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CHAPTER

6

Modeling channel incision and alpine hillslope development
using laser altimetry data

Published as: Anders NS, Seijmonsbergen AC, Bouten W, 2009. Modelling channel incision and
alpine hillslope development using laser altimetry data. Geomorphology 113, 35-47.

Abstract
This paper presents a new approach to simulate drainage basin evolution and demonstrates that
high resolution elevation data can be used as useful tool for a dynamic simulation of Alpine landscape development, in which channel incision is incorporated in high spatial detail. A vector channel
incision model (CIM) uses 1 m high-resolution laser altimetry data for simulation of longitudinal
profile development. The CIM is combined with a grid cell-based hillslope erosion model to incorporate the hillslope response to incising bedrock rivers in a simulation of landscape evolution. The
combined simulation model is applied to a geologically diverse Alpine catchment to simulate landscape development from reconstructed late glacial conditions towards the current situation. The
model is time-efficient and realistically adapts to contrasting geological substrata, while spatially
and temporally variable incision values, knick-point recession and variable hillslope development
result in a realistic simulation of post-glacial landscape evolution. High resolution elevation data,
in combination with dynamic geomorphological simulation models, facilitate research of complex
and difficult-to-access Alpine terrain at greater detail than before. It potentially paves the way for
more efficient landscape evolution research and can contribute to increasing the understanding of
the functioning of geo-ecological systems.
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Introduction

