x and y directions respectively (Brunner, 2016a). The first term in the momentum
equations represents the local acceleration (∂u∂t in equation 3.4, corresponding term in

3.5), the second term (u∂u∂x + v ∂u∂y in 3.4, corresponding term in 3.5) is the convective
acceleration, the following terms describes the forcing from gravity, eddy viscosity, bed
friction, and Coriolis force. Using the Manning’s formula, the friction coefficient cf can
be expressed as following (in the x-direction):

cf =
n2g|u|
R4/3

(3.6)

where n is Manning’s n, g the gravitational constant, u the velocity in the x-direction
and R the hydraulic radius.

3.4 Modelling simplifications

In order to reduce the computation time and reduce numerical instability, the full Shal-
low Water Equations are often simplified by neglecting different terms in the momentum
equation. These simplifications are most often applied in 2D models. These simplifi-
cations are only valid for certain flow conditions, meaning that the understanding of
their respective use and limitations is necessary if they are to be employed (Babister
et al., 2012) While several different simplifications exist, this report will only present
the main simplification/approximation used in HEC-RAS, namely the Diffusive wave
approximation. In HEC-RAS, this approximation can be used instead of the 2D full
momentum equations.

9



3.4.1 Diffusive wave approximation

If gravity and friction are assumed to be the dominating forces acting on the control
volume, the momentum equation can be simplified to the so called diffusive wave
approximation of the momentum equation. The following derivation follows the HEC-
RAS Hydraulic Reference Manual (Brunner, 2016a).

In the diffusive wave approximation of the momentum equation the acceleration terms
as well as the eddy viscosity and Coriolis terms are neglected, and the momentum
balance is written as a balance between gravitation and bottom friction forces. The
momentum equation can now be written as:

g∇H = −cfV (3.7)

Where V is the flow velocity in vector form V=(u,v).

If the bottom friction is evaluated using the Manning formula, equation 3.7 can be
rewritten as:

V =
−(R(H))2/3

n

∇H
|∇H|1/2

(3.8)

Where R(H) is the hydraulic radius at the water surface elevation H, ∇ is the differ-
ential operator, and n is the Manning friction coefficient.

Inserting equation 3.8 into the continuity equation 3.3 and writing in vector form gives:

∂H

∂t
+∇ • β∇H + q = 0 (3.9)

Where

β =
−(R(H))2/3

n

Using the diffusive wave approximation of the shallow water equations the governing
equations for 2-dimensional flow ( 3.3, 3.4 and 3.5) are thus simplified to expression
3.9. The diffusive wave approximation leads to shorter computation time and may
reduce model instability. It may be used to describe varying flow in moderate to steep
reaches. However, flow separation, eddies as well as momentum transfer cannot be
modeled (Babister et al., 2012).
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3.5 Solving techniques

The Shallow Water Equations make up a set of partial differential equations that cannot
be integrated analytically. In order to obtain the values of the variables the equations
need to integrated numerically. The water surface elevation and the flow velocity varies
both in space and in time. For each model time step, the computation engine must
determine the value of these variables throughout the model domain. This is done by
discretising the equations in space and in time, and solving system of equations that
arise for one time step at a time. Different numerical methods varies in the way that the
governing equations are discretised in space and time, and how the system of equations
that arise is solved. A numerical solution scheme can be either explicit, meaning that
the values of the variables at time step n+1 step are calculated directly from the values
provided at time step n, or implicit, meaning that the program iterates to obtain the
solution for the next time step. Many hydraulic models are based on finite difference,
finite element or finite volume methods (Chaudhry, 2008). The HEC-RAS 1D engine
uses a semi-implicit finite difference scheme, and the 2D engine uses a hybrid finite
difference-finite volume scheme, where different approximations are made depending
on the orientation of the mesh. (Brunner, 2016b)

Numerical methods often put some restrain on the Courant number in order for the
solution to be accurate and stable. The Courant number can be calculated as:

C =
v ∗∆t

∆x
(3.10)

Where v is the flow velocity, ∆t is the computation time step, and ∆x is the spatial step,
i.e. cross section spacing in 1D models, and cell size in 2D models. In many model
applications, the Courant number must be smaller than 1, meaning that the water
should not flow through two cells or between two cross sections within one time step.
For 1D HEC-RAS modelling, a Courant number < 1 is recommended, although higher
Courant numbers can provide accurate results (Brunner, 2016a). For 2D modelling,
the Courant number should preferably be < 1 and no larger than 3 when using the
full momentum equation, and < 2, no larger than 5, when using the diffusive wave
simplification (US-ACE, 2015).
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4 HEC-RAS

HEC-RAS (Hydraulic Engineering Centre River Analysis System) is a hydraulic mod-
elling tool developed by the US Army Corps of Engineers. The software can perform
1D steady state water surface profile calculations, unsteady 1D and 2D flow simula-
tions, water quality modelling and sediment transport modelling (Brunner, 2016b). In
this chapter, the basics of HEC-RAS modelling is introduced.

4.1 1D HEC-RAS-modelling

The 1D unsteady computation engine solves the 1D continuity and momentum equa-
tions presented in section 3.3 using a semi-implicit finite difference solution scheme. In
this section the basics of the HEC-RAS 1D program is presented, along with the data
necessary to set up and run an unsteady flow model. A 1D HEC-RAS model consists of
geometric data, describing the geometric properties of the study area and flow and/or
stage data that makes up the boundary conditions of the model.

4.1.1 Geometric data

A hydraulic model can consist on one or several river reaches, which are connected
in junctions. The geometry data required to describe the system is the river reach
connectivity, cross section geometry data and data describing the hydraulic structures
in the system. The cross sections consist of station-elevation data describing the terrain
profile along a transect perpendicular to the flow direction. The cross sections can be
divided in main channel and overbank sections with different roughness properties.
The hydraulic properties of the system are much dependent on the cross sections, and
these are key elements in the hydraulic simulations. Figure 4.1 shows an example of
an HEC-RAS cross section.

Figure 4.1: Example of a HEC-RAS cross section geometry. Red dots marks the
location of the bank stations, separating the main channel from the overbanks.
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Each cross section is associated with a hydraulic property table, describing how the
cross sectional area and conveyance of the cross section changes with elevation (water
level). An example of such a property table is shown in figure 4.2. (Brunner, 2016b).
When the hydraulic computations are performed, the computation engine will look in
the hydraulic property tables to find the properties corresponding to a given water
surface elevation.

Figure 4.2: Example of property table associated with a cross section. The graph
shows how the area and conveyance of the cross section changes with elevation

4.1.1.1 Bridges and hydraulic structures

The 1D HEC-RAS modelling tool is capable of modelling flow around bridges and
through culverts. Such hydraulic structures may have large influence on flow dynamics
due to the contraction and expansion of the flow around the structure . The program
is capable of computing energy losses due to contraction and expansion of the flow, as
well as due to submergence of the structure. It is also possible to model pressurized
flow through through a culvert or under a bridge (Brunner, 2016b).

In 1D, flow passing a bridge is calculated based on four representative cross sections,
two upstream and two downstream of the structure, and a geometric description of
the bridge structure itself. The most upstream and most downstream cross sections
should be placed at locations were flow is assumed to be fully expanded. The two cross
sections in the proximity of the structure should represent the natural ground just
upstream and downstream of the structure, to allow the program to compute energy
losses due to contraction/expansion of the flow. The bridge structure is described by
specifying the elevation of the bridge deck, the elevation of the lower chord of the deck,
and the width of the bridge. In this project, flow through the bridge will be computed
using the energy equation. However, there exists a variety of methods that can be used
within HEC-RAS to compute bridge flow (Brunner, 2016a). This is not something that
will be further investigated, as it goes beyond the scope of this project.
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4.1.2 Modelling levees in 1D

The 1D computation engine computes a single water surface elevation for each cross
section. The entire cross section area is available for flow at all times, and the water
surface elevation changes homogeneously over the entire cross section. However, when
floodplain flow is confined by a levee this may not be physically accurate. The image
below shows a cross section were water is flowing both in the main channel and on the
floodplain, without the high ground separating them having been over-topped.

Figure 4.3: Flow in a cross section without levees. The entire cross section area is
available for flow.

HEC-RAS 1D has the option to add levees to cross sections to make some regions of
the cross section surface area unavailable for flow conveyance when the water level is
below the levee level. However, the program can only compute one water surface for
the cross section, when the levee is overtopped the entire area behind the levee will be
filled with water instantaneously. The image below shows calculated water levels in a
cross section for two consecutive time steps. The area to the left is instantaneously
filled when the left levee is overtopped.

(a) Flow in cross section with levees, right levee is
over-topped, left levee is not over-topped.

(b) Flow in cross section from a) one time step
later when the left levee has been over-topped.

Figure 4.4: Flow in a cross section with levees.
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Another option for modeling overbank flow and levee overtopping in 1D is using storage
areas. Storage areas are 1D elements described by a water level - volume relationship.
When the water level in a cross section exceeds a levee level, water will flow into the
storage area, raising the water level in the storage area in accordance with the water
level - volume curve. As the name suggests, the storage areas provide no conveyance
of the flow, but simply acts as a sink where water is stored.

4.1.3 Boundary conditions

The HEC-RAS model requires boundary conditions to perform the hydraulic calcula-
tions. Depending on the flow regime, and whether the simulation is steady state or time
dependent, boundary conditions are required in one or both ends of a reach. When
unsteady flow computations are performed, boundary conditions must be specified at
both ends of a reach. The upstream boundary condition can consist of either a flow
hydrograph, a stage hydrograph or a combined stage and flow hydrograph. The down-
steam boundary condition can consist of a stage or flow hydrograph, a rating curve,
or as a normal depth assumtion. If normal depth is assumed, the Manning equation
is used to calculate a water depth. In addition to the boundary conditions necessary
to perform the calculations, flow hydrographs can be entered laterally along a reach.
Lateral inflows can be added as a flow hydrograph entering at a single cross section,
or as a hydrograph that is uniformly distributed over several cross sections. (Brunner,
2016a)

4.1.4 1D Hydraulic computations

The unsteady computation engine solves the continuity and momentum equations us-
ing a linearized finite difference approximation. For every cross section, a water surface
elevation and flow velocities in the different compartments (overbank and main chan-
nel) is calculated. For a reach consisting of N nodes, the momentum and continuity
equations make up a system of 2N-2 equations. Since there are 2N unknowns that need
to be solved for, namely ∆Q and ∆h in each cross sections, two more equations are
required to solve the system of equations. These two equations are the upstream and
downstream boundary conditions. The system of equations is solved iteratively until
a satisfying solution is obtained in all cross sections, or until the maximum number of
iterations is reached.

The user is required to specify the simulation time step ∆t and the computation pa-
rameter θ. In the implicit solution scheme that is used in the computations the spatial
derivatives are evaluated at an interior point (n+ θ)∆t, where 0.6 < θ < 1. The choice
of θ can impact model stability and accuracy. In general, a higher value of θ increases
model stability but reduces the accuracy of the numerical solution (Brunner, 2016a).

The user can chose to run a warm up period prior to the simulation. During warm up
the model is run with the initial flows, allowing for the water surface to stabilize before
the actual simulation starts. This may improve model stability in the beginning of the
simulation. (Brunner, 2016b)
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4.2 2D HEC-RAS modelling

Two dimensional modelling is a relatively new function in HEC-RAS (released in 2014),
enabling pure 2D flow models as well as coupled 1D-2D modelling. In this section the
features of 2D modelling in HEC-RAS is introduced. More detailed information can
be found in the HEC-RAS hydraulic reference manual (Brunner, 2016a).

4.2.1 Mesh construction and features

The 2D geometry is built up by a computational mesh (or computational grid), illus-
trated in figure 8.3. Each mesh is built up by interconnected cells that may vary in
size and shape, although one cell cannot have more than 8 cell faces (sides). Cell faces
are similar to 1D cross sections and are used to compute flow between cells, except at
the outer boundaries of the mesh (purple). Cell points (red), located at the connection
between cell faces, are used used to connect the mesh to 1D structures and 2D bound-
ary conditions. The cell center (blue) is where the water surface elevation is computed
for each cell, but doesn’t necessarily correspond to the cell centroid.

Figure 4.5: Illustration of a computational mesh/grid

4.2.1.1 Sub-grid terrain representation

Compared to many other 2D modelling software, HEC-RAS cells and cell faces are not
restricted to contain only one elevation value. Instead, detailed geometric and hydraulic
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property tables, based on the resolution of the underlying terrain, are created during
pre-processing of the computational mesh. For each cell face, relationships between
elevation and profile, area, wetted perimeter and Manning’s n are computed. For each
computational cell, a relationship between elevation and volume is computed. This is
illustrated in figure 4.6.

Figure 4.6: Hydraulic property tables generated for each cell face (left) and for each
cell (right).

This method of representing the terrain is referred to as a ”high resolution sub-grid
model”, a technique developed by Casulli (2008). The idea with this method is to be
able to increase the cell size of the computational mesh (reduce computation times)
without loosing too much important information regarding the underlying terrain.

One disadvantage of using the sub-grid representation is that only cell faces will capture
the terrain profile. Features within the terrain will only be represented by the volume-
elevation relationship of the computational cell. Thus, terrain barriers that are not
aligned with cell faces will be missed in terms of their blocking ability which will result
in an effect that, from now on, will be referred to as ”leakage”. This is illustrated in
figure 4.7
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Figure 4.7: Flow velocity profile showing leakage through levee/barrier due to
incorrect cell alignment. The arrows indicate the flow direction and size. The colors
indicate the relative velocity where red is high and blue is low.

To get around this problem, ”breaklines” can be used to force alignment of computa-
tional cell faces along barriers or other features that will significantly affect the flow
situation. This is illustrated in figure 8.3.

Figure 4.8: Illustration of a computational mesh with cells aligned along a breakline
(red).
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4.2.2 Hydraulic structures

Modelling structures in 2D is not as well developed and researched as in the 1D case.
Weirs, culverts and gates can be added inside the 2D mesh and are modeled in 1D using
the same equations as for the 1D case. No extra attention has to be added to cross
section spacing and ineffective flow areas: the 2D equations will handle flow contraction
and separation as long as the full momentum equations are used, and ineffective flow
areas are considered as long as cell faces are aligned with the top of bridges and other
barriers (US-ACE, 2015).

Bridges cannot be modeled in a similar fashion as in 1D. They can be incorporated
by (i) modifying the terrain to capture bathymetry and banks underneath bridge.
However, this option can not incorporate the bridge deck, meaning that it will fail to
restrict the flow when the water surface reaches the bottom of the bridge deck. A more
detailed representation of bridges can instead be done by expressing them as either (ii)
culverts or (iii) gates. Using these options will likely require additional work during
calibration since little reference with respect to reasonable parameter values is found.
In addition, the geometry of bridge openings is often hard to capture using culverts
and gates (US-ACE, 2015). This issue is highlighted in the 2D model set-up chapter.
Ultimately modelling bridges using equations developed for other purposed poses a
large uncertainty.

4.2.3 Boundary conditions

The same external boundary conditions that were presented in 1D (Flow hydrograph,
stage hydrograph, rating curve and normal depth) can be used in 2D. In addition,
precipitation can also as an internal boundary condition (see next paragraph).

In 2D, internal boundary conditions are set-up as BC (boundary condition) lines which
are connected to one or more cells through the cell face points. With the exception
of precipitation, boundary conditions can only be put at the perimeter of the mesh
and not inside the mesh. Therefore, representing lateral inflow to a river, meant to
represent for example infiltration or storm-water discharge, is more complicated than
in 1D. Solutions to this issue is discussed during 2D model set-up (section 8.1).

4.2.3.1 Precipitation

A precipitation boundary condition can be set up for each 2D flow area as a time series
of varying rain intensities. Rain is evenly distributed to all cells within the area and
can thus not be varied within a single 2D mesh. Evaporation and infiltration cannot
currently be modeled in HEC-RAS, meaning that the precipitation added should be an
effective precipitation where the effects of evaporation/infiltration are removed (US-
ACE, 2015).
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4.2.4 2D hydraulic computations

The 2D solver can compute water surfaces, flows and velocities using either the full
momentum equations (equation 3.4 and 3.5) or the diffusive wave wave simplification
(equation 3.9). Each cell in the computational mesh makes up a control volume for
which the water surface elevation and flow across the faces is to be solved. Integrating
the continuity equation 3.3 and rewriting using Gauss divergence theorem yields the
following integral form of the continuity equation:

∂

∂t

˚
Ω

dΩ +

¨
S

V • ndS +Q = 0 (4.1)

Where Ω is the volume occupied by the fluid in the cell, S the cell boundary surface, n
is the normal to the boundary surface and Q is the volume flux from external sources.
This equation can be discretized in a way that incorporates the available sub-grid
information:

Ω(Hn+1)− Ω(Hn)

∆t
+
∑
k

Vk • nkAk(H) +Q = 0 (4.2)

Where Ω(H) is a function describing the cell volume as function of the water surface
elevation, and Ak(H) is a function of how the area of the cell face k varies with water
surface elevation (see figure 4.6). The summation in the second term of equation 4.2 is
over all faces of the cell. This form of the continuity equation can be combined with the
simplified form of the momentum equation to obtain a new formulation of the diffusive
wave equation, or it can be solved together with the full momentum equations.

