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Abstract

Rainfall intensity and river lood magnitudes in Norway are expected to in-
crease in the near future due to climate change. This thesis investigates the
morphological impacts this increase in rainfall intensity will have on pluvial
river flood events. The 2-D numerical morphologic model FINEL2D is ap-
plied to 3 scenarios, with 5-hour rainfall courses of different intensities. To
explore the differences between hydrologic and morphologic models, parallel
simulations with the morphologic module turned off are carried out for com-
parison. Special attention is given to the effect that differences in slope in
a river have on sediment transport. Reliability of morphologic models, and

their applications in river flood maps, are discussed.

The simulation results imply an exponential relationship between rainfall
intensity and sediment transport in rivers. A 50% increase in rainfall inten-
sity results in a doubling of transported sediment. The differences between
a morphologic and hydrologic simulation amounts to significant variations in
flood-levels and flow extension based on the terrain and river layout. Dif-
ferences in slope is identified as a driving factor of morphological changes.
Sediment is eroded from steep segments of a river and causes sedimentation
in flatter areas. The model strives towards an equilibrium in flow conditions,

and thus flattens out differences in slopes. Morphological models are able to
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accurately hindcast morphological changes over time. It is argued that the
behavior of morphological models to find an equilibrium, makes them in large
part able to predict morphological changes in a flood event. Even with the
strong non-linear behavior and added uncertainties, a morphologic model has
several benefits over a hydrologic model, making them potentially valuable
in flood maps. The importance of morphological models may become even
more relevant with a future increase in rainfall intensity caused by climate

change, which results in larger morphological changes in a flood event.
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Chapter 1

Introduction, Research

Questions and Outline

Floods have the potential to cause large damage to human life and property
through the movement of water and sediment. Projections of future changes
in climate by Klimaservicesenteret (Hansen-Bauer, [2015)) and the Norwegian
Water Resources and Energy Directorate (NVE) (Lawrence, [2016)), indicate a
significant increase in rainfall intensity, leading up to the year 2100. This may
increase the magnitude of floods in western and northern Norway caused by
short, high intensity, rainfall, by up to 60% (Hansen-Bauer| 2015; Lawrence,
2016)). To mitigate the damages caused by these floods, it is important to
develop an understanding of which factors causes floods, and the potential
impacts they may have. Taking measures based on this understanding is tied

to the notions of flood risk, flood maps and flood management (Plate, 2002).

Historically, flood mapping and risk management was conducted by collecting
data and studying previous flooding events in a specific river or watercourse

(Brézdil et al., [2006). Since these accounts may contain errors in dating,
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interpretation, or may have originated from questionable sources, the accu-
racy is unreliable, and generally boiled down to a problem of recurrence.
The modern development of hydrodynamic equations and models, as well as
the introduction of computers, have changed the way flood maps are con-
structed. The ability to simulate different scenarios with a hydrologic model
enables us to more effectively make risk-assessments in terms of safety and
cost (Tsakiris, [2014)). There are many different models used in flood map-
pings, where each one has its advantages and drawbacks. For practical results
with low computational cost in an area with a simple geometric layout, a 1-D
hydrologic scheme may be applied, while for areas with more complex terrain
demands more comprehensive modelling with a 2-D, or possibly 3-D, scheme

(Tsakiris, [2014)).

It is debated whether a model which only considers hydrologic conditions
is sufficient, or if the incorporation of models with morphodynamic modules
in flood maps are necessary (Guan et al., [2015, [2016; Wong et al., 2014; Slater
et al., 2015). The non-linear models used, in conjunction with uncertainties
in boundary conditions and insufficient data, poses problems of accuracy
and reliability (Beven, |2001)) when using hydrologic models, which might be
amplified by the incorporation of a non-linear morphodynamic module in
the modelling (Wong et al.| 2014; |Haff, [1996). However, with the future in-
crease in rainfall and flood magnitudes (Midttgmme, |2011)), the amount of
sediment moved in floods is likely to increase exponentially (Mohamadi &
Kavian, 2015), making the debate of whether to use a morphologic model in

flood maps more relevant.
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Research Questions and Outline

In this thesis, the following research questions are examined:

What tmpact does an increase in rainfall intensity, caused by climate change,

have on sediment transport in a river flood event?
What effects do differences in slope have on sediment transport?
What are the differences between a hydrologic and a morphologic model?
Are morphologic models reliable, and should they be used in flood maps?
This will be achieved by using a 2-D morphological model on 3 scenarios,
with varying rainfall intensities. To investigate and discuss the effects of
incorporating a morphodynamic module in flood simulations, parallel hydro-
logical simulations will be run for comparison.

The outline of the thesis is as follows:
Chapter 2 - An overview of important river characteristics, floods and mor-
phology are introduced. Examples of floods in Norway, with large amounts
of sediment being transported, are presented for. The examples are later
used to put the simulation results into a broader realistic context. A basic

outline of how flood maps are created in Norway is described briefly discussed.

Chapter 3 - The model used in the simulations, the governing equations
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and boundary conditions used are described. This includes both the hydro-
logical module, based on the depth-integrated shallow water equations, and

the sediment transport module.

Chapter 4 - The model setups used in the simulations are described, and
the computational grids, boundary values, bathymetry and rainfall courses
are presented. Results from the simulations are, in order, presented and de-

scribed.

Chapter 5 - The results are put into context and discussed from the per-
spective of existing litterature. Morphologic models and their reliability are

discussed.

Chapter 6 - The findings are summarized, and the concluding remarks

are given.



Chapter 2

Sediment Transport, Floods

and Flood maps

2.1 Sediment Transport

Descriptions of elementary river characteristics and sediment transport are
based mostly on the works of |Allen| (1997)), Easterbrook! (1996)) and Rawlins
(1995).

In areas where precipitation is not all evaporated, the excess water flows
to the ocean or gathers in other locations based on the geometry of the ter-
rain, e. g. lakes. This flow is mainly through rivers and streams, either from
the precipitation going directly into the water course, or through indirect
means, such as going into ground water first and by overland flow. Another
important contributor to these flows in Norway is the melting of glaciers.

However, the focus of this thesis is on flow caused by precipitation.

Rivers vary greatly in their characteristics, such as flow rate, length, width,



Chapter 2. Sediment Transport, Floods and Flood maps Page 6

slopes, curvature and build-up of sediment. Over time, however, these char-
acteristics change. Erosion on the banks of a river may lead to a higher
capacity flow, sedimentation may lead to a narrowing of the channel, thus
increasing velocity of the flow, or the erosion may make the bed deeper. Over
long time scales (centuries/millennia), these changes may make rivers shift
position and curvature entirely. In cases off extreme events in rivers with
large quantities of available sediment, such as a flood event caused by in-

tense precipitation, these changes may occur over the course of hours.

For rivers that do not flow directly over bedrock, the bed is comprised of
sediment. This layer of sediment can range from a few centimeters above
bedrock, to a scale of several meters. During a flood event, this sediment is
available for further transport (Dewals et al., 2011). Long term morphology
in the river is dependent on the build-up of this sediment. Finer sediments,
such as silt and sand, are more easily picked up and transported downstream,
while heavier particles such as gravel and rocks tend to bounce along the bot-

tom only if the flow velocity is large enough.

This sediment transport can be placed in three different categories; wash
load, suspended load, and bed load, where the last two are the most relevant
in the study of morphodynamic changes in floods. The wash load is fine
sediment that floats on the river surface. Suspended load is sediment that is
carried in the water column due to the turbulent nature of the flow, where
the settling velocity is approximately equal to the vertical velocity, due to
drag and lift forces on the particles. If the settling velocity is higher than

the vertical velocity, the sediment bounces along the bottom as bed load.
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Whether an individual particle is transported as suspended load or as bed-
load is dependent on particle size, weight, shape and on flow conditions.
Because the forces acting on the sediment is dependent on flow conditions,
an increase in flow velocity results in an increase in sediment transport. Em-
pirical transport formulae describe the relationship between flow velocity and
sediment transport with a power function between 3 to 5 (van Rijnl, [1993),
meaning an increase in flow velocity of 15-25% results in a two-fold increase
in sediment transport. Sediment transport is therefore most prominent in
flows with high velocity. For movement of a sediment particle initiate, the
forces acting on the particle must exceed the critical shear stress. This hap-
pens when the friction and inertia forces on a particle exceeds the bed shear
stress of the river. Bottom load is thus heavily dependent on the friction in

the river bed.