Incision of a mountain river into bedrock is a balance between sediment supply, sediment transport and fluvial erosion along the river’s longitudinal profile over time. External factors, such
as changing climatic conditions, tectonic activity and the influence of humans may interrupt this
balance and affect the rate of incision process, which may in turn influence the rate of sediment
transport on adjacent hillslopes. The dynamics of incising bedrock channels are of great interest
to geomorphologists and other earth scientists, because they strongly influence the development
of drainage basins (e.g. Howard, 1998; Whipple and Tucker, 2000; Schlunegger, 2002; Seong et al.,
2008).
Drainage basin evolution is driven by two processes: (1) incision of river channels and (2)
transport of weathered bedrock along hillslopes to the river channel. In most hydrologic models,
bedrock channel incision is a function of stream power, based on shear stress, which is a function
of discharge and stream gradient (e.g. Howard and Kerby, 1983; Howard, 1994). In these models,
additional factors, such as climate and geology, are often summarized by a single erosion coefficient.
Factors such as variability in hydraulic roughness, channel width, bed material and grain size
and orographic influences on spatial precipitation patterns are usually not considered (e.g. Duvall
et al., 2004). Nevertheless, many models that use the stream power concept, although they might
be slightly modified to fit their own purposes, have successfully simulated specific processes that
affect river long-profile evolution, such as base-level drop or sea-level cycles (Fagherazzi et al.,
2004), tectonic forcing (Duvall et al., 2004) and knick-point retreat (Bishop et al., 2005; Crosby
and Whipple, 2006; Anthony and Granger, 2007; Berlin and Anderson, 2007).
A widely used concept to model hillslope processes is the reaction-diffusion equation (Tucker
and Slingerland, 1994; Martin, 2000; Minasny and McBratney, 2001). Grid cells of 50–1000 m
have been used to model long-term mass movement processes on hillslopes (Tucker and Slingerland,
1994; Minasny and McBratney, 2006; Pelletier, 2007), which facilitates the calculation of landscape
evolution over broad areas (> 1000 km2 ).
Also drainage basin evolution simulation models that include fluvial dynamics are often grid
cell-based and use a regular or irregular mesh of cells, such as Digital Elevation Models (DEMs) or
Triangular Irregular Networks (TINs) (Willgoose et al., 1991b; Howard, 1994; Tucker and Slingerland, 1996; Braun and Sambridge, 1997; Tucker and Bras, 1998). Due to the innate computational
inefficiency of grid cell-based models, simulations are always restricted to the number of cells that
represent a drainage basin. Simulations of large fluvial catchments are therefore prone to inaccuracies, because one large grid cell (e.g. > 100m 100m) cannot realistically represent active small-scale
river dynamics. Large grid cells necessary for modeling extensive catchments do not accurately
describe their fluvial characteristics, especially in complex Alpine terrain in which river conditions
can change rapidly over short spatial scales. Determining the correct spatial resolution for simulation models is crucial, since varying the resolution of DEMs can cause significant variation in
DEM derivative calculations (e.g Kienzle, 2004). For example, Schoorl et al. (2000) have studied
the effect of DEM resolution (1–81m) on soil loss at multiple scales in a simple landscape process
model based on local transport and detachment capacities. They found a systematic increase in soil
loss estimations with increasing cell size at hillslope scale, while differences at catchment scale were
less pronounced. Also terrain complexity is likely to affect the quality of DEM derivatives, as Zhou
et al. (2006) found that the Root Mean Square Error (RMSE) of derived aspect and slope is negatively correlated with slope steepness in complex terrain. Both the stream power induced bedrock
incision concept (e.g. Bishop et al., 1985; Anthony and Granger, 2007; Berlin and Anderson, 2007)
and the reaction-diffusion soil transportation equation (e.g. Minasny and McBratney, 2001, 2006)
have already been successfully demonstrated using artificial or relatively homogeneous datasets.
Simulations in complex terrain are often avoided because of the complexity of interpreting model
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performance and related results.
Yet, to fully understand and model the internal channel processes that drive material transport
on adjacent valley slopes in complex terrain, such as bedrock channel incision and variations in
channel gradients, it is necessary to have access to fine elevation data. This detailed information
can be used as data for direct model input, such as a DEM, and also for landscape analyses and
indirect model input data (e.g. river longitudinal profiles, reconstructed DEMs based on the fine
elevation data) and may serve as a validation of model performance.
Recent developments in airborne laser altimetry (Light Detection And Ranging, LiDAR) can
produce fine elevation datasets with sub-meter spatial resolution (Marcus and Fonstad, 2008).
LiDAR data already have numerous applications in fluvial geomorphological research: in river
bathymetry (Hilldale and Raff, 2008) and tidal channel geomorphological research (e.g. Lahoni and
Mason, 2001; Mason et al., 2006) and in studies estimating river channel morphological change (e.g.
Milan et al., 2007), river bank erosion (e.g. Thoma et al., 2005; Jones et al., 2007), erosion fluxes
between terrace levels (Reusser and Bierman, 2007) and seepage erosion and hillslope undercutting
(Chu-Agor et al., 2008). Laser altimetry data have also been used to map river environments
(e.g. Charlton et al., 2003) and to improve numerical river flood models (Cobby et al., 2001).
Additionally, Van Asselen and Seijmonsbergen (2006) illustrate how 1 m LiDAR DEMs can be used
to semi-automatically map geomorphological features based on characteristic hillslope and elevation
properties and object-oriented segmentation and classification techniques. The fine resolution of
LiDAR datasets makes it possible to visualize landscape topography at great detail and facilitates
new opportunities to study landscape dynamics in complex terrain. However, incorporation of
detailed information into landscape evolution simulation models still remains a challenge.
The purpose of this paper is to demonstrate that high-resolution laser altimetry data can be
used as a useful tool for a detailed dynamic simulation of Alpine drainage basin evolution, in which
channel incision is incorporated in greater detail than before. We present a model that combines a
vector channel incision module and a grid cell-based hillslope erosion module to simulate bedrock
channel incision and hillslope development in complex Alpine terrain. Geometrical analyses of
LiDAR extracted longitudinal and cross-sectional profiles are used to create initial model conditions, which represent late glacial catchment topography. Results from a forward simulation of
post-glacial landscape evolution are compared with current LiDAR measurements to assess the
model’s performance.