4.3 Coupled 1D-2D HEC-RAS modelling

HEC-RAS is also capable of coupled 1D-2D modelling, where some areas can be mod-
eled in 1D and others in 2D. When developing a coupled 1D-2D model, the necessary
required input data is the same as when developing a pure 2D model. A Digital El-
evation Model (DEM) complemented with bathymetry measurements in the river is
required to set up the model geometry, and flow and water level data is required to
set up the boundary conditions. Coupled 1D-2D modelling can be performed in two
different ways. The first option is to set up a lateral connection where 2D flow areas are
coupled to 1D cross sections using lateral structures (used in this study). The second
option is to model the upstream (or downstream) reach of the river in pure 1D and
connecting the most downstream (or upstream) cross section with a 2D area. These
two modelling approaches will be described more in detail in this section.
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4.3.1 1D-2D model with lateral connections

Using this type of 1D-2D model coupling, flow in the main channel can be modeled in
1D while flow in the floodplain is modeled in 2D. The flow between the two models is
calculated as flow over a lateral structure. The 1D part of the model consists of cross
sections just as in a pure 1D model, but the width of the cross sections is reduced so
that they do not cover areas that are part of the 2D model. The 2D part of the model
consist of a mesh, which is set up in the same way as for a pure 2D model (US-ACE,
2015). Figure 4.9 shows an example of a 1D river reach that is connected to a 2D flow
area on one side.

Figure 4.9: Example of a 1D river reach connected to a 2D flow area using a lateral
structure

The lateral structure connecting the two models contains elevation data which can be
extracted from the underlying terrain model. When the water level in the 1D cross
section or 2D cell exceeds the elevation of the lateral structure, water flows over the
structure. Flow over the structure can be calculated either using a weir equation or
using the 2D flow equations (Brunner, 2016a). When the 2D equations are used, the 1D
water surface profile is added as a stage boundary condition to the 2D cells (US-ACE,
2016). When the weir equation is used the flow is calculated based on the difference
between water surface elevation and the elevation of the structure. Equation 4.3 is the
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standard weir equation used to calculate flow over a lateral weir.

dQ = C(yws − yw)2/3dx (4.3)

Where dQ is the flow over the structure over the length element dx, yws is the water
surface elevation, yw is the elevation of the structure, and C is the weir coefficient.
When the water surface and the lateral structure are not parallel, HEC-RAS uses a
modified version of this equation (Brunner, 2016a).

4.3.2 Direct connection of 1D river reach and 2D flow area

The second type of model coupling available in HEC-RAS allows 1D river reaches
to be directly connected to 2D flow areas though connecting a cross section to a 2D
area. Flow discharging from the 1D-model is distributed in the 2D-model based on
the conveyance distribution in the connected cross section. Further flow propagation
is thereafter modeled using the standard 2D equations. This type of connection should
be set up where flow is highly 1D. (US-ACE, 2015)
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5 Study area - Höje river

5.1 Catchment area

The catchment of Höje river is 316 km2 large and is situated in western Scania. The
main stream originates in the southeastern part of the catchment and flows in a mostly
northwestern direction, passing the cities of Staffanstorp, Lund and finally Lomma,
where it discharges into Öresund. Figure 5.1 shows an overview of the catchment area.

The catchment land use is dominated by farmland (62%), followed by open land (13%)
and forest (12%) (Höje Å Vattenr̊ad, 2016). Urban areas stand for 11%, which is
considered a very high value for a catchment of this size, and suggests stormwater
discharge could have large impact on the overall flow.

Figure 5.1: Höje River catchment and sub- catchments. The extent of the hydraulic
model is highlighted in pink. Based on Sverigekartan ©Lantmäteriet.

5.2 Höje river

The Höje river main stream is approximately 35 km long, with an average discharge of
2.5 m3/s at the outlet in Lomma. Höje river has several smaller tributaries, the trib-
utary Önnerupsbäcken will be included in the hydraulic models set up in this project.
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Önnerupsbäcken discharges into Höje river approximately 3 km from the outlet in
Lomma, and has an average discharge of 0.3 m3/s (Höje Å Vattenr̊ad, 2016).

The high degree of anthropogenic activities is reflected in the management of the water
courses. By replacing tributary streams with culverts, the total open channel stream
lenghts has been reduced to half since the beginning of the 19th century (Höje Å
Vattenr̊ad, 2016). The main stream has also been manipulated extensively, in most
parts consisting of a straightened stream or even a straight ditch. Some minor meanders
exist, and some meanders have been reintroduced as part of the Höje river project (Höje
Å Vattenr̊ad, 2016).

The figure below shows the catchment area, Höje river and tributaries. The extent of
the hydraulic model have been highlighted, as well as the location of the flow measure-
ment station at Trolleberg.

5.3 Flooding history

Höje river has been exposed to several flooding events over the last decade. In July
2007, a large area in northern Lomma was flooded after a two week period of heavy
rain. The area consists of Örestad golf course and nearby agricultural areas, located
where the tributary Önnerupsbäcken connects to the main stream of Höje river, see
figure 5.2.

Figure 5.2: Overview showing the area in Lomma municipality where the main
flooding occurred in July 2007. Ortophoto ©Landtmäteriet.
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A photo showing the extent of the event was taken by the coastguard the 8th of July
and is shown in figure 5.3. It should be noted that the time of the photo doesn’t
necessarily correspond to the time when the maximum extent occurred.

Figure 5.3: Flooding extent in northern Lomma the 8th of June 2007 viewed from
southwest. The flooded land consist of farmland and Örestad golf course. Original
photo taken by the coast guard.

5.4 Previous studies

Several hydraulic studies have previously been conducted in Höje river by the consul-
tant company SWECO. In one report they analyzed four raingages in the area, showing
that a total of 186-216mm fell between 21st of of June and 6th of July 2007, with a
maximum volume the 5th of July. They concluded that it was the combination of
2 weeks of sustained rain in combination with the heavy rain recieved the 5th that
resulted in the flooding of July 2007 (Sweco Environment AB, 2010)

SWECO used a 1D hydraulic model (MIKE 11) to study the flooding from different
combinations of extreme flows and sea water levels. In a report from 2009 (Sweco
Environment AB, 2009), their results show that only the houses situated next to the
river in Lomma city are likely to be affected by fluvial events with 100 year return
periods. Sea level rise might significantly increase the flooding extent. A combination
of a 100-year river flow event with a sea level of +1.89m (RH2000), showed to increase
the water level in Höje river several kilometers upstream.

Pluvial events have also caused damages in Lomma. The 31st of August 2014, 155
basements were flooded as a result of a heavy rain event (Boel Lindqvist, personal
communication 2016-11-01).
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6 Data collection and pre-processing

Reliable and detailed input data is a crucial part of all modelling in order to be able to
produce trustworthy results. In this chapter, the background data used for the study
is presented. In figure 6.1, an overview of the input data used for model set-up and
boundary condition design is presented.

Figure 6.1: Flowchart illustrating the use of different input data in this study.
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6.1 Cross section data

Detailed cross sectional data is essential for hydraulic modelling as the river bathymetry
controls the characteristics of the flow. Cross sectional data is measured in field and rep-
resented by a set of points with x (longitude), y (latitude) and z (elevation) coordinates.
Generally, measurements should be taken so that important changes in bathymetry are
captured. This includes locations where the flow passes through bridges, culverts or
other location where significant accelerations may occur.

In this study, cross sectional data was provided as a shapefile by Sweco, who have
conducted several studies on Höje River. A total of 158 cross sections were used.

6.2 Elevation data

The digital elevation model (DEM) used in this report is developed by Lantmäteriet
and is part of the national elevation model GSD-Grid 2+. The DEM consists of raster
data with a resolution of 2x2 m and is interpolated from elevation points generated
through aerial laser scanning, conducted between 2 April and 11 May 2010. The point
density varies within the area but is mostly above 0.5 points/m2 (corresponding to
more than 2 points per 2x2 m grid). The main exception is within urban areas, such
as Lomma, where the point density is mostly 0.25-0.5 points/m2, but runs as low as
0.0625points/m2. In these areas, the DEM might have a significantly diminished degree
of detail (Lantmäteriet, 2015).

There are several limitations in the representation of the terrain which cause/may cause
significant errors in the DEM supplied by Lantmäteriet. These include for example
(Lantmäteriet, 2015):

• Houses are supposed to be removed from the terrain (so that the actual ground
is represented) by removing laser points from rooftops before the terrain is inter-
polated. However, distinguishing houses in the laser point cloud is not easy, and
thus the automatic and semi-automatic algorithms used to recognize and remove
the buildings might miss to account for some of them. Similarly, dense vegetation
can cause the terrain to be lifted compared to the actual case.

• Water cannot be penetrated by the laser, meaning that water surfaces are pre-
sented as ground levels, hiding important information regarding the bathymetry
of water bodies. It should be noted that, even if the laser would be able to pene-
trate water, it does not provide the amount of detail generated by measurements.

• Bridges/viaducts hide water pathways and will incorrectly act as barriers if not
accounted for when setting up models.

• Very steep terrain that might occur for example at cliffs, might be mistaken for
houses and be incorrectly removed.

In order to account for the limitations/errors stated in bullet 2 and 3 several modi-
fications has to be done to the terrain model to enable correct terrain representation
for 2D modelling. Mainly, river bathymetry has to be incorporated using river cross
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sectional data. The terrain modifications used in this study are presented in section
8.1.1.

6.3 Mannings’ n values

Land use data and aerial photographs from Lantmäteriet were analysed visually in
order to get an opinion on reasonable Manning’s n intervals for the river and floodplain.
Determining accurate n-values, especially for overland flow, include large uncertainties
and often makes little sense for modelling purposes as the friction parameter often
is the main calibration parameter. Still, for model reliability, it is useful to know
that the used n-values are within reasonable intervals. In addition, in places where
calibration data is not available, Manning values must be estimated. Below follows
some suggestions of Manning’s n values for channels/rivers and overland flow.

6.3.1 Overland flow

The vast majority of the Höje river catchment consists of agricultural land. However,
the area where flooding has previously occurred consists to the largest extent of a golf
course with open areas covered with short grass. For reference values Chow (1959)
suggests using n values ranging between 0.02 (no crops) and 0.05 (fully mature crops)
for cultivated land and 0.025-0.035 for a pasture with no shrubs and short grass. The
latter was the alternative that was most similar to a golf course. However, when
heavy shrubs are present, such as in the vicinity of the river, Chow (1959) suggests a
Manning’s n of 0.16, meaning that floodplain Manning’s n might be much larger, and
likely shows large variations in space.

For urban areas, n-values for hard surfaces are expected to be around 0.01 (Engman,
1986), while green areas may have n-values more similar to that of the golf-course
(around 0.03).

6.3.2 Channel flow

Höje river is a highly manipulated river that is mostly straight and uniform with
little vegetation. Chow (1959) suggest values ranging between 0.018 (uniform straight
channel) and 0.04 (Stony bottom and weedy banks). Arcement and Schneider (1989)
suggests 0.025-0.032 for firm, uniform, straight soil channel with little vegetation.

6.4 Flow data

Flow data is used as a boundary condition to the hydraulic model. Since the extent
of the hydraulic model covers a large portion of Höje river catchment, the inflow will
origin from several sub-catchments. Flow measurements are only available from one
station along the river, and can therefore not be directly used as a boundary condition.
To be able to distribute the inflow from contributing sub-catchments, modeled flow
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from the hydrological model S-HYPE is used as boundary conditions to the model,
and adjusted against the flow measurements.

6.4.1 Trolleberg measurements

Flow data is based on stage measurements from the station in Trolleberg located just
downstream of Lund (see figure 5.1). The stage (pressure) is measured by SMHI and
converted to discharge through a rating curve based on a weir located approximately
40 m downstream of the stage measurement station. The weir is shown in figure 6.2.

Figure 6.2: Trolleberg weir. Photo taken 31st of January 2017

The rating curve has been established using flows up to 21 m3/s. Higher flows have
thus been interpolated from the rating curve, adding uncertainty regarding the esti-
mated 25.6 m3/s peak of July 2007 (Maud Goltsis Nilsson, personal communication 21
dec 2016). In addition, at flows exceeding approximately 10 m3/s, water is suddenly
distributed over a much larger cross section, spreading into the low-lying terrain situ-
ated on the left side of the weir (see figure 6.2). Therefore, there are large uncertainties
regarding the accuracy of the rating curve when predicting extreme flows in Höjer river.

Stage measurements were used during calibration where it was compared with the
modeled stage. Some additional uncertainties regard the conversions between refer-
ence systems. The stage is measured and recorded in a local SMHI reference system,
and thus had to be converted to RH2000 which was standard for the project. The
relationship between the local reference system and RH70 could be attained, although
there is an older and newer version of RH70, and the specific version used could not
be determined. The difference between the two is approximately 5 cm in Lund. Thus,
when converting stage data from RH70 to RH2000, there is an uncertainty of up to
5cm (Lantmäteriets kundtjänst, personal communication, 2017-01-15).

29



6.4.2 Modeled flow data from S-HYPE

The hydrological model S-HYPE, developed by SMHI, calculates the flow in each of
the sub-catchments in Höje river. For each sub-catchment the S-HYPE model com-
putes the total flow out of the sub-catchment including contributions from upstream
catchments (hereafter referred to as total flow), as well as the local contribution from
the sub-catchment (hereafter referred to as local flow). Where flow measurement data
is available, the modeled data is replaced with measurements (SMHI, 2014). The flow
data from S-HYPE is used as boundary conditions in the HEC-RAS models that are
being developed in this project. The local flows from the contributing sub-catchments
are distributed in the hydraulic models.

Figure 6.3 shows the measured flow in Trolleberg station (yellow), the total S-HYPE
modeled flow from the sub-catchment where Trolleberg is located (orange), and the
sum of the S-HYPE modeled local flow from the sub-catchments upstream Trolleberg
(green), for the period 20th June-20th July 2007, covering the major flooding event that
occured in Lomma in July 2007. The sum of the modeled local flows (green) in the sub-
catchments aligns with the modeled total flow in Trolleberg (orange). This comparison
is made to control whether there is a delay in peak flow between the sum of the local
flows and the total modeled flow. When comparing with flow measurements it can
be noticed that the model underestimates the peak flow occurring around 7th of July,
which is the time when the major flooding event in Lomma occurred. To accurately
model this flooding event the local flows that are used as boundary conditions in the
HEC-RAS model must be rescaled to capture the peak. For each day during period
6th-17th of July 2007, a factor relating the modeled flow to the measured is calculated.
The local flows are thereafter multiplied with this factor. The flows are thus only
rescaled during the period when the major flooding event occurs. The blue line in
figure 6.3 shows the sum of the rescaled local flows, which now adds up to capture the
measured flow peak.
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Figure 6.3: Measured flow from Trolleberg station and modeled flow from S-HYPE

All modeled local flow hydrographs are rescaled using the same factors, including the
contributions from sub-catchments downstream Trolleberg. This adds some additional
uncertainty to the input data.

It should also be noted that Önnerupsbäcken has been regulated with a culvert some
kilometers upstream of the model domain. This has not been taken into account when
the boundary flow hydrograph added to Önnerupsbäcken was calculated. It is hence
possible that too much flow is added to Önnerupsbäcken than what was actually the
case during the flooding event.

6.4.3 Frequency analysis

A frequency analysis of flow data from Trollberg was conducted, the calculations can be
found appendix B.1. The table below shows flow with different return period calculated
from a Generalized Extreme Value (GEV) distribution. The peak flow measured in
Trolleberg in July 2007 was 25.6 m3/s, which approximately corresponds to a 100-year
flow.
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Table 6.1: Results from frequency analysis of flow data from Trolleberg station.

Return Period (years) Flow (m3/s)

5 15.7
10 18.0
50 23.2
100 25.2
200 27.4

6.4.4 Climate change predictions

Average flow as well as extreme flows are expected to decrease as a result of climate
change. The regional climate analysis of Scania region by SMHI predicts a decrease in
annual average flow in Höje River by approximately 5-10%, and a decrease in 100-year
flow by approximately 10%.

6.5 Sea level data

Sea water level measurements are conducted at a measurement station at Barsebäck,
located approximately 13 km from the Höje River outlet at Lomma. The station is
operated by SMHI, and the measurements are available as open data. The sea water
level is used as a downstream boundary condition to the hydraulic model. Considering
that Lomma is located inside a large bay, wind setup effects might be stronger than
in Barsebäck. In the following frequency analysis, such effects are assumed to be
negligible.

6.5.1 Frequency analysis

A frequency analysis was carried out for the sea water level measurements from Barsebäck.
The calculations can be found in appendix B.2. Table 6.2 shows return period water
levels calculated from a GEV distribution. The water levels are given in reference sys-
tem RH2000. During the flooding event of 2007 the sea water level was between 20-35
cm. Comparing with table 6.2 it can be seen that this is not an extreme value.

Table 6.2: Results from frequency analysis of sea water level data from Barsebäck

Return Period (years) Sea water level (cm)

5 126
10 137
50 158
100 165
200 171
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6.5.2 Climate change predictions

According to the regional climate analysis for Sk̊ane conducted by SMHI, sea water
levels in Öresund are predicted to increase with 85-90 cm by the year 2100 as a result of
climate change. By 2100 the 100-year return level is expected to have increased to 221
cm (Persson et al., 2011). The regional climate change report for Sk̊ane also highlights
the possibility to experience even higher water levels due to wave set up during storm
events. These types of scenarios will not be addressed in this project.

6.6 Hydraulic structures

6.6.1 Bridges

The stretch of Höje river that is modeled in this project contains approximately 30
bridges of varying size. Sweco Environment AB (2010) identified structures that could
limit the flow during high flow scenarios. A railway crossing near the junction between
Höje river and Önnerupsbäcken, as well as a weir at Trolleberg, were, along with four
other structures, found to be limiting during high flow. These two structures will be
included in the hydraulic models constructed in this project.

Blueprints for many of the bridges are available from Trafikverket. The process of in-
terpreting the blueprints and incorporating all present bridges in the hydraulic model
would be very timely, and would likely require additional field measurements. It was
decided to model only one bridge and thereby gain important insight on how bridge
modelling is conducted in the 1D and 2D versions of HEC-RAS. Blueprints were col-
lected from Trafikverket (Trafikverket BaTMan, 2016). During a field visit to the area
additional measurement were taken.