The flood plain is the area in the vicinity of the banks in which the river
overflows onto. The spreading of river water over this area causes the wash
load and suspended load to deposit. Over time an equilibrium may arise,
where the amount of sediment eroded from the banks and floodplains is bal-
anced by the sediment carried on-land by flooding in the river Blom et al.
(2017). These areas are especially suited for agriculture, due the constant
addition of fertile soils from the river. Because of this, many farms are settled

in these areas, making them particularly vulnerable to extreme floods.

The longitudinal profile is important for determining flow velocities, since
steeper slopes leads to higher velocities, resulting in more sediment trans-
port. This profile is represented by plotting the elevation above a base line,

usually above sea level, to the distance of the river mouth. Most longitudi-
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nal profiles are concave upward. This happens due to the reduction in flow
velocity when the river runs into a body of still water such as a lake or the
sea, and the suspended sediment and bedload is sequentially deposited in

this area |Sinha & Parker| (1996). This area is called a river delta.
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2.2 Floods in Norway

Floods in Norway are usually caused by rainfall, snow melting, or a combina-
tion of the two. Over the last decade, there have been an estimated 3 billion
NOK in damages caused by floods in Norway, with yearly insurance claims on

the scale of hundreds of millions of NOK (Naturskader), 2019)). Settlements

and infrastructure located in steep catchments are especially vulnerable, due

to the high velocities and sediment masses involved (Midttgmme, 2011)).

Figure 2.1: Aftermath of the flood from Storelva in Utvik. The river diverted
through the town and caused large amounts of sediment and debris to deposit.

Photo.Vagenes Hl 4201’7[)

The flood in Storelva in Utvik, Sogn of Fjordane, on the 24th of July 2017,
was the result of heavy rainfall (Figure . Typical for small rivers in
Norway, data such as rainfall intensity, water levels and discharge rates are
not available because of the lack of measurements. Sediment blockages in

the main channel, in combination with the high discharge rates, caused the
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flow to divert and create new channels through the town. Hydrologic and
morphologic simulations of the event were later carried out by |[Dam/ (2017)),
with the model used in this thesis. The hydrologic simulation was unable to
predict the formation of the new channels, while the morphologic simulation
resembled reality much more closely. Particularly noticeable is the sedimen-

tation and debris in the town, where the erosion and sedimentation caused

by the flood is depicted in figure (Figure [2.2)).

Erosjon / Sedimentasjon
=<-5m

4=<-3m

<-1m

<-35cm

>35cm

>1m

>3m

=>5m
A\

Figure 2.2: Erosion and sedimentation caused by the flood event in Utvik.
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Figure 2.3: The flood in Flam. There is considerable erosion on the banks of

the river, endangering and destroying several houses. Photo{Mikalsenl ([2014|)

In Flam, on the 28th of October 2014, heavy rainfall and snow melting in
the mountains caused Flamselva to overflow it banks. Unlike the flood in
Utvik, the flood did not divert and create new channels, but instead, heavy
erosion of the banks occurred (Figure 2.3). The foundations beneath the
houses located in the flood plains were eroded away, and whole buildings
were carried downstream. The bridge (Figure could not withstand the
masses of water and sediment, and clogged up, before it eventually collapsed

and was taken by the flood.

One of the most devastating flood events in recent Norwegian history is Vesle-
ofsen, in June 1995. The flood was caused by a combination of large amounts
of snow melting, and heavy rainfall. The flood event spanned several rivers
and lakes in eastern Norway. In Tretten, the river Moksa experienced ex-

tremely high discharges, causing the river to divert course completely, flowing
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Figure 2.4: The flood in Tretten. The river Moksa diverted through

the town, causing erosion of house foundations and sedimentation in the

town.Photo.

through the town center (Figure . Not only did the river divert through
the town like in Utvik, but the foundations of the residences were also eroded
away, similarly to the flood in Flam, leading to several houses being carried

away by the flood.
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2.3 Flood maps in Norway

Since 2007, Norway has been under the European Union’s flood directive.
The Norwegian Water Resources and Energy Directorate (NVE) has, in
accordance with this directive, developed guidelines for development and
planning and development in risk prone areas along watercourses in Norway
(Midttgmme, 2011} |Nie, 2012). These guidelines are developed in agreement

with civil engineering regulations (TEK-regulations).

The severity of the flood is set by its recurrence. The recurrence is the
average number of years between floods of a similar magnitude occur. The
method of calculating this average can be based upon; observed water flow,
the data of nearby stations where no such measures are available, historical

regional flood frequency and precipitation/run-off models (Nie et al., 2012).

For floods, there are three safety classes: F1, F2 and F3, set by recurrence.
A F1 flood has a 5% yearly likelihood of occurring, or once every 20 years.
Areas with a F1 safety class allows for buildings with little human activity,
or small economic or societal consequences in the case of a flood. The F2
safety class involves floods with a 0.5% yearly likelihood of occurring, or once
every 200 years. In areas with a F2 safety class, building such a private res-
idences, schools, industry and agriculture, are permitted. Even if economic
damage to these areas can be large, critical societal functions remain intact.
Buildings with critical societal functions are placed in the F3 safety class. A
flood with F3 magnitude has a 0.1% yearly likelihood of occurring, or every
1000 years. Buildings with critical societal functions include old-age homes,

hospitals, fire stations and police stations.
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The TEK classifications are not as well-defined when an event involves large
amounts of both sediment and water. These events can either fall into the
flood categories, or in the categories for landslides: S1, S2, S3. These cat-
egories are defined in a similar way to the flood categories, however with
recurrence intervals of 100, 1000, and 5000 years, for S1, S2, and S3, respec-
tively. Slides triggered by water flow, or landslides ending up in a water

course may fall under these categories.

Particularly dangerous are floods where landslides end up in a steep wa-
ter course. Steep slopes allow for large amounts of sediment transport, with
high velocity and force, making damages caused by these floods devastating.
This sediment will deposit where the river flattens out or meets a choke point.
The buildup of sediment pushes the water up and leads to overflowing and
formation of new channels in the terrain (Figure [2.1). Human infrastructure
and communities are often located around the flatter regions of a river and
delta, making them particularly vulnerable to this overflowing and sedimen-

tation (Midttgmme, |2011))

Based on the guidelines provided by NVE, it is the municipalities’ respon-
sibility to create and maintain an accurate flood and landslide map of their
local building and development areas rivers. To develop these flood maps,
a hydrodynamic numerical model is frequently used, without a sediment
transport module. Such models require geometrical data of the river and
knowledge of constructions such as bridges, culverts and sluices along the
watercourse. In addition, you need knowledge of e.g. the drainage capacity

of the precipitation-areas and historical flood-record data.
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Initial Stream Profile

ith Changes in Gradient (slope)

filled by depaosition of sediments

Figure 2.5: Representation of the slope effect on erosion and sedimentation.
Sediment from the steep region, where the velocity is high, is eroded and

deposited in the gentle region, where the velocity is decreased.

However, the use of hydrological models is a large simplification of reality,

since it is obvious that changes in bed level occurs (Neuhold et al., 2009).