6.6.2 Weirs

The measurement station at Trolleberg (see section 6.4) is located in the proximity
of a weir structure. The water level over the weir is measured and converted to flow
data. For the hydraulic model to be able to accurately reproduce flow and stage at
this point, the weir must be represented in the model. The dimensions of the weir were
determined during a field visit.
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7 1D model results

This section will describe the set-up and running of the 1D model of Höje river. Initial
data processing, sensitivity analyses, calibration and considerations regarding stability
and accuracy will be addressed.

7.1 Model set-up

7.1.1 Geometry data

The extent of the 1D hydraulic model can be seen in figure 5.1, highlighted in pink.
The channel and the overbanks are represented by cross sections, figure 7.1 shows the
downstream part 1D model, covering the area around Lomma and the golf course.

Figure 7.1: Overview of the 1D hydraulic model

The geometric data is processed in ArcGIS using the extension GeoRAS, developed by
US Army Corps of Engineers. The primary input data for developing the 1D geometry
of the Höje River model is the DEM from Swedish Land Survey, an orthophoto over
the area and measured cross sections provided as a point shapefile with depth measure-
ments. The items that needs to be digitized are river centerline, following the center of
the river, banklines following the river banks on both sides, overland flow pahts, and
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cross section cut lines, determining where elevation data from the DEM is extracted.
The image below shows the geometric elements developed in GeoRAS.

Figure 7.2: Digitizing river centerline, banklines, flowpaths and cross sections using
GeoRAS.

The first step of creating the 1D geometry file is to digitize the river centerline, banklines
and flowpath lines. The river centerline is used by the program to calculate the length of
the river reach, the stationing of the cross sections as well as the the distance between
consecutive cross sections. The bank lines are used to calculate the location of the
bank stations for each cross section. The flow path lines are used to calculate the
overbank reach lengths between consecutive cross sections. The stretch of the river,
banklines, and flowpaths are determined based on the ortophoto and the DEM. The
overland flowpaths are unknown prior to running the model, and therefore these has to
be estimated by the modeller. The above-mentioned features are created as polylines
in ArcMap. Using the available GeoRAS tools, the features are assigned all necessary
attributes.

Next, cross section cut lines are digtized on all locations where depth measurements are
available. A cross section cut line is a line describing the location of the cross section.
Since the hydraulic computations are 1D, the cross sections should be perpendicular to
the flow direction to accurately capture the hydraulic properties of the river. Since the
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flow direction in the overbanks is not always known prior to running the model, the
modeler must estimate the flow paths before laying out the cross sections. Each cross
section is created as a polyline in ArcMap. The cross section polylines are thereafter
converted to polyline Z features, which are essentially polylines containing elevation
data. The elevation data is extracted from the DEM. Since the DEM does not contain
any bathymetry measurements, the cross section elevations must be updated to include
the available depth measurements. This is done using the GeoRAS tool ”Update
Elevations”. This tool extracts elevation data from a specified shapefile (in this case the
point shapefile containing the bathymetry measurements), and assigns this elevation
data to the cross sections. Next, the geometry is exported to HEC-RAS. Using the
1D cross sections the river bathymetry can be interpolated and combined with the
original DEM. This process will be described more in detail in section 8.1.1.1. When
this is done, new cross sections can be added or removed directly within HEC-RAS
and elevations can be cut directly from the new DEM.

Figure 7.3 shows the workflow for developing the 1D geometry.

Figure 7.3: Workflow for developing the 1D geometry file

7.1.2 Modelling bridges and hydraulic structures

The railway crossing is modeled by entering the four necessary cross sections and
specifying the geometry of the bridge deck. The dimensions of the bridge deck and
the bridge opening are determined based on the blueprint, the DEM and from the
findings during a field visit. Determining the locations of the cross sections posed
some challenge since no information regarding contraction and expansion length was
available. The placement of the cross sections is therefore somewhat arbitrary, and the
model representation of this bridge should not be regarded as physically representative
but rather as a qualitative example of how bridges can be modeled using the 1D
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approach.

The weir close to the Trolleberg station was added as an inline structure. The eleva-
tion and width of the weir was specified, and the weir coefficient determined through
calibration.

7.1.3 Boundary conditions

As boundary conditions to the 1D-model flow data from SMHI S-HYPE model, rescaled
to capture the peak flow (see section 6.4), is used. Upstream boundary conditions
consists of flow hydrographs at the upstream cross sections of the modeled reaches of
Önnerupsbäcken and Höje River. Contributing flow from downstream sub-catchments
are distributed in the model as lateral inflow hydrographs. Flow hydrographs from
sub-catchments discharging into a single point in river are added as lateral inflows
in a single cross section. Flow hydrographs from sub-catchments that the river flows
through are distributed uniformely over all cross sections within those specific sub-
catchments. An illustration on the boundary condition distribution can be found in
appendix A.1. As downstream boundary condition a stage-hydrograph with sea level
measurements from Barsebäck from the same time period is used.

7.2 Sensitivity analysis

A sensitivity analysis was carried out for the 1D model to determine the impact of
some geometric and computational parameters on model results and stability. The
parameters that were investigated in the sensitivity analysis were cross section spac-
ing, time step, θ-weighting parameter, and Manning’s friction coefficient. The tested
scenarios are summarized in table 7.1. Results and further description of the scenarios
are presented in the following sections.
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Table 7.1: Scenarios tested in the 1D-model sensitivity analysis.

Parameter changed Standard value Scenario ID Tested value

Cross section spacing Original spacing

XS1a Max 100 m, new cross
sections interpolated
from original

XS1b Max 100 m between
cross sections, new
cross sections cut from
terrain.

XS2 Every other cross
section removed from
original geometry

Time step 1 min

T1 1 s
T2 10 s
T3 30 s
T4 5 min
T5 15 min
T6 30 min
T7 1 h
T8 2 h
T9 6 h
T10 12 h
T11 24 h

Theta weighting factor 1.0

Theta1 0.6
Theta2 0.7
Theta3 0.8
Theta4 0.9

Channel Manning’s n 0.05
M1 0.1
M2 0.03

Overbank Mannings’s n 0.05
M3 0.1
M4 0.03

7.2.1 Cross section spacing sensitivity analysis

The cross section spacing sensitivity analysis was performed to determine if the model
would produce different results if cross sections are added or removed. This gives an
indication if the geometry is sufficiently detailed to describe the hydraulic situation of
the study area, and if the distance between the cross sections is suitable. Cross section
spacing can impact the stability as well as the accuracy of a model. The cross sections
must be laid out at representative locations so that important changes is geometry are
captured. If this is not the case, the hydraulics of the river system cannot be accurately
modeled. In addition, cross section spacing will impact the accuracy and stability of
the numerical solution. Cross sections must be placed at a distance close enough to
avoid the numerical diffusion that may arise from averaging the spatial derivatives of
the governing equations over long distances. Numerical diffusion would lead to reduced
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peak flow and a slower rise of the hydrograph. Too long distances between cross sections
can also cause model instability. A too short distance between cross sections can lead to
an overestimation of the spatial derivatives, which can cause the floodwave to steepen.
This too may cause model instability. (Brunner, 2016a).

Scenario XS1a where interpolated cross sections are added in between original, is
thought to reflect the impact of the spacing alone. Scenario XS1b where the additional
cross sections are cut from the terrain is though to reflect the impact of representing
the geometry more in detail. However, it should be noted that the terrain model has
been modified to include main channel bathymetry which has been interpolated using
the original cross sections. The cross section elevations in scenario XS1b has been
extracted from this modified DEM, and thus, scenario XS1b will not provide a more
detailed description of the channel bathymetry compared to the original geometry.

7.2.1.1 Results

Scenario XS2 where cross sections were removed to increase spacing between cross
sections was not stable, the following analysis therefore only contains results from
scenario XS1a and XS1b.

Decreasing the cross sectional spacing slightly increased peak flow in all selected cross
sections, in the range of 0.05 m3/s. Peak water level was increased with approximately
1 cm in both XS1a and XS1b compared to the default scenario. The general shape
of the hydrographs was not affected by the change in geometry. Peak flow timing
was only affected in a cross section in the upper reach of Höje river, were it occurred
approximately 2 hours earlier in the scenarios with decreased cross sectional spacing.
The maximum inundation extent was slightly reduced in both scenario XS1a and XS1b
compared to the default scenario.

These results show that the model output is affected by cross sectional spacing, but only
to a small extent. The default cross section spacing was kept for further simulations.

It is possible that the cross section layout will have larger impact on model output in
another type of catchment. The terrain of the Höje river catchment is rather flat and
homogeneous, especially around the flooded areas. If a more complex terrain was to
be modeled it is possible that the impact of cross section spacing would be larger.

7.2.2 Time step sensitivity analysis

The time step of the hydraulic computations will affect how the temporal derivatives
of the governing equations are approximated. If the computation time step is too large
the change in hydraulic properties between two consecutive time steps might be too
large, causing instability. A too small time step can also cause instability issues. The
rule of thumb in 1D modelling is to chose a time step that gives a Courant number
smaller than 1 (see section 3.5). The time step sensitivity analysis was carried out
in order to investigate how the choice of time step influences stability and simulation
results.
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7.2.2.1 Results

The results from the time step sensitivity analysis are presented in table 7.2. For each
model time step, the maximum and minimum Courant number, and magnitude and
timing of the peak stage in a Höje river cross section close to the junction between
Höje river and Önnerupsbäcken are compared.

Table 7.2: Results from time step sensitivity analysis

Time step Maximum
Courant
number

Minimum
Courant
number

Stability Peak stage Peak stage
timing

1 s - - No - -
10 s 0.37 0.0005 Yes 1.53 7jul 0545
30 s 1.1 0.0013 Yes 1.53 7 jul 0545

1 min 2.2 0.0025 Yes 1.53 7 jul 0545
5 min 11.0 0.01 Yes 1.53 7 jul 0545
15 min 32.9 0.03 Yes 1.53 7 jul 0545
30 min 65.7 0.08 Yes 1.53 7 jul 0600

1h 131.5 0.15 Yes 1.53 7 jul 0600
2h 263 0.31 Yes 1.53 7 jul 0600

6 hr 786 0.96 Yes 1.51 7 jul 0600
12hr 1570 1.85 Yes 1.48 7 jul 1200
24hr 3127 3.7 Yes 1.44 7 jul 0000

The difference between maximum and minimum Courant number is very large. The
low Courant numbers are found in Önnerupsbäcken, were the cross sections are very
large and the flow velocities are low (approx. 0.01 m/s). The highest Courant numbers
are found in closely spaced cross sections in the upper reach of Höje river. In this part
of the model flow velocities are significantly higher (approx. 1 m/s) and flow is mostly
contained within the main channel. The fact that the flow conditions differ so much
between different parts of the model domain it will not be possible to choose a time
step that produces Courant numbers close to 1 in all parts of the model. The results
from the cross section spacing sensitivity analysis showed that increasing the distance
between cross sections caused model instabilities, thus this would not be a good way
to decrease the Courant numbers in Höje river.

It can be noticed that maximum and minimum Courant number varies linearly with
the time step. The calculated velocities are hence the same regardless of model time
step.

The model does not crash or produce oscillating stage of flow hydrographs when the
model time step is increased to as high as 24 hours. However, when the model time step
is too small, the model crashes. This is likely due to the very small Courant numbers in
Önnerupsbäcken, causing instabilites when the derivatives are approximated and the
difference between consecutive time steps becomes too small. It can be concluded that
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the Höje river model is more sensitive to time steps and Courant numbers becoming
too small than too large.

Peak stage is reduced when the time step is increased, but the change is not noticeable
until the time step exceeds 2 hours. The reduction of peak stage reflects a general
flattening of the hydrograph, which could be a result of numerical diffusion due to the
time step being too large (Brunner, 2016a). The timing of the peak is delayed when
the time step is increased. This is due to the fact that variations on a smaller time
scale than the model time step cannot be captured, a model with a 1 hour time step
cannot capture a peak occurring at given half hour.

The conclusion from the time step sensitivity analysis is that the 1D model is not sensi-
tive to the choice of time step. The time step 5 min was chosen for further simulations.
This time step produced the same peak stage and peak timing as both smaller and
larger time steps, it allows for output to be stored often, and the computation time is
fast.

7.2.3 Theta-parameter sensitivity analysis

When the hydraulic computations are performed the governing differential equations
are solved using numerical approximations of the derivatives. The spatial derivatives
are evaluated at an interior point (n + θ)∆t, with 0.6 < θ < 1. Generally, a lower
θ-value will produce a higher accuracy but may reduce model stability. (Brunner,
2016b). In order to investigate how the choice of θ-value impacts the model results, a
sensitivity analysis was carried out.

7.2.3.1 Results

When θ is reduced to values smaller than 0.9 the model is no longer stable. However,
comparing the the results from scenario Theta4 (where θ = 0.9) with the default
scenario where θ = 1, no difference in output was detected. It was therefore concluded
that the increased level of accuracy associated with reducing the θ-parameter was
insignificant in the Höje river model. Since no improvement was seen, the default value
of θ = 1 was kept to enhance model stability.

7.2.4 Manning’s n sensitivity analysis

Manning’s n is a friction parameter reflecting the resistance against flow from the
bottom surface. A high Manning’s n value reflects a high frictional resistance, and
will thus produce a slower flow and higher water levels, whereas a lower Manning’s n
will allow more rapid flow and lower stage. The impact on stage and flow hydrograhs
and inundation extent of changing Manning’s n was investigated. Manning’s n is often
used as a calibration parameter, and it is valuable to have an approximate idea of the
magnitude of the response to a change in Manning’s n.
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7.2.4.1 Results

The results from the sensitivity analysis show that the model is very sensitive to the
choice of Manning’s n. Reducing Manning’s n will decrease magnitude of peak and
stage, and reduce the total inundation extent. Figure 7.4 shows the response of changes
n-value in a cross section in the upper reach of Höje river.

Figure 7.4: Stage in a cross section in Höje river for scenarion M1-M4

The value of Manning’s n can be estimated based on the land use of the area, but its
exact value for a given river is unknown. This, combined with the fact that Manning’s
n has such large impact on flow dynamics makes it valuable calibration parameter.
During model calibration, the value of Manning’s n can be altered within a reasonable
range (see section 6.3) until model output match measured values.

It can also be noted that the change in output as a result of changing Manning’s n was
significantly larger than the changes due to changes cross section spacing, time step and
θ-parameter. This indicates that the choice of friction coefficient can to some extent
overshadow the uncertainties related to insufficient geometry data and the numerical
solution of the equations, given that the model has been thoroughly calibrated.

7.3 Calibration

Stage measurements from Trolleberg and the aerial photograph from the flooding event
of July 2007 (see figure 5.3 and 7.6) from the coast guard were used to calibrate the
1D model.
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Initially, the weir coefficient was calibrated. During the field visit the drop over the
structure was estimated to approximately 15 cm. The model was calibrated by run-
ning the model with the flow that was recorded the same day, and adjusting the weir
coefficient until a drop of 15 cm was obtained. The weir coefficient was determined to
1.25.

Secondly, the model was calibrated against the stage measurements and the aerial
photograph though adjustment of Manning’s n. A good correlation between modeled
inundation extent and the aerial photograph from July 2007 could easily be obtained
by setting Manning’s n to 0.03 in the main channel and 0.05 on the floodplains.

Obtaining a good correlation between measured and modeled water levels in Trolleberg
was difficult. It was not possible to obtain a good correlation between measured and
modeled stage and simultaneously reproduce the inundation extent of July 2007 if the
Manning’s n was changed homogeneously over the area. However, when increasing
Manning’s n in the upper part of Höje river, a fair correlation was achieved, but
the resulting n-values were out of range (0.13 on floodplain, 0.07 in river). Using
such high n-values also led to large areas being inundated in the upper reach of Höje
river. It was concluded that the difficulties with calibration were due to the way
that the weir is modeled in HEC-RAS. The weir is defined over one-cross section, and
flow through that cross section will be calculated using the weir equation. For the
Trolleberg station, this representation is accurate when flow is low. When flow is high,
water will flow on the floodplain beside the weir, and should hence not be calculated
using the weir equation. Using the weir equation when water flows on the floodplain
will cause unrealistic acceleration of the flow, causing water levels to decrease. The
damming effect of the weir will hence be modeled incorrectly when flow is high. This
is the reason why unrealistically high Manning’s n values had to be used to match the
stage measurements. Replacing the weir with a cross section with bottom elevation
corresponding to the weir elevation made it possible to match the measured peak stage
using more reasonable n-values in the upper reach of Höje river (0.08 on floodplain,
0.05 in river). However, the agreement was poorer for low-flow compared to when the
weir was present. Since the main purpose of the model was to model high flows it
was decided to replace the weir with a cross section, as this option provided the best
agreement with measurements of high flow. The agreement between measured and
modeled flow in Trolleberg can be seen in figure 7.5.
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Figure 7.5: Measured and modeled flow in Trolleberg.

A comparison between 1D model output and the documented inundation extent on 8th
of July 2007 is shown in figure 7.6.
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Figure 7.6: Upper: Önnerupsbäcken golf course 8th of July 2007 (Photo: Swedish
Coast Guard). Lower: Result from 1D model, inundation extent 8th of July 2007.
Background image: GSD-Ortofoto, 1m color ©Lantmäteriet

7.4 1D model stability

The stability of the numerical solution of the governing equations depend on the ge-
ometric set-up of the project as well as on the computational settings such as time
step and theta-parameter. 1D HEC-RAS modelling has been widely used and is well
studied, and therefore there also exist many different kinds of solutions to the stability
issues that may arise.

As discussed in the cross section spacing sensitivity analysis, the spacing between cross
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sections can greatly influence the stability of 1D HEC-RAS models. If the spacing
between cross sections is too short the approximation of the spatial derivatives might
be overestimated, causing unrealistic hydraulic gradients and instability. On the other
hand, if the spacing is too large, the change in hydraulic properties between two cross
sections might be too big, which could also cause the model to become unstable. (Brun-
ner, 2016b). Some initial stability issues with the 1D Höje river model were overcome
by removing closely spaced cross sections.

Another thing that might cause stability issues when modelling in 1D is low flow
conditions. The numerical solution engine does not allow cross sections to go dry
during any point of the simulation. Instabilities due to low flow can be overcome by
for example increasing the number of points in the hydraulic property tables, or by
inserting a pilot channel to the river.

7.5 Discussion

The main advantage with the 1D model approach is that the computation times are very
fast, a month long simulation period can be calculated in less than a couple of minutes.
It is possible to set up very large models without ending up with long computation
times. Since the boundary conditions can be distributed and lateral inflows can be
added it is possible to set up models on catchment scale.

Another advantage is the many options available for modelling hydraulic structures.
Modelling bridges and other hydraulic structures is relatively easy in 1D. There exists
a variety of different methods for modelling flow under bridges, through culverts and
gates and over weirs. Adding the required data is fairly simple, given that the modeler
has access to blueprints and elevation data. The modelling of bridges and structures
was not studied in detail in this project. The aim with the bridge modelling was to
compare the different options for bridge modelling in the 1D and 2D version of HEC-
RAS, and not to give a detailed description of the flow around the bridges in Höje
river.

Many of the disadvantages with 1D modelling arise from the much simplified description
of reality. Overland flow is often 2D in nature, and it is difficult to represent these
accurately using a 1D approach (Andersson and Bates, 1993). For example, studying
results from the 2D and 1D-2D models developed in this project it can be seen that
during high flow water flows from Höje river to Önnerupsbäcken via overland flow
paths. This phenomenon cannot be modeled using the 1D approach.

The fact that a single water surface is calculated for the cross sections is a simplification
that will have significant impact on the inundation dynamics. The option of using
levees to confine some areas of the cross section was presented in the 1D HEC-RAS
background (section 4.1.2). When levees are used to confine the overbanks from the
main channel, the channel flow will likely be more accurately modeled up until the
point when the levees are over-topped. If a low-flow scenario is modeled where flow is
predicted to be maintained within the main channel the use of levees would probably
lead to a more accurate water surface profile. However, when the water level reaches
above the levee elevation the entire overbank area will be flooded instantaneously. If
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levees are used it might also happen that the levee elevation is over-topped in one cross
section but not in the next one. This can result in very odd inundation maps, such as
the one showed in figure 7.7. If the timing of levee over-topping is of interest, the levee
option should not be used on its own, but rather in combination with a storage area.
Otherwise, inundation maps like the one in figure 7.7 may be the result.

Figure 7.7: Inundation extent when the main channel is separated from the overbanks
by adding levees to 1D cross section. Background image GSD-Ortofoto, 1m color
©Lantmäteriet.

Using levees can hence lead to non accurate results. On the other hand, when no levees
are added, the water levels will rise simultaneously in the main channel and in the areas
behind the barriers. Depending on the topography of the area and the geometry of
the cross sections, areas behind barriers could hence be modeled as flooded before
they actually should be, and the water level in the main channel could rise slower
than it actually should. The 1D Höje river model predicts inundation on the golf
course already during very low flow. The 1D model is hence not suitable for modelling
channel-floodplain interaction and inundation dynamics. The issues with weir flow
discussed in the calibration section is another example of how the 1D model fails to
capture channel-floodplain dynamics. If such information is of interest the 1D approach
is hence not very suitable. In the 2D and 1D-2D chapters that follows, modelling of
channel-floodplain interaction will be further discussed.

When the computed 1D results are displayed in RAS-mapper or in a GIS, the results
has to be interpolated to a continuous surface, and displayed on a terrain model.
In literature it has been suggested that the method used for mapping 1D results will
have much impact on the final inundation maps, especially when the terrain is complex
(Vojinovic and Tutulic, 2008). When mapping velocity distribution based on 1D results
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is should be emphasized that the velocity maps are based purely on interpolation of
1D results (Brunner, 2016b), and that it is not possible to map velocities around
features represented between cross sections. This is illustrated in figure 7.8, showing
the mapped velocity between Önnerupsbäcken and Höje river. The figure highlights the
limitations of using a 1D approach to model overland flow. To the left, velocities are
interpolated based on calculated velocities in Önnerupsbäcken, to the right velocities
are interpolated based on calculated velocities in Höje river. The velocities differ in
magnitude and direction, and the mapped velocity distribution is not realistic. It can
also be seen that the water appears to flow straight through the barriers in terrain. In
1D features between cross sections can only be represented implicitly through increasing
the friction coefficient. It is not possible to obtain detailed information of flow velocities
around such features, since no such results are calculated using a 1D approach.

Figure 7.8: Velocity map created in RAS mapper based on interpolated 1D results.

The issues discussed above are inherent to 1D modelling and well established in lit-
erature. When modelling flow in complex terrain or urban areas limitations of 1D
modelling becomes even more evident (see for example Vojinovic and Tutulic (2008),
Tayefi et al. (2007)). Despite the apparent issues with much simplified 1D approach, it
should be highlighted that the developed Höje river model could reproduce the flood-
ing event from July 2007 accurately without much effort having to be put into the
calibration. If the purpose of the model is to produce a map of inundation extent, and
more detailed information is not of interest, a pure 1D model is sufficient.
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8 2D model results

Constructing a 2D model in HEC-RAS differs from 1D set-up both with respect to
terrain representation and overall geometric set-up and possibilities. This chapter
will first introduce river bathymetry interpolation and other terrain modifications that
should/could be used to enable a more correct representation of reality. After this, the
set-up of the 2D model is shown. A comprehensive sensitivity analysis is conducted to
find suitable cell sizes and cell configurations and time steps, as well as investigating
sensitivity of model parameters. Finally, urban 2D modelling in HEC-RAS is discussed
in terms of geometric set-up, possiblities and current limitations.

8.1 Model set-up

Setting up the 2D-model requires some additional work compared to the 1D-model. As
discussed in section 6.2, rivers and other water bodies are not correctly represented in
the original elevation data. Depending on the application, these may be accounted for
through modification of the DEM. In this section, the elevation model modifications
used for the 2D modelling is presented.

8.1.1 Elevation model modifications

8.1.1.1 River Bathymetry Interpolation

In order to correctly represent the river, cross section (XS) data can be used to inter-
polate the river bathymetry, incorporating it into the terrain model. Cross sections
must first be digitized and updated to incorporate river bathymetry using ”update
elevation” in Geo-RAS, as described in the 1D set-up. The interpolation was done
in HEC-RAS using the ”XS-interpolation surfaces” function. Due to current bugs in
the interpolation tool in HEC-RAS 5.0.1 and 5.0.3, flat banks are created outside the
channel in parts with heavy meanders. After exporting the bathymetry to Arc-GIS,
these were removed in using the tool ”Extract by Mask”, using a polygon covering the
river only. The river bathymetry was finally combined with the original raster using
conditions in the raster calculator. The river bathymetry resolution was set to 1x1m
when created in HEC-RAS. In order to keep this resolution, the original raster had to
be converted from 2x2 to 1x1 m resolution using the function ”RESAMPLE”, where
the four new 1x1 cells were given the same value as their mother cell (2x2 m). It should
thus be noted that this only resulted in an effective 1x1 resolution inside the the river
and not in the surroundings floodplain. A summarized flowchart is shown in figure 8.1.
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Figure 8.1: Workflow for incorporation of river bathymetry into the DEM.

8.1.1.2 Other terrain modifications

A set of further modifications of the DEM were done to account for terrain features
that are suspected to significantly influence the flow pathways and inundation. All
DEM modifications were performed in Arc-GIS by drawing/importing polygon features
covering the area to be lowered/elevated, converting these to (1x1) raster files and
using conditions to either lower the ground relative to the current elevation, or set the
elevation to a specific value. All given values are in A flowchart of the work is shown
in figure 8.2.

Figure 8.2: Workflow for changing the ground level within the elevation model.

A pond is located where Önnerupsbäcken meets up with Höje river. Due to the evident
connections between the pond and the rivers, flow through the pond was incorporated
by lowering the DEM inside the pond by 1 m. The inflow and outflows were lowered
by adjusting their elevation to an average depth of -1.1m (RH2000) estimated from the
available cross section data.
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In order to model flooding in urban environments, houses were incorporated into the
terrain model by raising them by 5m, using the polygon layer ”Fastigheteskartan”,
acquired from Lantmäteriet. This modification only had impacts on the pluvial in-
vestigations, since the urban part of Lomma was shown not be significantly affected
fluvial events (shown in later chapters), and is further discussed in the section 8.4.

8.1.2 2D Geometry set-up

A 2D flow area was designed to cover the extent of the flooding during all events, a
process that was modified during calibration. Breaklines were introduced along ridges,
bridges, banks and other features that may act as important barriers to the flow.

In order to set suitable cell sizes for the breaklines and the overall 2D area, a geo-
metric sensitivity analysis was conducted (see section 8.2). One Manning’s n value
was assigned to the river and the floodplain respectively, using polygons created using
the bankline polylines. The final geometry and parameters used are presented in the
calibration section (8.3).

In figure 8.3, the mesh structure around one part of the river is shown, illustrating cell
alignment and cell size differences between the river and the floodplain. The location of
one of the point inflow boundaries is also presented (discussed in the following section).

Figure 8.3: Mesh structure around one part of Höje river, illustrating cell structure
generated around the river using a breakline, as well as a point inflow boundary
condition.
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8.1.3 Boundary conditions

For sub-catchments that the river passes through, there is no possibility of adding
uniform lateral inflows along the river unless the outer boundary of the mesh is aligned
with the river side, although this will prevent flood modelling on that side of the
river. Instead, in this study, several point inflows were put along these reaches, the
individual inputs summing up to the total inflow as calculated from S-HYPE data for
each sub-catchment. The construction of the point inflow is illustrated in figure 8.3.

A map showing the location of all the inflow points is shown in figure A.2 in the
Appendix.

8.1.4 Hydraulic structures

In the 2D HEC-RAS theory, the limitations in current 2D bridge modelling was intro-
duced. Since the railway bridge was shown to be limiting during high flows, capturing
the effect of the bridge deck will be important. Thus, in this study, a culvert was used
to represent the railway bridge opening. The culvert geometry is illustrated in figure
8.4. It is seen that while the culvert captures the approximate area of the cross sec-
tion (bounded by the terrain profile and the bridge deck) it will produce an incorrect
elevation-area relationship for the opening.

Figure 8.4: Approximating the railway bridge opening with a culvert in HEC-RAS 2D

The weir in Trolleberg was added to enable capturing of backwater effects which may
have significant impact on the depth measurements. A weir coefficient of 1.25, gener-
ated by 1D-simulations, was used in the 2D model.
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8.2 Sensitivity Analysis

A sensitivity analysis was carried out to determine the influence of mesh geometry, time
step and other model parameters. Investigating mesh geometry is not truly a sensitivity
analysis, mesh configuration should not be used as a parameter for calibration, but
rather to find out the most suitable mesh configuration for the application.

8.2.1 Mesh construction

The aim of this geometric sensitivity analysis is to find the cell size and alignment
needed to sufficiently represent the river and riverbanks while keeping cell sizes large
enough to enable reasonable computation times. Mesh construction is site specific,
although results from this analysis can help to draw more general conclusions regarding
design considerations.

In the area around the golf course, water is retained within the river by man-made river
banks, having a higher elevation than the surrounding floodplain. Thus, capturing the
features of these banks are of great importance in order not to allow water to escape
into the floodplain before the river water level reaches the top of the banks.

8.2.1.1 Method

In order to reduce the computation time, a smaller area was used for 2D sensitivity
analysis than for the study. The area (shown in figure 8.5) was chosen since it captures
the main flooding area. Still, it is assumed that the results from the sensitivity analysis
is applicable for the whole area.

Figure 8.5: Area investigated during sensitivity analysis. Background image:
GSD-Ortofoto, 1m color ©Lantmäteriet.
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In the early stages of the study, the diffusive wave simplifications seemed to give almost
identical results when using the full momentum equations. This was later shown not
to be the case. Thus, the diffusive wave simplification was used for the mesh sensi-
tivity analysis. Still, the analysis is only used to compare results between geometries.
Preferably, they should have been conducting using the full momentum equations. The
differences between results generated when using the diffusive wave simplification com-
pared to the full momentum equations are presented and discussed in the next chapter
(8.2.2).

A time step of of 5 seconds was used for all simulation, resulting in Courant numbers
less than 2 for all simulations.

A total of 10 different geometries were used, presented in table 8.1. The overall cell size
(CS) for the area was varied between 10 m and 40 m. The cell alignment was tested
using breaklines along (i) the middle of the river, (ii) the river banks, and (iii) both.
The breakline cell sizes were varied between 5 and 20 m. For the smallest cell sizes, a
flexible cell size (indicated by ”5min10max”) was used since it reduced the amount of
errors in the mesh and resulted in a smoother transition between the breaklines and
the overall mesh. Geometry 1 was set to be the standard used for comparison between
models, and many of the following results are displayed relative to those of geometry
1.

Table 8.1: Geometries tested in the sensitivity analysis.

Geometry Overall CS (m) Bank CS (m) River CS (m)
1 20 5min10max 5min10max
2 40 5min10max 5min10max
3 10 5min10max 5min10max
4 20 - -
5 20 20 -
6 20 10 -
7 20 5min10max -
8 20 - 20
9 20 - 10
10 20 - 5min10max

The different geometries were analysed with respect to the (i) maximum water surface
elevation (WSE) generated on the golf course, (ii) time needed to reach a water depth
of 40cm at observation point (see figure 8.5), (iii) peak flow near discharge in Lomma,
(iv) corresponding peak time and (v) computation time. Furthermore, the flow inside
the river was compared for a cross section at the golf course. Flows at the golf course
and in Lomma were analyzed along the flow control lines shown in figure 8.5. Finally,
visual inspections were done to (vi) compare differences in flooding extent over time
as well as (vii) differences in velocity distribution.
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8.2.1.2 Results

The results of analysis (i-iv) is shown in table 8.2. All results are relative to geometry
1 except for the peak flow in Lomma. The maximum relative water surface elevation
is regarded representative for the whole golf course.

Table 8.2: The result of the geometric sensitivity analysis. All results are relative to
geometry 1 except for Lomma peak flow. The difference in time for the water level to
reach 0.4 m was compared at the observation point at the golf course. Negative values
in column 3 and 5 indicate that these happened before the time of the standard
geometry.

Geometry
Max. rel.
WSE (%)

∆Time when D=0.4
at obs. point (hrs)*

Lomma Peak
Flow (m3/s)

Rel. Peak
Delay (hrs)

1 0% 0 30.79 0
2 -1.23% 0 30.73 0
3 -0.79% 3 30.78 0
4 20.21% -16 31.09 - 1
5 18.36% -8 30.67 0
6 11.74% -6 30.64 0
7 9.00% -10 30.92 -1
8 26.03% -16 30.49 0
9 17.52% -12 30.92 0
10 -0.51% -2 30.95 0

8.2.1.2.1 River and river bank representation It is shown that representing
both river and banks with breaklines results in largest reductions in maximum water
level in golf course compared to using no breaklines (geometry 4). As expected, rep-
resenting only the banks with breaklines (geometry 5-7) gave a larger reduction in the
water depth compared to using only river breaklines (8-10), except for geometry 10.
Also, the reduction in water level is larger when smaller cell sizes are used along the
breaklines. Inspecting the geometries (not presented) show that using larger cell sizes
often results interference between breakline cells, preventing some of the cells to be
correctly aligned along the breaklines, resulting in barrier leakage.

The results further show that incorrect use of breaklines may worsen river bank rep-
resentation compared to using no breaklines (geometry 8). Geometry 10, giving a
surprisingly large reduction in maximum water level, had a cell size that well matched
the distance from the middle of the river to the bank, and thus managed to (acciden-
tally) capture the river banks.

The differences in dynamics is illustrated in column 3 showing the differences (relative
to geometry 1) in time needed for the water level to reach a depth of 0.4 meter at the
observation point. A large difference between results was seen also here, the depth of
0.4m reached 16 hours earlier when no breaklines are used compared to geometry 1.
This result should not be used to compare floodplain cell size (varied in geometry 1-3),
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as the propagation of flooding depends on floodplain representation and is discussed
later in this section.

The differences in dynamics between various river representation is illustrated in figure
8.6, comparing inundation extents for geometry 1(River+Banks), geometry 7 (Banks)
and geometry 10 (River) after 12 hours of simulation. Overall, differences in extent
were large during the first 24 hours of simulation, but decreased as the golf course
became increasingly flooded (result not presented).

Figure 8.6: Inundation extent after 12 hours of simulation generated by different river
representation. Background image: GSD-Ortofoto, 1m color ©Lantmäteriet.

In figure 8.7, the flow in Önnerupsbäcken (measured across the flow line) is presented
for geometry 1-10. The results show that geometry 1-3 (river and bank breaklines)
are able to retain highest flow rates within the river, followed by geometry 5-7 (bank
breaklines), while geometry 4 (no breaklines) and geometries 8-10 (river breaklines)
generate the lowest flows.

The additional river cells generated when having both river and bank breaklines seems
to enable additional detail of the river that significantly reduced throughflow compared
to representation of banks only.
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Figure 8.7: Flow hydrograph in Önnerupsbäcken generated for geometry 1-10.
Location shown in figure 8.5.

Looking at the peak flow and relative peak delay at the profile line in Lomma, the
differences are interestingly very small (column 4 and 5). It may be that when the
largest flows arrive, the water levels in the river and surrounding floodplain are already
high enough so that correct representation of the banks does not matter much since
most of the banks are under water.