Field evidence shows that extreme floods can cause significant changes in

the river channel (Guan et al. 2015, 2016; Dam), [2017). Morphodynam-

ics change the bed due to erosion and sedimentation, which causes direct
changes in water-levels and inundation areas. This sedimentation and ero-
sion are caused mostly by gradients in the flow velocity, where a river or
stream is trying to reach an equilibrium (Figure . Sediment is eroded

from river segments with steeper slopes, where the flow velocity is large, and
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deposits when the slopes become gentler, where the flow velocity decreases.

Depending on the river characteristics and available sediment, flood maps
can become obsolete over a period of hours, days or years. From papers such
as (Guan et al.| (2015] 2016|) one might assume that including morphology is
crucial in all types of flood maps, and hydrology gives an insufficient overview
of risks tied to floods. However, papers such as|Wong et al.|(2014) states that
hydraulic models generally do not need to account for morphology in the flood
itself, as these changes have a small impact compared to other uncertainties
such as boundary conditions. The morphodynamic changes needs to happen
over a series of events to have a large impact in certain types of river, such as

a gravel-bed river with low amounts of available sediment (Guan et al., 2015).

Slater et al| (2015) found that changes in channel capacity, such as a nar-
row or widening of a river channel, may be a more important factor in flood
hazard than changes in streamflow, e.g. higher flow velocity or volume flux.
Although sudden changes in streamflow, such as from a dam breach, rain-
storms or melting of glaciers, poses a greater flood hazard, effects of changes
in channel capacity are more common. They also found that flow frequency
and channel capacity changes flood hazard over time. This undermines the
use of historical records in flood mapping, as those advised by NVE, by means
of probability distribution functions based on the recurrence of floods in that
river, since boundary conditions and flow changes over time. In other words,
looking at past events does not necessarily contribute to future predictions
of floods (Slater et al. 2015)). This questions the applicability of classifying
floods based on their occurrence from the NVE guidelines, where it is espe-

cially true for longer recurrences (F2, F3).
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Morphodynamic changes are dependent on the sediment available for ero-
sion and transport, and the importance of morphodynamics in flood maps
must be determined on a case-by-case basis from the build-up of the bed and
river hydrology. Wong et al.| (2014); |Guan et al. (2015, [2016)) and Slater et
al.| (2015)), all tried to better understand the influence of morphology during
floods, with different views on the necessity of using morphological models

in flood maps.



Chapter 3

The Model and Governing

Equations

The model used for the simulations is FINEL2D (Dam et al., 2006, |2016;
Dam), 2017), developed by Dutch company Svasek Hydraulics. The model
uses the finite element method, dividing the computational domain into a fi-
nite number of 2-dimensional domains connected by nodal points. FINEL2D
uses an unstructured triangular grid, allowing for more flexibility and accu-
racy in complex regions. These stationary domains acts as control volumes,

where the governing equations are the shallow water equations (Vreugdenhil,

1994).

The shallow water equations are a system of hyperbolic partial differential
equations describing fluid flow in areas where the vertical length scales are
orders of magnitude smaller than the typical horizontal scales. The horizon-
tal flow direction and the concept of balance of mass implies that vertical
velocities are small in scale compared to horizontal velocity scales (Vreugden-

hil, 1994). Thus, the conservation equations can be averaged over the depth

18
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to represent a 3-dimensional domain with a 2-dimensional model. This sim-
plification greatly reduces the computational cost of running the simulations.
The shallow water equations are derived from the Navier-Stokes equations,
which describes the motion of viscous fluids. The Navier-Stokes equations
are derived from the physical equations for conservation of mass and balance

of linear momentum (Kundu P.; 2016).

In addition to a hydrodynamic module, the model also has a sediment trans-
port module, allowing for estimations of morphological changes over time.
Figure depicts a time-step of the model when the morphodynamic mod-
ule is activated. The flow conditions are first calculated, then the sediment
transport is determined based on the flow conditions. The bed level of each
computational cell is updated before the new flow conditions are calculated

in the next time-step.

Hydrodynamics (calculation of flow and water levels)

v

Sediment transport

v

Bed level change (Morphodynamics)

F 3

Figure 3.1: Representation of a time-step in the morphodynamic model.
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3.1 Governing equations and boundary con-
ditions

To derive the shallow water equations (Vreugdenhil, [1994)), the Navier-Stokes

equations for a Newtonian, non-compressible, fluid is considered:

V.-v=0 (3.1)
0 _
5PVt Vo (ovv) = —Vptpg+ V-7, (3.2)
where
u
v =| o [ is the fluid velocity vector [ms™!] in the x, y and z direction,
w

respectively, where x and y are considered horizontal and z vertical
V is the del-operator
p is the fluid density [kg m™]
g is the gravitational acceleration vector [ms™2]
p is the pressure [Pa]
7 is the stress tensor [N m™2]
A typical water column is represented in Figure [3.2, where

¢ = ((t,z,y) is the level [m] of the free surface relative to the geoid

where z = 0

b = b(t,x,y) is the bathymetry [m], where downward is the positive

direction from the geoid
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Figure 3.2: Representation of a water column

H = H(t,z,y) = ( + b is the total depth [m] of the water column
At the bottom, where z = —b, the boundary conditions are as follows:

No slip:
u=v=0 (3.3)

No normal flow:

ab Ob ob

hid - = 3.4
8t+u8x+vﬁy+w (3.4)
Bottom shear stress:
0b 0b
Tox = Tx:c% + Txya_y + Tz (35)
ob ob
Tby:Ty$%+Tyy8_y+TyZ7 (36)

where 7, and 7, are the specific bottom frictions, in the = and y

direction, respectively.
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At the free surface, where z = (, the boundary conditions are:

Kinematic boundary condition:

o A o

Dynamic boundary condition:

(p>z:C =0 (3 8)
Surface shear stress:
B ¢ ¢
Tsx = sz% sza_y + Tez (39)
¢ ¢
Tsy = —Tyw% — Tyya—y + Ty (3.10)

where 7,, and 7, are the specific surface stresses (e.g. wind) in the

and y direction, respectively.

By the scaling argument (Vreugdenhil, 1994)), all terms in the vertical mo-
mentum equation are small, except for the pressure derivative and the
gravity term. The z-momentum equation from [3.2] can then be reduced to

p _
0z

which can be integrated over the water column, yielding

Py (3.11)

p=pg(¢—2). (3.12)

This is known as the hydrostatic pressure distribution (Kundu P. 2016).
can be differentiated with respect to x and y, yielding the following

expressions for the pressure terms:

dp I
o pgax (3.13)
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o _ .98

_ 14
9~ Moy (3.14)

3.2 The Shallow Water Equations

Depth-integrating the continuity equation (3.1 over the water column (Fig-

ure from z = —b to z = ( , using Leibniz’s integral rule, yields:

¢
0 :/ V -vdz (3.15)
—b
/C(%—i—@)d + — (3.16)
)., 0 Oy =T 2= Yl '
¢ ¢
:2/ udz—l—g/ vdz—(u %+u @)
ox J_, Ay J_p 2=¢0x 2=—b0T (3.17)
—|v % v @ + w —w |
z=C¢ 03/ z==b 8y z=( z==b

Now, the boundary terms can be replaced, by using boundary conditions

and [3.7, with
OH 0¢  0Ob

2 " ot + % (3.18)
Finally, defining the depth-averaged velocities as
1 ¢
u= T /_b udz (3.19)
1 ¢
U= i /b vdz (3.20)

where
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 is the depth-averaged velocity in the x-direction [ms™!]
v is the depth-averaged velocity in the y-direction [ms™!]

Combining these results gives the depth-integrated continuity equation:

oH 0 0

Tp T g H + 5 (HD) =0 (3.21)

Using to collapse the z-momentum equation (3.2)) makes it possible to

substitute the pressure terms in the x- and y-momentum equations with

13.13] and [3.14] Then, depth-integrating the left-hand side (LHS) of the x-

and y-momentum equations 3.2} yields

/C 2u + guz + 2(uv) + 2(uw) dz (LHS x-momentum)
Pl 1ot Taz" T oy 2

B o, . 0, . 4 9, ..
=p (a(Hu) + %(HU )+ a—y(Huv) + @adv)
‘7o 0 0 5, 0
p/_b {&U + %(uv) + a—yv + g(vw)] dz (LHS y-momentum)
B o, o, [

where ©,4, are the differential advection terms, accounting for the averaging
over two functions.
On the right-hand side (RHS) of the momentum equations , depth-averaging

yields

‘ro 0 a 5, 0 oC o ¢ o (¢
‘oL 2 < < e HZ> _ “ <
/_b {atv—ir p (uv) + ayv + P (vw)} dz—pg 8x+Tsm wa—l—ax /_b Tmfl-ay /_b Tay

(RHS x-momentum)

¢ o [° o [°
— pgH oy + Ty — Ty + ap | Tav + ay Tyy  (RHS y-momentum)
—b —b
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Using boundary conditions3.6/and [3.10], rearranging, ignoring surface stresses
and the advection terms and including equation [3.21] yields the hydrologic
equations used in FINEL2D for the simulations in the thesis:

OH 0 B a,
§+%(Hu)+8_y([{v)_0 (3.22)
9 8., o8 ac 1
2 Ha) + Z(He?) + Z(H g L, = 2
R N o 1
where

@ is the depth-averaged velocity in the x-direction [ms™]
v is the depth-averaged velocity in the y-direction [ms™!]

H = ((t,z,y)+b(t, x,y) is the depth from the free surface to the bottom

[m]
b(t,x,y) is the depth from the free surface to the bottom [m]

((t,x,y) is the bathymetry [m], where downward is the positive direc-
tion from the geoid
g is the gravitational acceleration [ms™?]

p is the density of water [kgm™3]

73 is the bottom shear stress [N m™2]
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3.3 The Hydrodynamic module

The solving method in the hydrodynamic module is discontinuous Galerkin
(Uzuncal [2016) with a cell-centered approach, where the flow variables are
taken constant in each computational cell (Figure [3.3). The time-rate of

change of mass and moment in each cell is calculated by the fluxes through

the cell boundary, where the shallow water equations [3.22] ,[3.23| and [3.24] are

written as:
ou
4 V-F=1] 3.25
where
¢ uH vH 0
U= |aH ’ FaH + %g€2 uvH ) J = % x,tot — gHib,x
vH uwvH v?H + 39¢? % ot — 9Hip,

Tetot aNd Ty are summations of the external stresses in x- and y-

directions, i, and 4,; are the bed level gradients in x- and y-directions.

Figure 3.3: Representation of grid cells
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[3.25] can now be integrated over a triangular grid-cell, giving

d
4 / UdQ + / Fndl', — / 3dQ) (3.26)
dt Jq, r. Q.

where €. is a cell in the computational grid, I, is its boundary, and n is the
outward normal to I'..

The problem is now reduced to determining the fluxes F along the boundaries
of the cells. However, the flow variables are determined inside the cells, and
not at the boundaries. Therefore the flux F is not unique, but must be found
from the flow states of the cells adjacent to the boundaries I';; N T'eo (Fig-
ure [3.3). This means solving a local Riemann problem (Evans, 2010) along

the boundary between the two cells, where the discontinuity is the boundary.

The Roe Approximate Riemann solver is used, based on the Godunov’s
scheme (Torol 1999). This scheme ensures the conservation of mass and
momentum. After the flux from the Riemann problem has been found, the

solution U in each cell is updated using [3.25|

Forward Euler is used as the integrating scheme. On account of the explicit
method, the time-step is chosen so that the Courant number is always less
than 1 to ensure convergence, and controlled for automatically to optimize

performance. The method is first order accurate in time and space.

3.4 The Sediment Transport module

Figure depicts the sediment flux in the z-direction in a porous bed. The
sediment balance over a slice of the bed can be expressed, ignoring for now

suspended sediment, as

kAzAn = qu(2) At — g (2 + Az)kAL, (3.27)
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4

Figure 3.4: Representation of sediment flux

where

n(t,x,y) is the bed elevation [m] (represents the same entity as b)
An is the change in bed level [m]

k is the width of the bed slice [m]

Az is the length of the bed slice [m]

At is a change in time [t]

¢.() is sediment the in-flow over the bed slice [m?s™]

¢.(x + Az) is the sediment out-flow over the bed slice [m? s™1]

This equation tells us that, the change between sediment in-flow and out-
flow over the river bed slice of width k and length Az, is accounted for in a

change in bed-elevation, n. Now, dividing through by kAxAt gives

2_7; _ (qgc(x + AA-T:Z - Qm(x)> (328)
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Taking the infinitesimal limit and rearranging gives

on 0y
on 99 _ 2
5 + o 0 (3.29)

Extending this idea to include sediment flux in the y-direction, gives the bed

level sediment balance equation used in the model;

+ 22—, (3.30)

where ¢, and g, are the sediment fluxes in the x- and y-direction, respectively.
For the non-cohesive part of the sediment fluxes, the transport formula of

Engelund F| (1967), [3.31] is used.

4
2 2
S — 0.05u—L L Y (3.31)

\/503 (Ps;2P)2 D50

where

S is the magnitude of the equilibrium sand transport [m?s™!]

u
u= is the fluid velocity vector in the x- and y-direction [ms™!]
v

u is the velocity in the x-direction [ms™!]
v is the velocity in the y-direction [ms™]
g is the gravitational acceleration [ms™2]

C = \/% is the Chezy coefficient [m'/?s™!], where v, is the average
g

velocity, R is the hydraulic radius, H, is the hydraulic gradient
ps is the mass density of sand [kgm™?]

p is the mass density of water [kgm™3]
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Ds is the grain size [m], meaning 50% of the sediment is finer than

this value

The Engelund and Hansen formula is usually applied to rivers with fine sed-
iment, since it does not account for a critical shear stress, meaning sediment
is transported under any flow. This means it is not well-suited for rivers
with coarse grain sizes. The modelling of the suspended sediment trans-
port is done using the method of Galappatti and Vreugdenhil (Galappatti &

Vreugdenhil, [1985); A dimensionless equilibrium concentration is calculated

as
S
Ce = ———, 3.32
Hvu? + v? (3.52)
where

ce is the equilibrium suspended load concentration

The depth-averaged suspended sediment concentration is then calculated

from
Oc Oc Oc 1
H <E + u% + ’Ua—y) = T [Ce(t) - C@)} ) (333)

where
H is the water depth [m]
c is the depth averaged suspended sediment concentration -]
u and v are the horizontal velocities [ms™!]
ce is the equilibrium suspended sediment concentration -]

T. = < is a characteristic time scale [s], where v, is the settling velocity

Vs

of the particles in water



Chapter 3. The Model and Governing Fquations Page 31

Conservation of the bottom load, through and suspended load, through
3.33, is thus accounted for. From [3.33] it is observed that erosion will occur
if the sediment concentration is lower than the equilibrium concentration,
and deposition if it is higher. The characteristic time scale reflects how
quickly the concentration adjusts to an equilibrium. For shallow areas this
timescale is usually small, and therefore it quickly returns to the equilibrium

concentration.
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Simulations

4.1 Uniform gradient scenario

4.1.1 Computational grid, bathymetry and model set-
tings

The uniform gradient scenario features a catchment area of 30km?, where
the computational grid and bathymetry are depicted in Figure (a), and
(b), respectively. This is a medium- to large-sized catchment area relative to
other catchments in Norway. There is a straight river course going through
the center of the grid, starting at y-coordinate 10000 and leading to the sea
at y-coordinate 0, where the flow direction is downward. A part of the sea is
included for sediment to deposit into. A constant water level of 0 is applied
to the region below y-coordinate 0, meaning the water levels in the sea does

not change.