One potential effect of using river breaklines, except for introducing more cells inside
the river, is that the cells are aligned so that the cell faces become perpendicular to the
flow direction. The opposite might occur if less detail is used for the river. An example
of possible implications is displayed in figure 8.8 showing the velocity distribution
generated by geometry 10 at a location in Önnerupsbäcken. For geometry 10, the
velocity profile form a zigzag pattern where velocities are slightly higher (brighter
color) along the cell faces. In contrast geometry 1 generates a much smoother and
natural looking velocity profile. Due to the large importance of bank representation in
this area, it is hard to draw any conclusions regarding the impact of this phenomena.
However, it is possible that the zigzag pattern may result in an extended flow path
length, overestimating frictional losses and river depths.
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Figure 8.8: River velocity profiles shown for geometry 10(left) and geometry 1(right)

8.2.1.2.2 Floodplain representation In order to address the influence of flood-
plain cell size, the flood propagation was compared over time. The results showed that
the inundation extent varies a lot during the first 24 hours of simulation, but decreases
as the golf course becomes increasingly flooded (not shown). The result is illustrated
in 8.9, showing the difference in flooding extent after 12hrs of simulation for geometry
1 and 2.

Figure 8.9: Difference in flooding extent after 12 hours of simulation when using a
floodplain mesh resolution of 10m (blue) and 20m (pink). Background image:
GSD-Ortofoto, 1m color ©Lantmäteriet.
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The difference in extent between 10 and 20 m resolution seems to be caused by the
ditch (see figure 8.9), separating the northern parts of the golf course from surrounding
farmland. In 10 m resolution, this ditch is well represented, forcing the water to stay
north of the ditch and flow in a westerly direction. For the 20 m resolution however,
the cells do not capture the banks of the ditch, resulting in leakage into the golf course.

The effect of the ditch is further shown in figure 8.10, presenting the flooding for
the same computational mesh sizes and time, although now the 20m mesh has its cells
aligned along the ditch using a breakline. It is clearly seen that the extents are matching
much better than without the breakline, suggesting that the use of breaklines can give
the same effect as reducing cell sizes, but without significantly increasing computations
times (there was no notable difference in computation times between models with and
without the golf ditch breakline).

Figure 8.10: Difference in flooding extent after 12 hours of simulation when using a
floodplain mesh resolution of 10m (blue) and a mesh of 20m with a breakline along
the ditch (pink). Background image: GSD-Ortofoto, 1m color ©Lantmäteriet.

8.2.1.2.3 Computation times A final comparison was made between computa-
tion times for the different geometries. The result is shown in table 8.3. Geometries
1-3, which have the most complex river mesh, also have the largest computation times
per cell. However, with the exception of geometry 3, there is little difference in compu-
tation time per cell compared to geometry 4 (where cells are rectangular). It should be
noted that other work was conducted on the computer at the time of the simulations.
This is expected to be the cause of the large computation time needed for geometry 3.
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Considering the results presented earlier in this section, using geometry 3 will lead to
a large increase in computation times without significantly improving the result.

Table 8.3: computation times for geometry 1-10.

Geometry
Comp. time
(hh:mm:ss)

Comp. time per cell
(seconds/cell)

1(Standard) 00:45:19 0.2
2 00:30:44 0.2
3 02:52:51 0.38
4 00:15:21 0.17
5 00:17:13 0.18
6 00:22:25 0.18
7 00:33:50 0.18
8 00:16:48 0.18
9 00:16:59 0.16
10 00:26:31 0.19

8.2.2 Parameter sensitivity

In the mesh sensitivity method it was highlighted that there first seemed to be lit-
tle difference between the using the full momentum equations vs. the diffusive wave
simplification. This was found to be incorrect at the end of the study, and thus the
diffusive wave simplification has been used for most of the 2D modelling in this re-
port. However, in this chapter, some differences between the results generated by the
full momentum equations vs. the diffusive wave simplification will be highlighted and
discussed.

In table 8.4, the results from the overall sensitivity analysis is shown. The parameters
tested were (i) Manning’s n inside the river, (ii) Manning’s n for the floodplain(fp),
(iii) time step, (iv) governing flow equations (diffusive wave simplification (D.W.) or
Full momentum St. Venant (F.M.). Geometry 1 was used for the analysis. Column 2
shows the original parameters values/conditions used, and column 3 the changes made
to these parameters. The results in column 4 and 6 are relative to using the diffusive
simplification with the standard (Changed from) parameters.
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Table 8.4: Parameters tested in sensitivity analysis. All parameters are changed
relative to geometry 1 using the diffusive wave simplification

Parameter
Changed

from
Changed

to
Max. rel
WSE(%)

Lomma
Peak

Flow (m3/s)
Rel. Peak

Delay (hrs)

Comp.
time

(hh:mm:ss)
Manning’s n

(river) 0.04 0.02 -32.8 31.4 -2 45:19
Manning’s n
(floodplain) 0.06 0.03 -5.0 31.0 -1 46:00
Time step 5 3 0 30.8 0 1:04:03
Governing

eq. and
time step

D.W.
5s

F.M.
3s 43.7 - - 3:24:31

The results show that changing Manning’s n in the river has the largest effect on the
maximum WSE, followed by Manning’s n in the floodplain. As expected, a reduction
in Manning’s n reduces WSE and results in a slightly earlier peak. As for the geometric
analysis, little difference was seen between peak flows.

More interestingly, changing governing equation from diffusive wave simplification to
the full momentum equations increased the water surface elevation on the golf course
by 43.7%. Results from the 1D-2D modelling (presented later in the report), showed
no difference between the two governing equations, suggesting that acceleration terms
generated in the river might cause this large increase in water level. The importance
of Manning’s n within the river channel was thus investigated when using the full
momentum equation. The results are presented in table 8.5. the maximum water
surface elevation is here relative to using the full momentum equation with the standard
(Changed from) parameters.

Table 8.5: Parameters tested in sensitivity analysis. All parameters are changed
relative to geometry 1 using the full momentum equations

Parameter
Changed

from
Changed

to
Max. rel
WSE(%)

Manning’s n
(river) 0.04 0.02 -1.89

Manning’s n
(floodplain) 0.06 0.03 -8.0
Time step 3 5 UNSTABLE

Surprisingly, decreasing Manning’s n in the river had very little impact on the water
surface elevation at the golf course. Changing floodplain Manning’s n, however, had a
larger effect than when using the diffusive wave simplification. Manning’s n was further
lowered both within the river and on the floodplain (not presented), although a water
level as low as the one generated with the diffusive wave simplification could not be
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generated since the model crashed at low Manning’s (at Manning’s n of 0.01 in both
river and floodplain).

8.3 Calibration

The final 2D model was run with a floodplain representation using a 20m computational
cell size. The river was represented with breaklines along river banks and the river
centerline in areas with clear river barriers. In areas without such barriers, the river
was represented with breaklines along the river centerline only.

The diffusive wave simplification was used in the final model since a reasonable match
could not be attained using reasonable Manning’s n values. The railway bridge was in
the end excluded from the model due to instabilities.

The calibration was performed through adjusting Manning’s n inside the river as well
as on the floodplan upstream and downstream the railway bridge respectively. Post-
calibration values of Manning’s n were set 0.025 for the whole river reach, 0.05 for
floodplain areas downstream the railway bridge and 0.065 for floodplain areas upstream
the railway bridge.

Despite these issues, a good agreement between the aerial photograph and the modeled
inundation extent could be obtained (8.11), while an acceptable match between model
data and measurements was produced at the Trolleberg station (8.12).
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Figure 8.11: Upper: Önnerupsbäcken golf course 8th of July 2007(Photo: Swedish
Coast Guard). Lower: Result from 1D-2D model, inundation extent 8th of July 2007.
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Figure 8.12: Modeled stage vs. Trolleberg measurements

8.4 Modelling of rapid flow events in urban areas using HEC-
RAS

With the addition of 2D modelling in HEC-RAS, precipitation can now be added as
a boundary condition. As highlighted in the introduction, pluvial events differ from
fluvial events: they are much more rapid events, with time scales of hours rather than
days.

The focus of this chapter was originally to investigate the importance of computational
mesh size and governing equations when modelling pluvial events in Lomma city. Un-
fortunately, a current bug in HEC-RAS prevents detailed information to be exported
from rainfall simulations. In order to better study the effects of rapid flood events in
urban areas, the propagation of a flood wave in Lomma will be also investigated. It
should be noted, however, that these events differ in characteristics, meaning that the
results from the flood wave study might not be directly applicable to rain events.

The study can thus be divided into two parts: (i) Investigating the use of the precipi-
tation boundary condition and (ii) investigating rapid flows in urban areas.

8.4.1 Method

The two studies use the same set-up, although the boundary conditions will vary. In
this chapter, the model set-up is first introduced, before describing the details of the
boundary conditions used for the rain and wave study respectively.
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8.4.1.1 Data pre-processing and model set-up

Houses were incorporated into the elevation model by raising them 5 m according to the
methodology presented in section 8.1.1. The resulting DEM for Lomma city is shown
in figure 8.13, along with corresponding Ortophoto. Manning values of n=0.02 were
assigned to buildings and roads using polygons acquired from the layers ”Fastighetskar-
tan” and ”Oversiktskartan vector” aquired from Lantmäteriet. Manning’s n=0.03 was
assigned to Höje River. Remaining areas, consisting mostly of open areas and gardens
were given n=0.06. The DEM had a resolution of 2 m.

Figure 8.13: Lomma DEM with raised buildings (left) and corresponding Ortofoto
(right).Based on GSD-Grid 2+ and GSD-Ortofoto, 1m color ©Lantmäteriet

Four computational cell sizes: 4, 8, 16, and 32m, were used. The cell faces coincided
between geometries, illustrated in 8.14. One 8m cell shares computation cell faces with
four 4m cells, although the 4m cells will also capture additional information regarding
topography.

Figure 8.14: Alignment between 8 m cell (outer boundary) and four 4m cells.
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8.4.1.2 Precipitation boundary condition

A 100 year CDS design rain with a duration of 6 hours was calculated according to
Dahlström (2010) and Svenskt Vatten (2011). The stormwater system was compen-
sated for by removing the capacity of a 10year rain with 30 min duration, which is
considered as a standard design consideration in Sweden (MSB, 2014). This resulted
in an effective rain occurring over 18 min with a total volume of 23.5 mm. The hydro-
graph is shown in figure B.3 in the Appendix. The same rain intensity was distributed
over the whole area. Infiltration cannot currently be modeled in HEC-RAS and was
neglected assuming saturated ground during the simulation period. The simulation
was run for a total of 4 hours.

8.4.1.3 Flood wave boundary condition

A flood wave was released in the southeastern part of Lomma using an inflow boundary
condition, see figure 8.15. The inflow size was set to 10m3/s. The simulation was run
for a total of 2 hours.

Figure 8.15: Boundary conditions used in the flood wave simulation.

8.4.2 Design rain results

The results of the rain simulations are shown in figure 8.16, presenting areas where
depths exceeds 20cm for the 4m (blue) and 16m (red) resolutions respectively.
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Figure 8.16: Areas with inundation depths larger than 0.2m, generated after 2 hours
of simulation using 4m(blue) and 16m (red) computational mesh sizes respectively.
Results are shown for the whole area (left) and for a smaller (zoomed in) part (right).

Overall, little difference was observed. Two areas where larger differences were seen are
circled in the overview (left figure). However, the maps don’t show the differences in
water depths between the two cell sizes, making it hard to draw conclusions regarding
the actual differences between estimated depths. The 8 m resolution gave an almost
identical result as for the 4 m resolution, whereas the 32 m resolution differed slightly
more than the 16m resolution (result not shown in figures).

The rain simulations were run with the diffusive wave simplification. The full momen-
tum equation was shown to be unstable and caused unreasonable computation times.
The instability was likely caused by the interaction between roofs and ground. For
example, the equations used are based on assumptions regarding low bed slope and
neglect vertical accelerations.

8.4.3 Flood wave results

In figure 8.17, maximum velocity profiles are shown for cell sizes of 4,8,16 and 32m
respectively. All simulations were run with the diffusive wave simplification with a time
step of 4s. The courant number was estimated to be less than 2 for all simulations.
Water flows from southeast to northwest, following the general slope of the area.
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(a) 4m (b) 8m

(c) 16m (d) 32m

Figure 8.17: Maximum velocity profiles at urban area in Lomma, generated by
different computational mesh size.

The results show that smaller cell sizes are better at restricting flow to the streets and
estimate higher maximum velocities compared to the larger cell sizes. The result is
expected as larger cell sizes are more likely to allow shortcuts/leakage through houses
and other barriers. Overall, the 8 meter cell size gave a similar result as to the 4 m cell
size, suggesting that it might be used for rough estimations of flow velocities in urban
areas similar to Lomma. When inspecting the average size of the houses in Lomma
(visually), most of them have a minimum width of about 9-10 meters. Thus, the 8m
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grid will capture most of the larger flow barriers consisting of houses. However, many of
the smaller barriers will likely be missed. Generally, this should lead to quicker overall
flood propagation and a lower mean depth for larger cell sizes. This hypothesis was
investigated by looking at the inundation extent and depths after 1 hour of simulation.
The results are shown in table 8.6 and visually in figure 8.18. In table 8.6, the inundated
area (relative to 4m), mean and maximum depth are shown for computational cell sizes
of 4,8,16 and 32 after 1 hour of simulation.

Table 8.6: Relative inundated area, mean depth and maximum depth, generated for
computational cell sizes of 4,8,16 and 32 m respectively at 1hr after start of
simulation.

Cell size (m) Rel. Area (%) Mean depth (m) Max. depth (m)
4 0 0.162 1.17
8 1.75 0.161 1.13
16 3.26 0.159 1.06
32 -2.83 0.161 1.31

The results shows an increase in inundated area and a decrease in mean depth when
increasing the computational cell size from 4 to 16m. Using 32m cell size, however,
generated the opposite picture. Meanwhile, when looking at at maximum generated
depths, it is seen that a much higher maximum depth was generated for the 32m reso-
lution. This suggests that flow in the 32 m resolution has found its way to depressions
that were not captured by the other resolutions. Thus, less water was available for
propagation, which might have resulted in the low inundation areas and high mean
depths that deviated from the trend.

In figure 8.18, the difference between computed depths (calculated as depths in the 4m
resolution minus the depths in 32m resolution) as well as the difference in inundation
extents between these resolutions, are presented. The figure shows that while there
might be small differences between calculated inundated area, clear differences can be
seen in the spatial distribution of the flooding as well as projected depths.

The left figure illustrates that the areas where the 4m resolution produces a larger depth
than the 32 m resolution (blue), seems to be larger than for the opposite scenario (red
and orange). In contrast, the 32m resolution will generate areas where it produces a
much higher depth compared to 4m resolution, than the other way around (compare
high scale= 0.63 and low scale=-1.22).

Based on these results, it is concluded that larger computational cell sizes are likely to
underestimate overall depths, although larger depths might be generated in depressions.
In addition, it might change the direction of propagation.
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Figure 8.18: Difference in computed depths between 4m and 32m resolution (left) and
computed extent (right).

Lastly, the differences between results generated using the diffusive wave and the full
momentum equations was investigated for a computational cell size of 4m.

In figure 8.19, the maximum velocity distributions are compared when using the diffu-
sive wave simplification compared to the full momentum equation. The time step was
set to 1s for both simulations, reducing Courant numbers below 1.

Figure 8.19: Velocity distribution generated with the diffusive wave simplification
(left) and full momentum equations (right).
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The results show that the full momentum simulation generates lower maximum ve-
locities (1.9 m/s compared to 3 m/s for diffusive wave simplification) and a less clear
velocity pattern along streets. Using the simplified model, local and convective accel-
eration terms are neglected, neglecting effects of contraction and expansion, turbulence
and momentum transfer from streets to nearby garden/pavements. This might be one
reason for the decrease in estimated velocities.

In figure 8.20, depth differences and area extent are compared between simulations
with the diffusive wave simplification and full momentum equations.

Figure 8.20: Difference in generated depths (left) and flooding extent (right) between
results generated with the diffusive wave simplification and full momentum equations.

It is shown that the diffusive wave simplification allow further propagation of the design
wave than for the full momentum scenario, while producing less inundation extent (and
depths) in the upper (southeastern) parts of Lomma.

The results suggests that the local and convective acceleration terms in the momentum
equation may play an important role for pluvial modelling in areas similar to Lomma,
where using the diffusive wave simplification could neglect important energy losses,
leading to an underestimation of depths and overestimation of velocities and the rate
of flood propagation.
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8.5 Discussion

8.5.1 Model construction

Pre-processing of data for 2D modelling is relatively easy. Using river bathymetry
measurements, the river can be incorporated into the DEM using a few simple steps
in HEC-RAS. Meanwhile, large uncertainties remains regarding the interpolation tech-
nique used by HEC-RAS, and current bugs require additional work using GIS software.
Another consideration regarding pure 2D modelling are boundary conditions. Adding
uniform lateral inflow to river reaches where floodplain flooding is to be modelled is
not possible, and may be hard to get around for certain applications.

Modelling structures seems to be one of the largest current issues for pure fluvial 2D
modelling in HEC-RAS. While bridges can be modelled using gates or culverts, this
will likely introduce additional work during calibration and uncertainty for validation.
In addition, the bridge representation made the model unstable, even when using the
diffusive wave simplification.

Mesh construction was shown to be very important regarding the model outcome.
Result sensitivity to mesh construction should thus be investigated in all projects.
Results from this study highlight the importance of correct river representation in flat,
rural areas. Important barriers, both next to river and in the floodplain, has to be
correctly represented using breaklines.

When barriers are thin, steep and long (such as the barriers at the golf course), cap-
turing the highest part can be difficult and requires precise work. It also requires high
precision elevation data, and field surveys may have to complement LIDAR data. As
a result, modifications may have to be done to the DEM in a GIS-software. Being
familiar with GIS software and the many uncertainties included in GIS-operations is
thus of great importance when constructing a pure 2D model.

Floodplain cell size is likely much less important than breakline placement if reasonable
computation times are to be kept.

8.5.2 Mesh sensitivity

From the geometric sensitivity analysis it was shown that representing both banks and
rivers with breaklines allow the best river representation for this area. This method
produced 4 cells between the banks, compared to 2-3 cells when using bank breaklines
and 1 cells when using river breaklines.