The computational grid is produced by a grid-generating script. Bound-

ary curves are drawn, then filled with triangles of desired cell sizes. Different

32
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resolutions can be set for regions of interest, where smaller triangles yield
more computational fidelity, at a higher cost. The script interpolates the
areas of the triangles between different resolutions for a smoother grid. For
this scenario, the resolution of the grid cells is set at 100m?, with a finer
resolution of 5m? applied in the river course. The grid has 46,325 elements,

and the models’ runtime is ~45 minutes on a 2-core 2.30 GHz processor.
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Figure 4.1: Computational grid for the uniform gradient scenario is depicted
in (a), and bathymetry for the uniform gradient scenario, in meters above

sea level, in (b). C indicates Control Stations, S indicates Sections.
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A height-value is assigned to each triangle element in the computational grid
to produce the bathymetry. The max height in the terrain is 48 m, down to a
minimum of Om at the river outlet. A maximum depth of 15m is applied in
the sea, to allow for large amounts of sediment to deposit. Gradients in the
surrounding terrain are 1.3% in the x-direction, and 0.28% in the y-direction,
so that all runoff flow towards the river course. The river has a slope of 0.28%,
meaning a gentle gradient, matching the surrounding terrain. There is a 1 m
difference between the river course and the surrounding riverbanks. To avoid
mass-erosion in certain cells, a maximum layer of 2m is allowed to erode

throughout the terrain.

In the simulations, a global (hydrological and morphological) roughness of 10
cm is used, based on the Nikuradse roughness equation (Nakayamaj, [2018)).
The roughness refers to the vertical variations in the surface, where surfaces
such as asphalt roads and bare mountain have very low roughness (on a scale
of millimeters or centimeters), while dense forest and vegetation has a higher
roughness (on a scale of centimeters or decimeters). Roughness and flow
variables, such as velocity and depth, are dependent on each other, making
roughness variable under real world circumstances. A global roughness is
used for simplicity.

The sediment is set as sand with Dsy=1 cm, meaning that 50% of the sedi-

ment is finer than Dsy. Mass density of sand is set at p,=2650kgm™3.

Precipitation drives the model, where the runoff finds its way to the river.
To investigate the morphologic effects of an increase in precipitation, the
simulations are run with a base-line rainfall course (Run0) of 85 mm over

5 hours, then an incremental increase of 10%, up to 50% (Runl through
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Run/Hours | Hour 0-1 Hour 1-2 Hour 2-3 Hour 3-4 Hour 4-5 || Morphology
Run0 10 15 30 20 10 On
Runl 11 16.5 33 22 11 On
Run2 12 18 36 24 12 On
Run3 13 19.5 39 26 13 On
Run4 14 21 42 28 14 On
Runb 15 22.5 45 30 15 On
RunOhyd 10 15 30 20 10 Off
Run5hyd 15 22.5 45 30 15 Off

Table 4.1: Represents rainfall courses used in the simulations, with units in

min.

Runb), is applied. The amount of rainfall in the simulations are represented

in Table In the simulations, all rainfall is available as runoff, meaning

that the ground is taken as saturated from the start. Hydrologic simulations,

RunOhyd and Runbhyd, were also carried out to investigate the difference

between a morphologic and hydrologic simulation.

The model allows for

control stations and sections (Figure (b)) which monitors flow variables

and bottom development at certain points of interest over the simulation.
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4.1.2 Results

Y coordinates [m]

10000

9000

8000

7000

6000

5000

4000

3000

2000

1000

0
|

d

-1000

0

1000

X coordinates [m|

-0.5 0 0.5
Erosion/Sedimentation [m]

Y coordinates [m]

10000

9000

8000

7000

6000

5000

4000

3000

2000

1000

0
|

d

-1000

0

1000

X coordinates [m]

-0.5 0 0.5
Erosion/Sedimentation [m]

Y coordinates [m]

10000

9000

8000

7000

6000

5000

4000

3000

2000

1000

0
|

b 4

-1000

0

1000

X coordinates [m|

N

-0.2

0

0.2

Difference in Erosion/Sedimentation [m]

Figure 4.2: Erosion and sedimentation, in the Uniform Gradient Scenario,

after 5 hours. The result from the baseline rainfall, Run0, is depicted in (a),

and from a 50% increase in rainfall, Runb, in (b).

(a) and (b) is shown in (c)

The difference between

Figure shows the morphologic changes after 5 hours of Run0 and Run5,

as well as the difference between them. Throughout the river course there is

erosion of the bed, amounting to a deepening of the river channel of several

Run0 and Runb shows

centimeters throughout, represented in Figure {4.3
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similar trends in bed erosion, with Run5 being more pronounced. This ero-
sion is due to the runoff carrying sediment further downstream, where most
of it ultimately deposits in the sea.

Changes in Longitudinal River-Profile

0.04 - O  After 5 hours of Run0

O After 5 hours of Run5

0.02 -

Change in bed level [m]

-0.12

014 i

13
I I I I

10000 9000 8000 7000 6000 5000 4000 3000 2000 1000 O
Y coordinates [m]

Figure 4.3: Changes in the longitudinal river profile after 5 hours of Run0
and Runb. Both show erosion throughout the river course, with Runb being

more pronounced.

Erosion occurs along the banks of the river (Figure , because the runoff
does not enter the channel in the stream direction. The banks are eroded,
and the sediment from the banks ends up in the river and is transported
to the sea. Slight sedimentation occurs, most noticeable in Runb, along the
banks of the river channel. This is from suspended load and gully wash from
overflowing of the river channel which deposits in the floodplains. Most of
the erosion along the banks occur further downstream, due to the catchment
area being located along the river channel, instead of above it. Therefore

the downstream parts of the river experience higher amounts of runoff, and
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consequently erosion. The river mouth experiences more erosion, both of
the bed and of the banks. The widening and deepening of the river channel
allow for a higher water discharge, adjusting for the amount of runoff. A
river delta is clearly forming, with sedimentation in the sea and widening of
the river mouth (Figure [4.2)). This formation is more pronounced in Run5.
Most of the sedimentation occurring in the sea, observed in Figure [4.2] is on
the left-hand side, even though the bathymetry is symmetrical around the
river. This is caused by the low grid-resolution in this area, collecting most

of the sediment in the large cells.

Changes in bed level occurring at Control Stations 1 through 4 over the 5-
hour runs are shown in Figure There is more erosion closer to the river
mouth, at Station 1. The morphologic response for all runs and control sta-
tions start after the first hour, with an increase in precipitation showing a
larger response. The slow response is due to the small amounts of rainfall
during the first hour, the gentle slopes in the river and terrain, and the large
catchment area. At Station 1 the difference in precipitation between run0
and runb results in almost a threefold change in bed level, from 2 cm to 6 cm.
Due to the Control Stations being situated in a single cell, qualitative trends

are more important than individual quantitative changes of each run.

The rate of sediment discharge and cumulative discharge through Section
S (Figure , near the river mouth, are represented in Figure . The
discharge rate responds quickly to the hourly changes in precipitation, and
all runs follow the same trends. This is due to the straight-river with uni-
form bed gradient used in the simulation, where most of the sediment is

transported all the way to the sea before it deposits. Due to the negligible
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Figure 4.4: Bathymetry at Control Stations 1 through 4, over 5 hours. Shows
Run0 through Runb. The Control Stations are indicated in Figure (b)

sedimentation throughout the river channel, nearly all the sediment discharge

is carried through Section S (Figure [.1). Thus, from Figure (b), it is

concluded that a 50% increase in precipitation causes a doubling of sediment

transported in this scenario. This means that, with an expected increase in

rainfall (Hansen-Bauer, 2015)), the effect of morphology on flood levels will

become more important in the future.
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Figure 4.5: Sediment discharge through Section 1 (a), and cumulative sedi-

ment discharge through Section S (b). Section S is indicated in Figure

(b).