Based on this observation, a minimum of four cells between river banks is suitable,
enabling both capturing of breaklines and aligning cell faces perpendicular to the main
direction of the flow. However, the use of smaller river cell sizes should be investigated
to find out if further reductions in cell size are needed. Meanwhile, large uncertainties
lie within the representation of the banks. When inspecting the bank breaklines (not
presented), they do not seem to be correctly placed on the top of the barriers in the
DEM at all locations. Thus, the large difference in results generated by different river
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representations might be due to the fact that more cells within the river will increase
the chance of the cell faces correctly capturing the actual top of the banks. Still, this
highlight the fact that using smaller cells increases the chance of capturing important
topographical elements that might be missed when placing breaklines. It also high-
light the importance of careful breakline placement. In future studies, investigations
targeting the importance of river representation should be conducted in reaches where
barriers are clearly defined so that there are no uncertainties to whether or not the
highest elevation of the barriers have been captured by the breaklines.

Considering the velocity zigzag pattern generated in figure 8.8, it can be expected
that the orientation of cells may play an important role for the result, although the
magnitude of this effect should must also be investigated in an area where the effect of
barriers can be eliminated.

While the use of bank and river breaklines is important in flat areas where flooding is
controlled by clearly defined banks/levees, it will not be as important in areas where
the river is surrounded by increasingly elevated terrain. In those situations, using only
river breaklines with cell sizes similar to those in the floodplain might be sufficient.

Suitable floodplain cell sizes are likely to vary highly depending on the type of flood-
plain. For rural floodplains, the results from this analysis suggest that floodplain cell
size has much less effect on the inundation extent compared to river representation.
Instead, the most important design consideration regarding rural floodplains are to
represent natural barriers with levees. Results from this study suggest that the use of
breaklines could produce the same effect as reducing computation cell size, but without
significantly increasing computation time.

It is likely that much larger cell sizes could be used in the floodplain as long as the ditch
is represented with a breakline, although this study did not look into optimization of
floodplain cell size.

While the use of breaklines seems promising in areas with clearly defined barriers, areas
with complex terrain, such as urban areas, will have so many barriers that represen-
tation of them all will be impossible (each house can be considered a barrier). With
this in mind, important design considerations remain regarding the trade off between
the use of small computational cells versus the use of large computational cells and
breaklines.

8.5.3 Pluvial modelling

Using HEC-RAS 2D for modelling of pluvial events could be promising when wanting
to get an overview of risk-prone areas. Compared to other 2D programs, the sub-grid
representation might allow larger computational grids to be used for pluvial overview
modelling and might thus be used to scan larger areas in a shorter time. While com-
putational cell sizes below 5m has been suggested for other models, results from this
study suggest that 8m resolution can give very similar results as of 4m models. How-
ever, before HEC-RAS is used for modelling of pluvial events, several things should be
investigated.
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First of all, future studies investigating propagation of waves should use the full momen-
tum equations. Acceleration terms are likely to increase in importance when maximum
velocities are higher. Thus, since the results indicate that smaller computational mesh
sizes generate larger velocities, the full momentum equations might generate larger
differences between different computation cell size compared to what was seen when
the diffusive wave simplification was used.

The effect that raising the terrain has should be further investigated. Currently, HEC-
RAS cannot handle the flows from rooftops to the ground when using the full momen-
tum equations. One possible solution could be to be to add rain only on the groud,
althoguh spatially varied precipitation cannot currently be added in HEC-RAS. As of
now, the diffusive wave simplification works better, but will neglect the momentum
transfer of the water that falls from roofs. The importance of this effect might thus
have to be further investigated.

Meanwhile, the results from this study suggest that the diffusive wave simplification
will underestimate depths and overestimate flood propagation. Thus, a larger Man-
ning’s n will be needed compensate for the energy losses generated by the acceleration
terms. Depending on the application, this might be a viable option, although differ-
ences between results must be compared more carefully.

Overall, a better building representation should be investigated. Rising the DEM by
5 meters to represent building will produce flat rooftops with corresponding ground
depressions, causing water to get stuck of roofs. The effect is likely larger when using
smaller computational mesh sizes, since more cells will have all sides on top of the roof.
Thus, while smaller cell sizes will improve topographic representation, less water will
be available to propagate.

Considering that elevated barriers are the main issue for sub-grid representation, it is
suggested that the computational grid is smaller than common house sizes in order to
avoid leakage. However, street representation should not be an issue, since these are
normally low compared to the rest of the landscape. This fact may allow for larger cell
sizes than in other applications.

Further studies are needed to make a more thorough investigation of computational
cell sizes in urban areas. HEC-RAS sub-grid representation is likely to excel when
very detailed topographical data is available. For many urban areas, topographical
resolution of 0.5m can be generated. An interesting study would be to compare a 4m
computational grid (using sub-grid resolution of 0.5m) with a software without sub-grid
representation, having to interpolate the 0.5 m grid to 4m. Likewise, using the same
0.5 topographical resolution, a comparison between an 8m computational mesh using
sub-grid information could be compared with a non sub-grid model with 4m resolution.

The importance of the full momentum equations likely depends on the slope of the area,
since this will control velocities. In flat areas where velocities are lower, the acceleration
terms are likely less important. A quick estimation of the slope between the start and
ending areas gives a mean slope of 0.27°, although the actual average slope based on
mean flow path lengths is likely much lower, since the streets will prevent the water
from taking the shortest path. As highlighted in the introduction of this chapter, the
characteristics of the flood wave differ significantly from that of an evenly distributed
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rain event. Thus, further studies are needed to be able to draw conclusions regarding
rain events.
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9 Coupled 1D-2D model results

This chapter will describe the set-up and running of the coupled 1D-2D model. First,
the process of setting up the model geometry is described. Thereafter, the results from
the sensitivity analysis are presented. The focus of the sensitivity analysis is to inves-
tigate the impact of the parameters describing the model coupling. Thereafter, results
from model calibration are presented, followed by a discussion on 1D-2D modelling in
HEC-RAS.

9.1 Model set-up

The initial processing of the geometry data is performed in ArcMap using the GeoRAS
extension.

If a 1D geometry has been developed in GeoRAS it is fairly simple to set-up the 1D-2D
geometry using the 1D model as a base. It was decided to model the flooded areas
around the golf course and areas east and west of Önnerupsbäcken in 2D, and the rest
of the domain was model purely in 1D. The 2D areas are connected to the 1D model
using lateral structures, which should ideally follow the high ground separating the
river from the the floodplain (Brunner, 2014). The stretch of the lateral structures was
determined using the DEM. Using GeoRAS, the structures were digitized and assigned
elevation data from the DEM. Thereafter, the 2D flow areas were digitized as polygons,
with the edge of the polygon following the lateral structure. The last step was to cut
the original cross section cut lines layer and create a new layer with cross section that
did not cover the extent of the 2D flow area. A flowchart describing the set up of the
geometry is showed in figure 9.1.

Figure 9.1: Workflow for developing 1D-2D geometry with lateral structures using
GeoRAS and existing 1D geometry

Figure 9.2 shows the layout of the 1D-2D geometry. Once the geometry has been
imported into HEC-RAS, modifications of the 2D model can be performed in the same
way as described in chapter 8. Breaklines were added on important features in the 2D
flow area to align the cell faces along these. The lateral structure was modified so that
the elevation of the lateral structure did not exceed the elevation of the connected 2D
cells, which is not allowed in HEC-RAS.
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Figure 9.2: Overview of the coupled 1D-2D model, showing location of 1D cross
sections, 2D flow areas and lateral structures. The entire model is not shown in the
figure, the 1D domain reaches further upstream.

9.1.0.1 Hydraulic structures and bridges

Hydraulic structures can be added to the combined 1D-2D model in the same way that
they are added to the pure 1D and 2D models. Due to the instability issues with the
coupled 1D-2D model of Höje river, no attempts to model bridges or other structures
were made.

9.1.1 Boundary conditions

The boundary conditions are added to the 1D cross sections in the same way as to the
1D model. No boundary conditions are added to the 2D areas of the model. See figure
A.1 in appendix for a graphical illustration of the distribution of boundary conditions.

9.2 Model stability

The Höje river model was sensitive to all kinds of changes in flow dynamics. Changes in
2D geometry, boundary condition hydrographs, Manning’s n-value, and lateral struc-
ture elevation all had impact on model stability. Based on stage-hydrographs and
profile plots it was concluded that the model easily goes unstable when when the water
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level in the river reach is approximately the same as the elevation of the lateral struc-
ture. Therefore the model goes unstable when modelling slowly rising hydrographs, or
when modelling scenarios where the difference in water level between the 1D and 2D
domains of the model are very small.

The geometry of the lateral structures had big impact on the stability of the Höje
river model. The barrier separating the river from the overbanks was small, making
it was difficult to determine the the stretch of the lateral structures. Due to smaller
tributaries entering Önnerupsbäcken the elevation profiles of the structures become
very irregular. The very low elevation of the structure at the location where the
tributary enters causes a lot of water to flow out of the 1D reach at this point. The
irregular shape of the lateral structures likely contribute to the issue of 1D water levels
becoming very close to the level of the structure. When the elevation profiles of the
lateral structure are smoothed through filtering the elevation data, the model stability
increased significantly. However, this process means that the representation of the
terrain is modified, and the accuracy of the model result can be questioned.

Model stability will be discussed further in the sensitivity analysis, where stability
issues related to model time step and other calculation parameters will be addressed.

9.3 Sensitivity analysis

A sensitivity analysis of the parameters describing the coupling between the 1D and
the 2D model was carried out. HEC-RAS has two options for calculating flow over the
lateral structure connecting the 1D and 2D domains of the model, the weir equation and
the 2D equations, sensitivity analyses were performed using both calculation methods
to identify differences between the two. The default form of the 2D equations is the
diffusive wave approximation. The effect of using the 2D full momentum equations was
also investigated. The tested scenarios are presented in table 9.1. Findings from the
sensitivity analyses of the 1D and 2D model are applied to the coupled 1D-2D model.
Therefore, no sensitivity analysis regarding cross sectional spacing, general mesh cell
size or friction parameters are performed.

Due to issues with model stability the sensitivity analysis was carried out for a sim-
ulation period for which the majority of the simulations were stable. The aim with
the sensitivity analysis was to investigate how the model parameters affected not only
model stability but also model results. Performing the sensitivity analysis for the
shorter time period for which the majority of the simulations were stable will hopefully
provide more general information of the impact of different parameters.
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Table 9.1: Scenarios tested in the 1D-2D sensitivity analysis

Calculation method Changed parameter Scenario ID Parameter Value

Weir equation

Time Step

W-TS1 1s
W-TS2 3s
W-TS3 5 s
W-TS4 10 s

Weir coefficient
W-W1 0.1
W-W2 0.3
W-W3 1.1

2D equations
W-FM Full Momentum
W-DW Diffusive wave

Normal 2D
Time step

N-TS1 1 s
N-TS2 3s
N-TS3 5s
N-TS4 10 s

2D equations
N-FM Full Momentum
N-DW Diffusive wave

9.3.1 Time step sensitivity analysis

During the hydraulic computations flow over a lateral structure is calculated as constant
over a time step. The choice of time step could therefore have impact on the exchange
of water between the 1D and 2D domain. Furthermore, if the lateral structures are
long, the changes in flow from one time step to the next could become very large. Using
too long time steps can therefore cause the model to go unstable (Brunner, 2016a). A
time step sensitivity analysis was carried out to investigate how the time step affects
the model results when the weir and normal 2D equations are used. All scenarios
N-TS1-4 were performed using the diffusive wave form of the 2D equations.

The 1D-2D solver has the option to iterate between the 1D and 2D domains of the
model. Using iteration could potentially increase model stability and accuracy, but
will much increase computation time. The HEC-RAS user manual recommends to only
use 1D-2D iterations for unstable models (Brunner, 2016a). To evaluate the impact of
using iterations simulation were performed with and without 1D-2D iterations.
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9.3.1.1 Results

Table 9.2: Results from time step sensitivity analysis. No value (-) indicates that the
simulation was unstable and crashed before the end of the simulation.

Scenario Mass Balance
Error (3 itera-
tions)

Mass Balance
Error (no itera-
tions)

Computation
time (3 itera-
tions)

Computation
time (no itera-
tions)

W-TS1 1.4 % 1.97 % 49 min 49 min
W-TS2 2.4 % 1.26 % 44 min 26 min
W-TS3 2.1 % 2.7 % 32 min 18 min
W-TS4 2.5 % 2.1 % 25 min 12 min
N-TS1 11.1 % 11.17 % 31 min 21 min
N-TS2 4.9 % 12.4 % 22 min 9 min
N-TS3 15.9 % - 15 min -
N-TS4 - - - -

In general, the computation time decreases with increased time steps. If iterations are
on the computation time increases significantly for the majority of the simulations.

When the weir equation is used the mass balance errors increase slightly when the time
step is increased. Turing of iterations increased the mass balance error for scenario W-
TS1 (1s) and W-TS3 (5s), and decreased the error for the two other simulations. The
relative differences are however very small.

In general, the model is not very sensitive to the choice of time step when the weir
equation is used. No or very small differences in inundation extent between scenarios
WTS1-4 could be detected visually, also when comparing simulations with and without
iterations. Comparing flow and stage hydrographs in river cross sections, the differences
were very small. There were, however, large differences in flow and stage hydrographs
over the lateral structures in Önnerupsbäcken. Figure 9.3 (left) shows the flow over
the lateral structure connecting Önnerupsbäcken to the golf course (left 2D area in
figure 9.2) calculated with and without iterations, and figure 9.3 (right) shows the
flow calculated using different time steps. Turning on iterations seems to provide a
more smooth flow between the 1D and 2D domain. When longer time steps are used
the flow over the lateral structure is slightly oscillating, indicating that the solution
is not stable. Using a small time step and allowing 1D-2D iterations seems to be the
preferable choice, despite the long computation times.
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Figure 9.3: Left: Flow over lateral structure connecting Önnerupsbäcken and 2D area
1 , calculated using the weir equation with and without 1D-2D iterations, time step
1s. Right: Flow over lateral structure connecting Önnerupsbäcken and 2D area 1,
calculated using the weir equation with iterations and time steps 1-10s.

When the 2D equations are used a time step smaller than 10s was required for the model
not to crash. Without iterations, the time step had to be smaller than 5s. The mass
balance errors are significantly larger compared to when the weir equation is used.
No clear relationship between time step and mass balance error could be detected.
However, turning off iterations increased mass balance error for all simulations.

When flow is calculated using the 2D equations the model results are much affected by
the choice of time step. Inundation extent increased with increased time step. Flow and
stage hydrographs in the river as well as flow over the lateral structure was affected by
the choice of model time step and whether or not the program was allowed to iterate.
The highest 1D model peak flows were obtained for scenarios N-TS2 (3s) and the lowest
for N-TS3 (5s). There was hence no obvious relationship between peak flow and time
step.

Figure 9.4 shows flow over the lateral structure connecting Önnerupsbäcken to the golf
course calculated using the 2D equations with different time steps, and with/without
1D-2D iterations. All simulations display some flow oscillations, the issue seems to
increase with increasing time step. It can be noted that scenario N-TS2, which has
the smallest mass balance error still appears less stable compared to scenario N-TS1.
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Figure 9.4 (left) shows that the flow oscillations increase when iterations are turned
on. However, data is only stored every 10 min, so all peaks might not be captured in
the output hydrograph.

Figure 9.4: Left: Flow over lateral structure calculated using 2D equations with and
without 1D-2D iterations, time step 1s. Right: Flow over lateral structure calculated
using 2D equations with iterations and time steps 1-10s.

The conclusion from the time step sensitivity analysis is that both the weir equation
and the 2D equations are sensitive to time step, and that small time steps and iterations
should be used for both methods. The 2D equations are more sensitive to time step
choice compared to the weir equation.

9.3.2 Weir coefficient sensitivity analysis

When the weir equation is being used to calculate flow over the structure, the user is
required to specify a weir coefficient (C in equation 4.3). The HEC-RAS user manual
recommends a weir coefficient between 0.11-0.28 when modelling overland flow escaping
the main channel over non-elevated terrain, and between 0.28-0.5 when modelling flow
over elevated natural ground (US-ACE, 2015). All simulations were performed using
a time step of 1s, since this time step provided the most stable solution. In scenario
W-W1 the default weir coefficient is used, this is hence the same scenario as W-TS1.
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9.3.2.1 Results

The model is very sensitive to the choice of weir coefficient. A lower weir coefficient
results in higher peak flow in the 1D cross sections, and lower flow over the lateral
structures. The maximum inundation extent decreased with a decreased weir coeffi-
cient. Studying the dynamics of the inundation it could be seen that inundation extent
and water levels on the golf course increased faster when a higher weir coefficient was
used. Figure 9.5 shows the flow over the lateral structure connecting Önnerupsbäcken
to the golf course.

Figure 9.5: Flow over the lateral strucuture connecting Önnerupsbäcken with the golf
course calculated using different weir coefficients. (0.1 (W-W1), 0.3 (W-W2) and 1.1
W-W3))

9.3.3 2D calculation method sensitivity analysis

As discussed in the chapter on 2D model results, flow in the 2D domain of the model
can be calculated using the full momentum equations or using the diffusive wave ap-
proximation. When flow over the structure is calculated using 2D equations, the choice
of 2D equations will determine how the flow between the 1D and 2D domain is cal-
culated. When the weir equation is used, the choice of 2D equations will impact the
propagation of flow in the 2D domain, which could affect the hydraulic gradient be-
tween the 1D and 2D domain. The sensitivity analysis was carried out to determine
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how the choice of 2D equations impact model results. The simulations are carried out
using time step 1s, allowing 3 1D-2D iterations. Scenario W-DW and N-DW are hence
identical to scenarios W-TS1 and N-TS1.