The water depth at the end of Run0 and Runb, with and without morphol-
ogy, is shown in Figure [4.6] and [£.7] respectively. Of special note are the
results from the hydrologic simulations, RunOhyd and Runbhyd, showing
greater water depths than the morphologic simulations near the mouth of
the river and further upstream. This effect is due to the fixed riverbanks
of the hydrologic simulation, not allowing erosion to widen or deepen the
river for a higher discharge capacity in the channel. The largest difference
occurs at the river mouth, where erosion of the banks and riverbed allows
for a higher discharge capacity, resulting in lower water levels. Due to the
V-shaped valley bathymetry, the water depth keeps increasing even when it
overflows its banks at a height of 1 m. Comparing Figure (c) and Figure
(c), this effect is amplified by the increase in precipitation. In Figure
(c) the overflowing effect is observed up to y-coordinate 4000. In Figure

(c), this continues further up the river, past y-coordinate 6000. Because of
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the fixed discharge capacity of the river channel, a model without morphol-
ogy may predict flooding in the wrong areas. In reality, the capacity of a river
is adjusted through morphological changes. A model predicting flooding in
the wrong areas can have consequences in flood planning and management.
The differences in waterlevels between a morphologic and hydrologic model
in this scenario are ~10cm. This is not an extreme case, however it show-

cases the principle of channel adjustment in response to discharge.
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Figure 4.6: Water depth after 5 hours. The simulation with only hydrology,

RunOhyd, is shown in (a), the simulation with morphology, Run0, is shown

in (b). The difference between (a) and (b) is shown in (c).
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Figure 4.7: Water depth after 5 hours. The simulation with only hydrology,

Runbhyd, is shown in (a), the simulation with morphology, Runb, is shown

in (b). The difference between (a) and (b) is shown in (c).
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4.2 Variable gradient scenario

4.2.1 Bathymetry and river-profile

The variable gradient scenario utilizes the same computational grid as the
uniform gradient scenario, as well as the same model settings and boundary
conditions for the simulations. The bathymetry and longitudinal river-profile
are shown in Figure To investigate the morphologic effects of variable
slopes, the river has segments with different slope steepness (Figure

Table indicates the y-slopes applied in the different segments of the river.
The surrounding terrain matches the slopes of the river in the y-direction,
and has a slope in the x-direction of 1.3%. There is a 1 m difference between
the river course and the surrounding terrain. The maximum height in the
terrain is 55 m. A layer of 2m is allowed to erode, to avoid mass erosion in

certain cells.

Segment (km) | 10-7 76 6-5 54 43 32 20

Slope (%) | 0.28 0.83 0.28 0.56 0.28 0.42 0.28

Table 4.2: Describes the slopes of the different segments in the river, as shown

in Figure . Segments refer to distance from river mouth (y-coordinates)
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Figure 4.8: Bathymetry of the variable gradient scenario, in meters above sea
level (a). The original longitudinal river-profile is shown in (b). C indicates

Control Stations, S indicates the Section.
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4.2.2 Results
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Figure 4.9: Erosion and sedimentation in the Variable Gradient Scenario,

after 5 hours. The result from the baseline rainfall, Run0, is depicted in (a),

and from a 50% increase in rainfall, Runb, in (b).

(a) and (b) is shown in (c)

The difference between

The morphologic results from Run0 and Runb are represented in Figure



Chapter 4. Simulations Page 47

Instead of the steady erosion of the bed, observed in the Uniform Gradi-
ent Scenario (Figure , there is erosion and sedimentation throughout the
river channel. Sediment from segments of the river with a steeper slope
are deposited in the gentler sections below. This flattens out the riverbed,
progressing towards an equilibrium in the flow gradient. Figure rep-
resents the longitudinal river-profile at the end of Run0 and Runb. The
segments with the steepest slope, as expected, shows the greatest erosion.
At y-coordinate, 6000 the sediment from the steeper river segment above is
deposited. This entirely blocks the river course with sediment (Figure ,
to the point of depositing sediment beyond the banks of the river.

River-Profile after 5 hours

30 7 O  Original Profile
O After 5 hours of Run0

O  After 5 hours of Run5

25

20 -

Height above sea level [m)]

7000 6000 5000 4000 3000 2000 1000 0
Y coordinates [m)]

Figure 4.10: Longitudinal profiles after 5 hours of Run0, Run5 and the orig-

inal profile for reference. Erosion and sedimentation flattens out the river

bed.
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Changes in bed level at Control Stations 1 through 4 (Figure are rep-
resented in Figure [4.11] The bed level at Station 2, at y-coordinate 5000
(Figure , is lowered by 0.5m due to erosion. This sediment deposits in
the segment below where Station 1 is located, at y-coordinate 4000. This is
caused by the fact that the upstream segment of the river is twice as steep
as the downstream segment. The same effect is observed at Station 3 and
Station 4. Here, the slope of the steep segment is three times that of the
gentler segment. The bedlevel at Station 4, at y-coordinate 7000, is lowered
by 1m from erosion (Figure [4.9] (b)). The sediment is deposited down-
stream at Station 3, at y-coordinate 6000. The results imply that a higher
slope leads to more erosion in the steeper segment and sedimentation in the

gentle slope segment.
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Figure 4.11: Bathymetry at Control Stations 1 through 4, over 5 hours.
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The sediment discharge rate and cumulative sediment discharge through Sec-
tion S (Figure , located near the river mouth, are shown in Figure
Both the rate and the cumulative discharge are similar to the uniform gradi-
ent scenario, where Runb has twice the amount sediment transported through

the section as Run0.
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Figure 4.12: Sediment discharge through section S (a), and cumulative sedi-

ment discharge through Section S is shown in (b). Section S is indicated in

Figure @

The water depths after 5 hours of Run0 and Runb are represented in Fig-
ure [£.13], and [4.14] respectively. The sedimentation in the channel causes a
blockage (Figure , lowering flow velocity and diverting the flow around
it. Such a blockage causes a rise in water levels, causing flooding around the
blockage. This amounts to an increase of 0.5 m in water levels in the regions
with the most sedimentation (Figure (c) and (c)). Comparing the
runs with and without morphology, the overflowing occurs in different loca-
tions throughout the river. In Run0 and Run5 the worst overflowing occurs

in the river segments below the locations with sedimentation, particularly
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below y-coordinates 6000, 4000 and 2000. Figure gives a closer look at
the overflowing from Figure at y-coordinate 4000. The sediment block-
age in the channel rises waterlevels and causes flooding on the banks. The
hydrologic runs, RunOhyd and Runb5hyd, have a similar overflowing pattern
to the uniform gradient scenario. A hydrologic model does not predict flood-
ing in areas with changes in slope, caused by sedimentation and blockages
in the channel. If the channel is large enough to handle the discharge, a
hydrologic simulation might not show any flooding at all. Comparing Figure
(c) and (¢), an increase in rainfall intensity amplifies the differences
between a hydrologic and morphologic simulation. There is a larger flooding
below areas with sedimentation, and lower water levels where the channel

capacity is increased due to deepening and widening caused by erosion.
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Figure 4.13: Water depth after 5 hours. The simulation with only hydrology,

RunOhyd, is shown in (a), the simulation with morphology, Run0, is shown

in (b). The difference between (a) and (b) is shown in (c).
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4.3 Steep mountain river scenario

4.3.1 Computational grid, bathymetry and model set-
tings

In the steep mountain river scenario, there is a 18 km? large catchment area,
where the computational grid is shown in Figure [4.16] A large part of the
catchment area is located upstream, in mountainous terrain, where runoff
gathers in a river course leading to the sea. There is a straight, 30 m wide,
river course going through the center of the grid. The river course starts at
y-coordinate 4000, and leads to the sea at y-coordinate 0, where the flow

direction is downward.

Holes in the grid represents buildings of various sizes, located in the down-
stream flatter area. The buildings are set as non-erodible, with the assump-

tion that they withstand the water- and sediment-masses.

Only the areas of interest have a fine resolution. The resolution of the grid is
set at 100 m?, with a finer resolution of 3m? in and around the river course
below y-coordinate 1200, and 10 m? above, with interpolation between these
resolutions for a smoother grid. There is a total of 101,416 elements, with a

runtime of ~3 hours on a 2-core 2.30 GHz processor.
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Figure 4.17: Bathymetry for the steep mountain river. The whole catchment
(a), and the area of interest (b). Yellow lines indicate sections, red dots

indicate control stations. White holes indicate buildings.

The bathymetry of the catchment is shown in Figure The max height
in the terrain is 775 m, which goes down to Om at the river outlet. In the
terrain, the slope in the x-direction is 15%, so that most of the runoff is
lead to the river course. Above y-coordinate 1000, the slope of the river
and terrain in the y-direction is 10%. Figure |4.18 shows the longitudinal

river profile below y-coordinate 1000, where segments of the river upstream
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are steeper than downstream. Below y-coordinate 300 the terrain and river
are gentler, making this an area typical for human activity and settlements
(Midttgmme, 2011). There is a height difference of 1.5m between the river
course and the surrounding terrain. Throughout the catchment, a layer of
4m is allowed to erode. A higher roughness of 50 cm is used in this scenario,
to more realistically reflect a catchment with vegetation and forests. The

simulations run with the rainfall intensities shown in Table [4.1]
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Figure 4.18: Original down-stream longitudinal river-profile in the Steep

Mountain River
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4.3.2 Results
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Figure 4.19: Erosion and sedimentation after 5 hours. Run0 depicted in (a),

Runb in (b). The difference between (a) and (b) is shown in (c)

The morphologic results from Run0 and Run5, after 5 hours, are shown in
Figure [£.19] There is erosion from the steeper parts of the river and terrain,
especially in the segment between y-coordinates 400 and 800. Much of this
sediment is deposited in the flatter regions, both in the river course and be-
yond it, where the buildings are located. In Runb, the erosion occurs over
a wider area beyond the river, and deposits a larger amount of sediment in
the settlement. The erosion and sedimentation on either side of the main
river, around x-coordinates -300 and 300, occurs due to the bathymetry of

the catchment, creating parallel streams in the flatter parts of the catchment.
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Investigation of the main river will be the focus in describing the results.

Figure shows the absolute velocity for RunOhyd and Run0, at peak
discharge. Without morphology the flood is in large part contained in the
original river channel, with overflowing water following closely, parallel, to
the river. The uppermost buildings still get affected by overflowing water,
while the others are only slightly affected. The velocity in the river channel
in RunOhyd is higher than in Run0. The sedimentation in the river pushes
the water levels up and spreads the flow, causing lower flow velocity. This
effect is most noticeable at y-coordinate 350, where the entire original river
channel is blocked with sediment (Figure , causing new streams to di-
vert through and around the settlement, before eventually joining the original

channel near the river mouth.
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Figure 4.20: Absolute velocity after 3 hours and 30 minutes of the baseline
rainfall. The simulation with hydrology only, RunOhyd, is depicted in (a),
the simulation with morphology, Run0, is depicted in in (b). The difference

between (a) and (b) is shown in (c)

Figure depicts the flow velocity at peak discharge with an increase in
precipitation, Run5 and Runbhyd. Again, the hydrologic simulation shows
some overflowing, with high velocities in the original channel. In terms of
overflowing, RunOhyd and Runbhyd have similar results, the main difference
is the higher velocity in the river channel of Runbhyd (Figures[4.20] 7). The
morphologic simulations display larger difference. In Run5, the overflowing

is more pronounced, and has a wider area of influence.
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Figure 4.21: Absolute velocity after 3 hours and 30 minutes of the 50% in-
crease in rainfall. The simulation with hydrology only, Runbhyd, is depicted
in (a), the simulation with morphology, Run5, is depicted in in (b). The

difference between (a) and (b) is shown in (c)

Figure shows the bathymetry at Control Stations 1 through 4 (Figure
4.17)). Due to the steeper slopes and more compact catchment, the morpho-
logic response happens faster in this scenario than the previous two, with
changes happening after 30 minutes. Observing the trends, there is consider-
able sedimentation and erosion occurring after 1.5 hours, even before hitting
peak discharge. Changes in bed level amounts to several meters in the river

course, matching observations from Figure
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Figure 4.22: Bathymetry at Control Stations 1 through 4, over 5 hours.
Shows Run0 through Run5 . The Control Stations are indicated in Figure

F17

The sediment discharge rates and cumulative discharges for Section 1 and 2
are shown in Figure An interesting observation is that the upstream
section (Section 2), has twice as much cumulative sediment discharge as the
downstream section (Section 1). This difference is due to the deposition of

the sediment in the flatter area.
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Figure 4.23: Shows discharge rate and cumulative discharge for Section 1,

(a) and (b), and Section 2, (c) and (d).

Figure (b)

Section 1 and 2 are indicated in
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Discussion

The cumulative sediment discharge results from all 3 scenarios (Figures
[1.12] implies that a 50% increase in precipitation, doubles the amount
of sediment transported. This means that the expected increase in precipita-
tion intensity caused by climate change (Midttgmme, 2011)), will result not
only in a higher water discharge, but also lead to more sediment transport
during a flooding event. Similar findings were made by Mohamadi & Kavian
(2015) and Kandel et al.| (2004)), where an increase in rainfall intensity had
a non-linear, or exponential, response in soil erosion and sediment transport
in real catchments. This implies that flood events greatly increase sediment
transport in a river, making morphological changes a relevant process to con-
sider in a flood mapping study. This exponential response is best quantified
by investigating results from the Uniform Gradient Scenario and the Variable
Gradient Scenario, where most of the transported sediment passes through
the section near the river mouth (Figure [4.5] [£.12)). Downstream areas where
slopes flatten out (see Utvik and the Steep Mountain River Scenario Figure
and [4.19), are thus affected in two ways by an increase in rainfall in-

tensity. First, the increased rainfall leads to higher discharges in the river.

65
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Secondly, the sediment transport is increased exponentially, which leads to

more sedimentation downstream, and a more widespread flooding.

(a) (b)

Water level

Bed level

Figure 5.1: Schematic, cross-sectional representation of the widening and
deepening of a river channel. In a hydrologic simulation the channel does
not adjust to the discharge rate in the river, and thus overflows (a). In a
morphologic simulation the channel can adjust to the discharge by deepening
and/or widening of the channel, increasing the capacity lowering the water

level.

For rivers with gentle gradients and small variations in slope, results from the
Uniform Gradient Scenario indicates that differences between a hydrologic
and morphologic simulation are relatively small for a single flood event. In
the morphologic simulation, the channel capacity is increased mostly by bed
erosion and widening of the river mouth (Figure, represented schematicly
in Figure [5.1, This results in slightly lower water levels throughout most of
the channel compared to the hydrologic simulations (Figure , . These
small changes in water levels can be sensitive to uncertainties in bound-
ary conditions and model settings, in line with the findings of |Wong et al.