9.3.3.1 Results

Scenario Computation
time

Mass Balance er-
ror 2D area left

Mass balance er-
ror 2D area right

Mass balance
error total

W-DW 32 min 0.015 % 0.005 % 2.2%
W-FM 40 min 0.014 % 0.006 % 2.2 %
N-DW 28 min 11.2 % 0.9 % 11.1%
N-FM 39 min 2 % 0.25 % 2.9 %

Table 9.3: Mass balance errors for scenarios tested in the 2D calculation method
sensitivity analysis

The difference between scenario W-FM and W-DW was negligible. Comparing flow
over the lateral structure, it could be seen that the hydrographs were almost identical,
the boundary conditions provided to the 2D model were hence the same for scenario W-
DW and W-FM. When comparing the propagation of flow in the 2D domain very little
change was detected. The propagation of flow on the golf course is hence insensitive
to the choice of 2D equations. It was concluded that when the weir equation is used
to calculate lateral structure flow, the 1D-2D Höje river model is not sensitive to the
choice of 2D equations.

Comparing scenario N-DW and N-FM the difference in output was significant. The
mass balance error was much reduced when the full momentum equation was used (-
11.1% using diffusive wave versus -2.8% using the full momentum equation). The flow
over the lateral structures in Önnerupsbäcken was much affected. When the diffusive
wave approximation was used the flow over the structure increased, especially towards
the end of the simulation period. Looking at the lateral structure in the upper reach of
Höje river, little change was detected. Comparing flow hydrographs in the river cross
sections it was noted that more water was contained within the 1D domain when the
full momentum equation was used.

When looking at inundation extent and water depths in the 2D area, scenario N-FM
lead to larger inundation extent compared to N-DW. This contradicts the previous
results, which showed that less water enters the 2D domain in scenario N-FM. The
answer is found in the continuity balance for the two simulations. The mass balance
error for one of the 2D areas in N-DW is high, a lot of water is hence lost during
the numerical solution of N-DW, and the results from this simulation are not credible.
The mass balance error for N-FM is small, maximum 2% for the 2D flow areas. Likely,
increasing the number of 1D-2D iterations will decrease the error in N-DW.
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9.4 Calibration

The coupled 1D-2D model was calibrated against the aerial photograph of inundation
extent and against stage measurements from Trolleberg.

The 2D full momentum equations were used to calculate flow over the lateral structures
to reduce the number of calibration parameters. The calibration was performed through
adjusting Manning’s n in the cross sections and on the 2D flow areas. Post-calibration
values of Manning’s n was 0.03 in the main channel cross sections downstream the
railway bridge, 0.05 in the main channel of upper Höje river, 0.07 in the cross section
floodplain in the upstream reach of Höje river, and 0.05 on the 2D flow areas. Calcu-
lating lateral structure flow with the weir equation, using the same values of Manning’s
n, a good agreement could be obtained with a weir coefficient of 0.15.

During calibration, model stability proved to be affected by changes in Manning’s n,
and the model was not stable to all tested values of Manning’s n. Despite these issues,
a good agreement between the aerial photograph and the modeled inundation extent
could be obtained, see figure 9.6 for comparison.
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Figure 9.6: Upper: Önnerupsbäcken golf course 8th of July 2007v(Photo: Swedish
Coast Guard). Lower: Result from 1D-2D model, inundation extent 8th of July 2007.

Measured and modeled stage in Trollberg can be seen in figure 9.7. The agreement
between measured and modeled flow is good, and the peak stage is captured by the
model.
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Figure 9.7: Measured flow in Trolleberg and output from 1D-2D model.

9.5 Discussion

9.5.1 Calculation method for 1D-2D exchange flow

The 2D diffusive wave equation was more sensitive to the choice of time step compared
to the weir equation. Using the 2D diffusive wave equation also gave rise to significantly
larger mass balance errors. However, when the 2D full momentum equations are used to
calculate flow over the structure the mass balance errors decrease significantly, although
they remain larger compared to when the weir equation is used. Due to the very large
mass balance errors it can be concluded that using the 2D diffusive wave equation is
not appropriate for the Höje river model.

In Önnerupsbäcken the river is separated from the golf course with a small barrier, when
water overtops the lateral structure it will hence flow down a slope. It could be that
this slope is too steep to be accurately modeled using diffusive wave simplification, and
that the acceleration terms of the full momentum equation are important in this case.
This can be compared to the lateral structure in the upper reach of Höje river, where
there is no barrier separating the river from the overbank. The flow over this structure
is only affected to a very small extent by the choice of diffusive wave or full momentum
equations. These results give rise to the hypothesis that when river flow is separated
from overbank flow with an elevated barrier, a weir equation or the full momentum
2D equations should be used to calculate flow between the models. When river flow
and overland flow is not separated by a barrier, the diffusive wave simplification of the
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2D equations seems sufficient to model the exchange flow. However, when there is no
clear barrier separating the river from the overbank, it might be difficult to determine
a suitable location for the lateral structures. Since the computation time is reduced
when the diffusive wave equation is used, this equation is preferable when no change
in output between the calculation methods can be detected.

Furthermore, flow calculated using the weir equation is very sensitive to the choice
of weir coefficient. Without access to calibration and validation data is can be very
difficult to determine an appropriate value of the weir coefficient. This is a disadvantage
with using the weir equation, in cases were calibration data is limited, the 2D equations
could be a more appropriate choice.

It is difficult to draw general conclusions regarding the appropriate choice of calculation
method based on one case study. The results from the sensitivity analysis of the Höje
river model showed that the full momentum form of the 2D equations, and the weir
equation with appropriate choice of weir coefficient, could model the exchange flow
without large mass balance errors. Furthermore, the results indicate that when the
terrain is flat and the river is not separated from the 2D area by a levee, the diffusive
wave form of the 2D equations are sufficient. Since the weir equations require a weir
coefficient to be specified, which have large impact on results, there is a risk of over-
parametrization when the weir equation is used. The full momentum 2D equations is
therefore the most appropriate choice for the 1D-2D Höje river model.

9.5.2 Set-up and pre-processing

The coupled 1D-2D model with lateral structures is more complex to set up compared
to the pure 1D and 2D models, since set-up of both 1D and 2D geometries and cou-
pling between the two models is required. Based on the sensitivity analysis it can be
concluded that the coupling parameters will have large impact on model results, and
setting up a stable connection that provides accurate model results can be difficult.
The 1D-2D model requires more user-specified parameters compared to the pure 1D
and 2D models, which leads to more sources of uncertainty.

9.5.3 Advantages and limitations

An advantage with the coupled 1D-2D approach is that the terrain model does not have
to be modified to include channel bathymetry. Channel flow is modeled purely in 1D,
and the channel is only represented in the cross sections. The coupled 1D-2D approach
takes away the issues with representing the channel bathymetry in the 2D mesh, and
there is no need to use a finer mesh cell size in the river to accurately model river flow.
In areas where flow is mainly 1D, such as the upstream part of Höje river, a pure 1D
approach can be applied. This reduces the complexity of the 2D mesh, and the total
number of 2D cells, which could reduce the computation time. However, for the Höje
river model a very small time step was required for stability, leading to computation
times close to those of the pure 2D model.
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The boundary conditions to the model can be entered in the same way as in the
1D model. This opens up for the possibility to set-up 1D-2D models on catchment
level. However, the lateral structures connecting the 1D-2D domains cannot be too
long, both for stability reasons and because they can only contain a maximum of 500
station-elevation points, which limits how much geometric detail the lateral structures
can contain. If the modeller has some idea of what areas of the catchment that are
likely to be flooded, these areas can be modeled as smaller 2D areas connected to the
1D river. The rest of the model domain, where flow is expected to be mainly contained
within the main channel, or where detailed information of inundation dynamics is not
of interest, can be modeled purely in 1D.

The main disadvantages with the 1D-2D modeling approach is the instability issues.
Finding settings that could provide a stable solution to a simulation of the entire
floodwave was very difficult. Changing the boundary conditions will potentially cause
new instability issues. The 1D-2D model developed in this project is hence not very
versatile.

The stability issues were related to choice of time step and calculation method as well
as to the geometry of the lateral connection. The geometry of the lateral structures,
and thereby to some extent the stability of the model, are determined based on the
terrain data. It was not possible to obtain a stable solution without modifying the
geometry of the structure, leading to a poorer representation of the model terrain. The
1D-2D approach appears to be more suitable for modelling areas where the 1D and 2D
domains are separated by a clear and smooth levee, and where no tributary streams
enters the 1D main channel from the 2D domain. If modeling an area with tributaries,
the tributaries should probably either be added as 1D channels, or both tributaries
and main channel should be modeled in 2D.

If another river reach was to be modeled using the 1D-2D approach it is very possible
that the above-mentioned stability issues would not arise. It can be concluded that the
coupled 1D-2D approach is not appropriate for the Höje river model.

Another drawback of the 1D-2D approach is the fact that parameters describing the
coupling have such large impact on model results. This increases the uncertainty, and
the number of calibration parameters, which might lead to over-parameterization.

When flow leaves the 1D domain it will be added as a boundary condition to the
2D domain. Although not mentioned explicitly in the HEC-RAS documentation, it
appears as momentum is not transferred between the 1D and 2D domain. The 1D
domain of the model cannot model any momentum in the lateral direction, if the river
is highly meandering, the lack of lateral momentum in the channel and the lack of
momentum transfer between the 1D and 2D domain might lead to inaccurate results.
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10 Model comparison

In this study, important differences between 1D, 2D and 1D-2D modelling have been
explored and will be highlighted in the following chapters. In addition, the applicability
of the different models are discussed based on areal characteristics and desired level of
complexity.

10.1 Model set-up and results

In the following chapters, the models are compared with respect to input data and
pre-processing, geometry set-up, boundary conditions, computations and result (cali-
bration).

10.1.1 Input data and pre-processing

Input data is essential for both 1D, 2D and 1D-2D models. If a pure 1D model is to be
constructed, topography data only has to be available at the cross sections, whereas 2D
and 1D-2D models require elevation data covering the entire domain, such as a DEM.
In Sweden, DEM with resolutions of 2m are available for many areas.

Bathymetry measurements are often provided along transects of the river, a format
suitable for 1D (or 1D-2D) applications since data can be extracted and directly used
as cross sections. If a pure 2D model is set-up, some pre-processing of the elevation
model is typically required to incorporate the bathymetry measurements. This is the
case when using elevation data from the Swedish Land Survey (Lantmäteriet). HEC-
RAS has a built in tool for interpolating river bathymetry from cross section. In the
current available versions of HEC-RAS (up to 5.0.3) a bug is causing the interpolation
routine to work poorly around meanders. The interpolation results also seem to be
sensitive to where the user has specified the bank stations of the cross sections. Overall,
there is a lack of description of the method used for the interpolation in HEC-RAS.
Due to the highlighted importance of correct representation of river bathymetry (e.g.
(Cook and Merwade, 2009)), important uncertainties may lie within the method of
interpolation.

10.1.2 Geometry set-up

The models differ substantially when it comes to geometric set-up. 1D models consists
of cross sections which represent the topography of the river and floodplain at cross
sections only. 2D and coupled 1D-2D models, on the other hand, use a computational
mesh to capture additional terrain detail on the floodplain. Both the 2D and 1D-2D
model make use of the cross sections constructed in the 1D model, but need additional
work.

In the 2D and 1D-2D model, a mesh has to be digitized. Computational cells have
to be aligned along important barriers to prevent leakage. Finding a suitable mesh
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structure might take large amounts of time since the result might be very sensitive to
careful placement of breaklines and choice of suitable cell sizes. More time is needed
to find a suitable river representation in the pure 2D model than in the coupled 1D-2D
coupled. However, the structure separating the 1D-2D model might take considerable
amount of time to set-up when long and complex river barriers are present.

Representation of river structures is developed for 1D modelling and thus induce un-
certainties when applied to pure 2D-models. For instance, Bridges must be presented
using culverts, gates or by carefully modifying the terrain. The last option however,
cannot incorporate situations where the water level impacts the bridge deck. Using
gates or culverts on the other hand, it may be hard to match the elevation-area curve
representing the opening (US-ACE, 2016). In addition, different benchmark loss values
are likely needed in order to prevent overestimation of energy losses (Babister et al.,
2012).

10.1.3 Boundary conditions

The adding of boundary conditions differ between the 1D and 2D models. In 1D,
upstream boundary conditions in form of stage or flow hydrographs can be added at
the uppermost cross section of a the modeled river reach. Internal boundary conditions
can be added as lateral inflow hydrographs, either to a single cross section, or uniformly
distributed over several cross sections.

In 2D, boundary conditions can only be added at the outer edge of the computation
mesh. This is problematic when modeling rivers with lateral inflows from tributaries
or downstream sub-catchments.

In 2D, rainfall can be added as a boundary condition, enabling simple rainfall-runoff
simulations. However, it is not possible to add spatially distributed rainfall. In addi-
tion, infiltration/evaporation cannot be currently modeled in HEC-RAS.

10.1.4 Computations

Computation times
The computation times vary dramatically between the 1D, 2D and 1D-2D models. In
this study, the 1D solver can simulate the whole model area over a month-long period
in less than 1 minute, whereas the 2D and 1D-2D solvers take several hours to simulate
a period of a couple of days. The computation times of the 2D and 1D-2D models are
similar. The 1D-2D model has a less complicated mesh, with fewer cells and larger
minimum cell size. However, a very small time step is required for the 1D-2D model
to remain stable. In this study, the 2D model can be run with time step around 5s,
whereas the 1D-2D model requires a time step of 1s. Choice of time step is however,
case specific.

Stability
Stability was problematic for all models. By far, the 1D-2D model had the largest
stability issues. During the set-up and sensitivity analysis of the 1D-2D model it was
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concluded that the model was sensitive to all kinds of changes in flow dynamics. The
fact that the model was so sensitive makes is less versatile than the other models. If the
boundary conditions are changed, for instance if different scenarios are to be modeled,
a lot of time would potentially have to be spent stabilizing the model.

The stability issues with the 1D Höje river model were related to cross sectional spac-
ing. For some scenarios, low flows also caused stability issues. Due to the extensive
documentation on 1D model stability, and the many options available in HEC-RAS to
aid debugging, the stability issues were relatively easy to overcome.

The 2D model had overall less issues with stability than the 1D and 1D-2D models,
although the diff. wave simplification was mostly used for the pure 2D modelling. When
using the full momentum equation, the model was much more sensitive that when using
the diff. wave simplification. Results from the sensitivity analysis indicate that the
sensitivities are mainly caused inside the river. The diffusive wave simplification was
not free from issues, becoming unstable when incorporating the railway bridge.

10.1.5 Calibration

All models were able to produce a satisfactory calibration result. Similar Manning’s n
values were used for all the three models. Thus, no significant increase in Manning’s n
had to be used for the 1D compared to the 2D representations, as has been observed
in many previous studies (Tayefi et al., 2007). Meanwhile, due to the lack of available
calibration data, studying this effect has not been a focus of the report.

Full momentum 2D equations were used in the floodplain of the 1D-2D model. In the
pure 2D mode, however, the diffusive wave equation was used due to the issues with
large energy losses inside the river channel, highlighted in section 8.2.2.

Mass balance errors of 1.3%, 3.2% and 0.001% were generated by the 1D, 1D-2D and 2D
models respectively. Non of the models reached maximum number of iterations during
the simulations, meaning that the numerical solutions were converging for all these
simulations. The 1D solver has a larger water surface calculation tolerance compared
with the 2D solver (0.006 m vs 0.003 m) which could partly explain the difference in
mass balance error. Furthermore, the 2D solver has a specified computation volume
tolerance, which is not the case for the 1D model.

The differences in dynamics is illustrated in 10.1, showing the water surface elevation
over time at a point on the golf course (location shown in figure C.1 in the Appendix).
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Figure 10.1: Computed water surface elevations at a point on the golf course,
generated by the 1D,2D and 1D-2D calibrated models respectively.

As expected, the water levels start to rise earlier in the 1D simulation due to the
incorrect representation of flow in the floodplain. The recession of the peak is interest-
ingly similar for the 1D and 1D-2D models. It was expected that the 1D model would
produce the steepest recession, since water cannot be ”trapped” behind barriers when
water is withdrawing. The reason for the similarity between the 1D and 1D-2D model
remains unclear.

10.1.6 Summary

In the following table is a summary of this chapter, highlighting the most important
differences between model set-up that were faces in this study.
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Table 10.1: Summary of differences between models

Data requirements and
pre-processing needs 1D 1D-2D 2D

XS-data YES YES YES*
Digital elevation model NO YES YES
River bathymetry interpo-
lation

NO NO YES

Geometry set-up
Terrain representated by XS XS+Mesh Mesh

Set-up time
Representation of com-
plex river structures

Suitable Suitable Questionable

Representation of lateral
inflow

Good Good Bad

Computations
Computation times Short Long Long

Stability problems

Instability source XS placement Lateral structures

Full momentum
in river,

bridges (Culvert)
*Unless available topographical data is sufficient to represent the river bathymetry.

10.2 Model applications

Depending the desired level of detail and the complexity of the area that is to be
modeled, different models will be more or less suitable. This section will consider the
findings from the case study and the literature review, and based on this present some
guidelines regarding what models that could be suitable for different applications.

In table 10.2, suitable models are picked out depending on application critera. More
detail regarding model choice will be discussed in the following sections.
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Table 10.2: Summary of what models that can be used for different applications

Required level of detail
Maximum inundated areas 1D, 2D or 1D-2D

Dynamics and velocities
important (e.g. Hazard assessment) 2D or 1D-2D

Structures
Few, simple (weirs) 1D,1D-2D or 2D

Many, complex (dams, gates, bridges,culverts) 1D or 1D-2D
Floodplain characteristics

Floodplain behind levee 2D or 1D-2D
V-shaped terrain 1D or 2D

Simple/rural 1D, 2D or 1D-2D
Urban 2D or 1D-2D

10.2.1 Required level of detail of model output

This case study has highlighted many differences between 1D, 2D and 1D-2D models
both in terms of model output and in terms of time and effort that is required to set
up and run the models. Depending what the project aim is, different models will be
more or less suitable.