(2014). Due to the uniform gradient, all the sediment is transported to the
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Height of River bank

owing

Bed level

Figure 5.2: Schematic representation of the overflowing caused by the mor-
phologic response to variations in slopes. Sediment from the steep segment
above, where velocity is large, is desposited in the segment with a gentler
slope below, where velocity decreases. Notice also the flattening of the river
bed. This pushes the water level up, to the point of overflowing the river

banks.

sea, not causing blockages in the river channel. In rivers with uniform flow
conditions, such as flow direction, slopes and velocity, a flood map created
with a hydrologic simulation might be sufficient. However, real rivers do
not have uniform flow conditions. Meandering, varying widths of the river
channel, and differences in sediment build-up and sizes, all cause variations
in flow-regime in a river channel. In the Uniform Gradient Scenario, the only
changes in flow conditions takes place at the river mouth, where the most
notable morphologic response occurs. Buildings located near the riverbank
would be destroyed, such as in the flood in Flam (Figure[2.3). Incorporating
river segments with varying widths or depths, meandering etc., in the sim-
ulation, should show results more closely resembling the erosion that took

place in Flam.
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In the Variable Gradient Scenario, the morphologic effects of different flow
conditions caused by variations in slope, are more closely investigated (Fig-
ure . The steeper slopes cause increased velocity, and therefore more
erosion of sediment, which deposits when the river slope become gentler,
and velocity decreases (Figure [5.2)). The larger the difference in slope be-
tween two river segments, the more sediment is transported downstream to
the gentle segment. The longitudinal profile (Figure demonstrates how
the river-profile tends to flatten out to reach an equilibrium. The sediment
deposited in the flatter river segments create blockages in the river course,
and lead to an increase in water levels of up to 0.5m. In a flooding event,
this difference can result in a large increase in damages. In terrain with
flatter floodplains, these sediment-blockages may divert and spread sediment
and water masses across settlements and infrastructure. This effect makes
human activity located in the flatter regions downstream from a steep catch-
ment especially vulnerable to overland flow diverted by sediment blockages
in the river channel (Figure . Many municipalities in western Norway are
located in catchments with these characteristics (Midttgmme, 2011), which
makes it questionable whether a hydrologic model is adequate for use in flood

maps in these regions, with a large difference in slope.

The Steep Mountain River Scenario demonstrates the difference between a
hydrologic and a morphologic simulation, in a catchment with steep upstream
terrain, and a flatter downstream segment. The hydrologic simulation fails to
show the formation of new water courses through and around the settlement,
as a result of the, up to, 3m high blockage in the river channel (Figure .
In addition to diverting the flow through the settlement (Figure , ,
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large amounts of sediment are also deposited, similar to the flood in Utvik
(Figure . The buildings in the simulations are considered non-erodible.
However, the masses of water and sediment would certainly destroy and carry
the buildings with them, as was the case in Tretten (Figure . Simulations
of the flood in Utvik by |[Dam| (2017)), using the same model, show similar
results. A hydrologic simulation proved unable to reproduce the new stream
paths formed during the flood, while a morphologic simulation showed better

accuracy.

Accurate predictions in a realistic setting, however, are still questionable
(Haff] [1996). Small errors in a non-linear model may lead to unexpected re-
sults. In addition to higher computational cost than a hydrologic simulation,
there are several challenges in data collection and model settings tied to a

morphologic model (Haff, 1996).

Empirical sediment transport formulae are derived in laboratories, thus the
translation to a geomorphic scale is debatable. The formula used in this
study is mostly meant for fine sediment sizes and does not have a critical
shear stress component (Engelund F. [1967). This makes it unsuited for
larger grain sizes than used in this study (1cm), and outcomes may drasti-
cally change for larger sediment classes. Further simulations with different

formulae should be considered for comparison with the results.

Collecting precise sediment and roughness data for a flood map requires
considerable effort. The single grain size used in this study is a simplifica-
tion of reality, where a catchment has large differences in sediment classes

throughout. The scenarios run in this thesis are quantitively sensitive with
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regards to finer grain sizes, but qualitatively stable within a reasonable range
(~0.5cm). This means that erosion and sedimentation occur in the same lo-
cations, where the grain size influences the magnitude. Smaller grain sizes
increase the sediment transport, while larger sizes decrease it. For larger
grain sizes, the results become unreliable with the formula used, and a dif-

ferent sediment transport formula should be considered.

Roughness is an important input parameter, because of the effect it has on
shear stresses and velocities, and in turn, on sediment transport. Roughness
data is hard to determine, since it is highly variable throughout the terrain.
A global roughness is therefore a simplification, and a potential source for
uncertainty. Even with the relatively simple terrains and river channels used
in the scenarios, changes in roughness has a considerable impact on qualita-
tive morphological outcomes. As with grain size, changes in roughness in the
scenarios only changes the magnitude of morphologic change, however the
changes occur in the same locations. An increase in roughness (+10cm) has
a negative effect on sediment transport in the Uniform Gradient and Vari-
able Gradient scenarios. This is due to the gentle slopes, where an increase in
roughness has a considerable effect on the flow velocity. The Steep Mountain
River Scenario is not very sensitive to a change in roughness (£10cm). In
this case, the geophysical factors (e.g. steep slopes and terrain layout) are
more important than the input parameters. Thus, in a morphologic simula-
tion, uncertainties in parameter inputs may be overruled by the morphologic
behavior of the model, driven by the geophysical characteristics of the catch-

ment.

The reliability of morphologic modelling is still under debate (Wong et al.,
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2014; Neuhold et al.; 2009; |Guan et all 2015, 2016; Lane et al., [2007; Mer-
wade et al., [2008), due to the increased complexity and strong non-linear
behavior, as compared to a strictly hydrological model. However, there are
numerous studies showcasing the ability of morphodynamic models to ac-
curately hindcast morphologic changes (Guan et al., 2015| [2016; (Gharbi et
al., [2016). Good accuracy on the scale of centuries can also be obtained in
hindcasts, e.g. [Dam et al.| (2016). The same model as used in this thesis was
applied on an estuary over a 110-year period, with successful results. It is
believed that a morphologic model can overcome its associated uncertainties
because of the physical nature of rivers to find a flow equilibrium (Dam et al.|
2016; Dam), 2017; Blom et al.| [2017)). This is supported by the results in this
thesis, where changing parameters only has a quantitative effect. Morpho-
logic changes are largely dependent on slope and changes in flow regimes due
to geophysical factors (Figures , , . The behavior of morphologic
models to reach these equilibriums may thus make morphologic changes in
a flood event predictable, overruling the uncertainties associated with them.
Advantages of using a morphologic model also include predicting new flood
paths caused by morphologic changes, which a hydrologic model is unable
to (Dam)| 2017). Considering these factors, the use of morphologic models in
flood maps may have significant benefits over hydrological models. With the
future increase in rainfall intensity caused by climate change, the advantages

of using morphologic models in flood maps may become more relevant.
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Conclusions

In this thesis, the morphologic changes during a pluvial flood, and the impact
of an increase in rainfall intensity caused by climate change, have been inves-
tigated. The 2-D morphologic model FINEL2D was applied to 3 scenarios

with different characteristics, over a 5 hour rainfall course.

With a 50% increase in rainfall, the results reflected a doubling in the amount
of sediment transported during the flood events. This implies an exponential
relationship between rainfall and sediment transport. In the scenarios with
non-uniform river bed slopes, sediment is eroded from river segments with
steep slopes, and deposited in segments with gentler slopes. In the Variable
Gradient Scenario, this results in a flattening of the bed, where the model
attempts to reach a flow equilibrium, in line with findings from (Dam et al.,

2016), (Dam, [2017)) and (Blom et al., 2017).

The Steep Mountain Scenario showcases a large difference in results of a
hydrological model, versus a morphological one. Sediment depositing and

blocking a river channel causes the flow to be pushed up (Figure , divert-
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ing to areas with potential human activity.

The use of morphologic models in flood maps have been discussed. Morpho-
logic models have been shown to accurately hindcast previous flood events
and long-term morphologic changes. The incorporation of a strongly non-
linear morphodynamic module introduces new sources of uncertainty, as com-
pared to a hydrological model. The uncertainties introduced are argued to be
overruled by the morphologic behavior of the model caused by the catchment
characteristics, making morphological changes in large part predictable. In
conjunction with other benefits of incorporating morphological changes, such
as predicting new flood paths caused by morphologic changes, it is concluded
that there are potential advantages of using a morphological model in flood

maps.

With an increase in rainfall caused by climate change, and the exponen-
tial response in sediment transport, the role of morphologic models in flood

maps may become more relevant in the near future.
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