If the aim of the project is to find the maximum inundation extent, a 1D model could be
sufficient, as in the Höje river case. However, the applicability of the 1D approach will
depend on the characteristics of the area that is modeled. In more complex areas, where
the inundation extent will be determined by how flow propagates around barriers on
the floodplain, a 1D model will likely not be able to accurately determine the maximum
inundation extent. 2D or 1D-2D models can be used to estimate maximum inundation
extent. These models will, as discussed earlier, require longer set-up and computation
times compared to the 1D approach, but might be necessary in more complex areas.

If flooding dynamics and detailed information regarding velocities on the floodplain is
of interest, a 2D or 1D-2D model is required. This is due to the inherent limitations
of 1D modeling that has been discussed previously.

10.2.2 Hydraulic structures

When modelling a river with many bridges and hydraulic structures, it is important
to represent the structures in the hydraulic model to be able to accurately simulate
the effect of different scenarios. Modeling of bridges and structures is not studied
in detail in this project, however, the basic bridge modeling conducted in this case
study highlighted that the 1D and 2D approaches differ very much in the way that
hydraulic structures are represented. In 1D, the modelling of hydraulic structures is
well studied, there exists a variety of calculation methods that can be used, and the
models can provide detailed output data on flow around structures. This makes 1D
models more suitable for modelling rivers where there are many and complex structures
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interacting with the river flow. If details regarding flow around bridges and structures
is important, a 1D approach is preferable due to the many limitations in modelling
hydraulic structures in 2D. In 2D, it is possible to model simpler structures, such as
weirs or culverts. If the modeled river only includes a few, rather simple, structures,
a 2D model can be used. Energy losses caused by hydraulic structures could also be
represented though local adjustment of the friction parameters, although this is not
considered as an ideal solution (Babister et al., 2012).

10.2.3 Floodplain characteristics

The shape of the floodplain will have large impact regarding which model that should
be used, and how this model should be constructed. This section will consider different
types of floodplain and discuss how the model should be set up to model this type of
floodplain as accurately as possible.

10.2.3.1 Floodplain behind levee or barrier

Modelling flow in a river where the main channel is confined by a levee is problematic
using the 1D approach, as has been highlighted in the 1D chapter. In contrast to 1D
models, both 1D-2D and 2D models can be used to model channel-floodplain interaction
when floodplain and river are by a levee or some other barrier.

Using a pure 2D model, the results will likely be very sensitive to the capturing of the
barriers using breaklines, as was discussed in chapter 8 concerning 2D modelling. In
the 1D-2D case the banks are explicitly represented in the lateral structures, and there
is no risk for leakage due to misalignment of the 2D cells, as is the case in pure 2D
models. However, the case study showed that the parameters describing the lateral
structures will have large impact on both model stability and results.

10.2.3.2 V-shaped terrain or valley

If the terrain is v-shaped, meaning that the terrain surrounding the river is sloping
downwards in the direction of the river, and no barrier separates the floodplain from
the river, a less complex model is likely required.

One of the drawbacks that has been highlighted with 1D modelling is the simplification
that a single water surface is calculated for each cross section. If the floodplain is v-
shaped, this simplification will be closer to reality compared to when the floodplain is
confined by a levee. A 1D modelling approach is hence more suitable for modelling
v-shaped floodplains.

A pure 2D model can also be used. If there are no barriers separating the river from
the floodplain, there is no need to use breaklines or smaller cell sizes to capture the
bank elevations. In those cases, large computational mesh sizes can probably be used
thanks to the sub-grid approach, and result in realistic computation times, even on
catchment scale.
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Using a 1D-2D approach for a v-shaped catchment can be problematic, as there will
be no clear separation between the main channel, which should be modeled in 1D,
and the floodplain. Therefor it will be difficult to determine suitable locations for the
lateral structures. In a v-shaped valley flow will likely be mainly in the direction of the
stream, and a combined 1D-2D approach will not be necessary to describe this type of
area.

10.2.3.3 Simple/rural floodplain

When modelling a simple, rural floodplain without many barriers limiting the flow,
this case study suggests that a 2D or 1D-2D model with a rather large cell size (>20
m) can be used, if combined with breaklines defining important topograhical features.

A pure 1D model could also be used if the dynamics of the inundation is not of interest.
This case study showed that the 1D model could accurately reproduce the inundation
on the golf course, which is considered as a simple floodplain. If the barriers limiting
flow are few, a 1D model can be sufficient, and the barriers can be represented implicitly
though the friction coefficient.

10.2.3.4 Complex/urban floodplain

In a complex floodplain, such as an urban area, there are many barriers that will limit
flow and affect flood propagation. Fluvial flooding of urban areas has not been stud-
ied in this project. The case study has highlighted the general limitations of the 1D
approach when modelling floodplain flow. These issues are likely to be more impor-
tant when modelling urban floodplain, as has been shown in literature (Vojinovic and
Tutulic (2008); Costabile et al. (2015)). A 2D or 1D-2D approach is hence preferable
when modeling flow on complex floodplains.

In literature it is suggested that 2D model of urban floodplains are very sensitive to
mesh resolution, and that using larger cell sizes might decrease model accuracy as
barriers cannot be fully represented (Yu and Lane, 2006a). Studies have also showed
that using sub-grid terrain representation can allow larger cell sizes to be used (Yu
and Lane, 2011, 2006b). It remains to be investigated whether similar result would be
obtained using the HEC-RAS sub-grid model.
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11 Uncertainties

This section will discuss and summarize the uncertainties related to all models used in
this project.

One of the major uncertainties is the flow data that is used as boundary conditions
to all models. Flow data was collected from the hydrological model S-HYPE, and
were rescaled to capture the measured peak flow in Trolleberg. As discussed in section
6.4, there is a lot of uncertainty related to the flow and stage measurements from
Trolleberg. There is also some uncertainty regarding the magnitude of the flow in
Önnerupsbäcken. Önnerupsbäcken is regulated by a culvert some kilometers upstream
the model domain, which may reduce the maximum flows in Önnerupsbäcken at high
flow events. It is hence possible that flow in Trolleberg has been underestimated and
flow in Önnerupsbäcken has been overestimated. If the boundary flows are wrong,
the friction parameters determined during model calibration will also be incorrect,
decreasing the chance of producing accurate results when modeling other scenarios.

The lack of validation data is another source of uncertainty. None of the models have
been validated against other events than that of July 2007. This reduces the confidence
in the calibration parameters.

All models were calibrated against a major flooding event. The fact that the models
could reproduce this large event indicates that they will probably be able to simulate
other larger flooding events with some level of confidence. Recorded data from large
flooding events is not always available. If the models would have been calibrated against
low flow scenarios, the confidence in the calibration parameters would be lower. An
interesting study would be to calibrate the 1D, 2D and 1D-2D models against high and
low flow scenarios, and study the robustness of the calibration for the different models.

For all models, there is also some uncertainty regarding the hydraulic computations.
The governing equations are based on a series of assumptions that must be considered.
In the 1D case, the assumption that flow is purely 1D is a major simplification of re-
ality. In the 2D case, the assumption that the vertical velocities are negligible might
be inaccurate, at least when modelling channel flow. The diffusive wave simplifica-
tion has been used in many of the simulations performed in this project. Using this
simplification all acceleration and turbulence terms are neglected, which might not be
accurate when modeling flow in channels or on complex floodplains. In addition to
the uncertainties regarding the applicability of the governing equations, there is some
additional uncertainty related to the numerical solution of the equations. The numeri-
cal solvers all has some tolerance to errors, and the solution does not always converge,
which might cause mass balance errors.
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12 Conclusions

This study has highlighted some of the most important differences between the con-
struction of 1D, coupled 1D-2D and pure 2D hydraulic models in HEC-RAS. In ad-
dition, important design considerations and uncertainties regarding 2D-and coupled
1D-2D modelling have been highlighted. In the following sections, the conclusions are
presented.

12.1 Model comparison

Suitable choice of model depends on the detail of input data, area characteristics,
desired level of complexity in the output data and project time (and money). Based
on this case study and literature search, a rough guide for choosing a suitable model
has been presented and discussed (see chapter 10). For the Höje river, all models could
provide a good estimate of inundation extent. The 1D-2D model was not suitable for
the application due to the many stability issues. Depending on what information that
is of interest, a 1D or 2D model would be the preferable choice for the Höje river.

12.2 Model specific considerations

The results from the 2D mesh analysis show that model result is very sensitive to mesh
alignment along barriers using so called ”breaklines”. In rural floodplains with clear
barriers, correct use of breaklines is more important than computational cell size, and
will enable considerable reductions in computation time.

The 2D urban study suggest that using the diffusive wave simplification may overes-
timate flood propagation and underestimate maximum depths when modelling rapid
events in Lomma. The sub-grid approach has potential when modelling rapid events
in urban areas, but needs to be further investigated in areas where validation data is
available.

The results from the 1D-2D sensitivity analysis showed that the parameters describing
the coupling will have large impact on model stability and model results, and that these
parameters should be chosen with care. Furthermore, it was concluded that the 1D-2D
model easily becomes unstable when the water surface elevation is approximately the
same as the elevation of lateral structure.

99



13 Recommendations

Based on this case study, some recommendations regarding the set-up of 2D and 1D-2D
models in HEC-RAS have been formulated.

13.1 2D modelling in HEC-RAS

Based on the 2D sensitivity analysis, the following recommendations are provided for
future modelling.

In rivers surrounded by protective barriers, the following criteria should be fulfilled
when constructing the computational mesh around a river: (i) Cell faces should be
aligned with the highest elevation of the barriers at all locations. (ii) Cell faces should
be perpendicular to the main river flow direction. (iii) Cell sizes should be small
enough to allow criteria (i) and (ii) to be fulfilled, i.e. no interference between different
alignments. The impact of criteria (ii) remains to be investigated.

Until further studies regarding the effect of using the full momentum equations in rivers
have been conducted, using the diffusive wave equation currently seems to be a better
option for pure 2D modelling, as the use of the 2D full momentum equations seem to
highly overestimate energy losses in channels using HEC-RAS.

Pluvial modelling is not currently suitable in HEC-RAS. The interaction roof-ground
induce large uncertainties when houses are incorporated into the DEM. The potential
of the ”precipitation” boundary conditions in rural areas remain to be explored.

13.2 1D-2D modelling in HEC-RAS

The following recommendations are based on the results from the set-up and sensitivity
analysis of the 1D-2D model. It should be emphasized that these recommendations
might not be valid for all model application.

If the main channel is separated from the floodplain with a barrier, the weir equation
or the full momentum 2D equations should be used to calculate lateral structure flow.
If no barrier is present, the diffusive wave form of the 2D equations is sufficient.

The weir equation should only be used to calculate lateral structure flow if calibration
data is available, as this option requires a weir coefficient to be specified, which will
have large impact on model results.

Rivers with tributaries entering the main river from the 2D domain might be prob-
lematic to model using a 1D-2D approach, as stability issues may arise due to the
interaction between the tributary and the main channel.
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13.3 Future studies

This project has compared potentials and limitations of 1D, 2D and 1D-2D modelling
in HEC-RAS. This section will present aspects that should be investigated more in
detail, and suggest some future studies that might contribute to the understanding of
when and how different hydraulic models should be used.

When it comes to the sub-grid approach, the 2D sensitivity analysis highlighted several
areas of uncertainty that still needs investigation. First of all, river representation in
2D has to be further studied. The importance and effect of varying computational cell
size (and the number of cells within the river) should be investigated in a river where
the effect of barriers can be minimized. Preferably, the study should be conducted in
an artificially constructed V-shaped river without significant barriers. In connection,
the effects of using the full momentum equation for 2D river flow should be explored,
as this study indicate that it may overestimate energy losses. The influence of com-
putational cell size on the result generated by the full momentum equation should be
investigated. Results are preferably compared with results from corresponding diffusive
wave approach and a 1D representation. In a completely straight river where energy
losses are considered well represented by the 1D case, such a study may be able to
quantify potential over-estimation of energy losses generated by the full momentum
approach.

A similar study could also be conducted comparing river flow modelling using different
types of 2D models. A study comparing the HEC-RAS sub-grid technique with non
sub-grid 2D models for modelling river flow could provide some insight in how river
flow is best modelled in 2D, and could further enhance the understanding of when and
how the sub-grid technique should be used.

The importance of computational cell alignment in relation to the main river flow
direction should also be investigated, using a similar areas as discussed above.

With regards to pluvial events. The potentials of sub-grid techniques should be further
investigated. In many urban areas of Sweden, DEM resolutions of 0.5-1m can be gener-
ated by LIDAR data from Lantmäteriet (Lantmäteriet, 2015) or LIDAR measurement
conducted by muncipalities. In such cases, sub-grid approaches enable better use of the
highly detailed data than non-sub grid approaches. Studies may for example compare
a non sub-grid model with a computational mesh of 4m with a 4m sub-grid approach,
including a comparison of computation times. Furthermore, the use of the diffusive
wave simplification for urban events should be further investigated in an area where
validation data is available.

The difference between 1D-2D and pure 2D models when modeling highly meandering
rivers should be investigated more in detail. The exchange of flow and momentum
between the main channel and floodplain should be addressed, as well as the effect of
lateral momentum within the river.

The effect of river bathymetry interpolation should be further investigated, preferably
in highly meandering rivers.

Future studies regarding Lomma are suggested to target combined effect of pluvial and
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fluvial events. An important aspect is to find out what flows and stages in Höje river
that restrict outflow from stormwater pipes. Such effects might significantly increase
the damage from pluvial events similar to those that have caused damage in Lomma
over the last years. When modelling such an event, a software that may incorporate
stormwater systems is thus preferable.
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Appendices

A Distribution of boundary conditions

A.1 Distribution of flow data in 1D and 1D-2D model

Figure A.1 shows a graphical overview of how the flow data is distributed in the 1D-
model and 1D-2D model.

Figure A.1: Distribution of inflow hydrographs from contributing sub-catchments.
Points represents inflow into a single cross section, lines represents flow distributed
over several cross sections. The map is colour coded, an input line/point has the same
colour as the sub-catchment(s) from which the flow is originating.

A-1



A.2 Distribution of flow data in 2D model

Figure A.2: Map showing the connection between point inflow boundaries and the
sub-catchments. The color of the points indicates from which sub-catchment (same
color) the flow originates.

B Frequency analysis

To estimate extreme flows and extreme sea water levels frequency analyses of flow
measurement from Trolleberg and sea water level measurements from Barsebäck were
carried out. The results from these analyses are presented under sections 6.4 and
6.5. This section will briefly introduce the methodology for carrying out a frequency
analysis.

Annual maxima were extracted from the two dataseries: Gumbel distributions and
Generalized Extreme Value distributions(GEV) were fitted to the maxima. The fol-
lowing model was adopted:

Xi = Daily average flow or water level during year i

Mn is the annual maximum flow

Mn = max(X1, X2, ...Xn)
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If yearly maxima is assumed to independent it can be modeled using a GEV, where
the distribution function G is given by

G(z) = exp
{
−
[
1 + ξ

(z − µ
σ

)]−1/ξ}
(B.1)

Where µ is a location parameter, σ is a scale parameter and ξ is a shape parameter.
(Coles, 2001).

Taking the limit of the GEV-distribution given by equation B.1 as the shape parameter
ξ → ∞ gives a special case of the GEV referred to as the Gumbel distribution. Its
distribution function is given by:

G(z) = exp
[
− exp

{
−
(z − µ

σ

)}]
(B.2)

Flow and sea water levels with given return periods were calculated through extracting
the corresponding quantiles from the fitted distributions.

B.1 Flow data from Trolleberg

Yearly maxima were extracted from a flow date series containing average daily from
from 1973-2016. GEV and Gumbel distributions were fitted to the recorded annual
maximum flow using MATLAB (version 2015a), and flow with return periods of 500,
100, 50, 10 and years were calculated. The figure below shows the empirical distribu-
tion function of annual maximum flow, and the fitted Gumbel and GEV distribution
functions.
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Figure B.1: Empirical distribution function and GEV and Gumbel distribution
functions fitted to annual maximum flow data from Trolleberg 1973-2016.

Both distributions seem to fit well with data. Return period flows were calulated from
both the Gumbel and the GEV distribution. The return period flows are presented
in table B.1 below. The calculated return period flows were the same down to two
decimals accuracy, therefore, only one result column is presented.

Table B.1: Results from frequency analysis of flow data from Trolleberg station.

Return Period (years) Flow (m3/s)

5 15.7
10 18.0
50 23.2
100 25.2
200 27.4

B.2 Sea level data from Barsebäck

Sea water level data recorded at Barsebäck from 1992-2016 was analysed. Yeary max-
ima was extracted and Gumbel and GEV distributions were fitted to the data series
using MATLAB (version 2015a). The figure below shows empirical and fitted distri-
bution functions.
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Figure B.2: Empirical distribution and GEV and Gumbel distribution functions
adjusted to annual maximum sea water level in Barsebäck 1992-2016

The GEV distribution was considered to best describe the data, however return period
water levels were calculated using both distributions for comparison. Water levels with
return periods of 5, 10, 50 100 and 200 years were calculated, the results are presented
in table, B.2. Water levels are given in reference system RH2000.

Table B.2: Results from frequency analysis of sea water level data from Barsebäck

Return Period (years) Sea water level (cm) GEV Sea water level (cm) Gumbel

5 126 126
10 137 141
50 158 174
100 165 188
200 171 202
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B.3 Design rain

Figure B.3: 6 hour CDS-rain where the capacity of a 10year rain with 30min duration
is removed to compensate for the capacity of the stormwater system.

C Calibration

The figure shows the location of the point where the model results were extracted and
compared.
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Figure C.1: Location of comparison between calibrated models
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