6.2

Field setting

Our model demonstrates the simulation of post-glacial drainage basin evolution of a geologically
and geomorphologically diverse Alpine catchment in Vorarlberg, western Austria (Fig. 6.1). The
river Meng in the Gamperdona valley is part of a mixed fluvial and glacial catchment and drains
an area of approximately 80 km2 before it flows into the river Ill near the municipality of Nenzing.
The elevation ranges from 2600 m at the waterdivide to 560 m near Nenzing. The valley has a
deeply incised gorge in its lower section and a U-shaped glacial valley section in the upstream
section. Four major glaciations have been recognized in this part of the Alps and alpine foreland
(Penck and Brückner, 1909; Hantke, 1980). During the last Würm and Riss glaciations the fluvial
gorge became partly filled with fluvial, fluvio-glacial, deltaic and glacial deposits, as a result of
a blockage by ice from the trunk Ill glacier near the mouth and subsequent sub-glacial burial of
sediments during the Pleniglacial (De Graaff, 1996). During late-glacial and post-glacial periods
these sediments were washed out, facilitating bedrock channel incision (Seijmonsbergen, 1992).
This mechanism is repeated in several glaciationdeglaciation cycles and interrupts fluvial channel
incision and knick-point retreat on these time scales. In effect, sediment production, transport,
accumulation and erosion are balanced during interglacial periods (Seijmonsbergen, 1992). Oster-
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Figure 6.1: The study area is situated in Vorarlberg in Western Austria. The Gamperdona valley is a mixed
glacial and fluvial catchment with extensive deposition of hillslope sediments on the glacially shaped valley floor in
the higher valley section and a deep fluvial gorge system with steep cliffs in the downstream valley section. The
large river Meng, and its tributary river Gamp, flow into the river Ill near the municipality of Nenzing.

mann et al. (2006) have dated cemented valley fills in the gorge as Riss and Würm-Glacial and
confirmed this mechanism. Geologically, this area is underlain by a stack of two tectonic nappes
which are composed of rock formations of contrasting strength (Fig. 6.2). The lower unit belongs to
the so-called Flysch nappe and mainly consists of alternate layers of weak marl and siltstone, which
are susceptible to flow processes. The overlying Lechtal nappe consists of sedimentary formations
of which the limestone and dolomite formations are most important and determine the general
relief in the area (Alleman, 1985; Oberhauser, 1998). The Arosa Zone nappe consists of a tectonic
melange of weak, mostly sedimentary rocks and is interruptedly present as a décollement zone at
the base of the Lechtal nappe thrusts (Ring et al., 1990). The Falknis thrust is only exposed in the
southern part and consists of limestone, breccia, shale and marl. Postglacial hillslope development
in the upper glacial valley section has resulted in the deposition of sediments which are derived from
bedrock weathering, rock creep, debris flows, rock fall and flow processes (Seijmonsbergen, 1992).
In contrast, the downstream fluvial section has steeply incised gorges with numerous cataracts and
waterfalls. Here, the dominant geomorphological processes are vertical channel erosion and rock
fall. A subset of the geomorphological map at the transition between the glacially and fluvially
shaped areas is illustrated in Fig. 6.2. For a detailed overview of the geological and geomorphological situation we refer to Keller (1988); Oberhauser (1998); Gustavsson et al. (2006) and the
1:10.000 scale geomorphological maps of Seijmonsbergen (1992).

6.3

LiDAR data and processing

LiDAR data of the Gamperdona valley was acquired in the summer and autumn of 2005 by
the company TopScan, Germany, (http://www.TopScan.de). An Optech Airborne Laser Terrain
Mapper (ALTM) 2050 scanner was flown at approximately 65 m s−1 with a pulse rate of 50 kHz and
a scan frequency of 33 Hz, at an average altitude of 1000 m above the ground surface. The average
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Figure 6.2: A subset of the color and symbol-based geomorphological map indicates deposition in the higher
situated glacial valley (green colors to the left) and fluvial erosion in the lower situated area (brown colors to the
right) in glacially eroded bedrock (red colors). Shallow mass movement and flow/slide processes dominate the
hillslopes. In the lower left, an overview illustrates the major tectonic nappes and their geological substrates: A)
Flysch nappe; B) Lechtal nappe dominated by limestone formations; C) Lechtal nappe dominated by dolomite
formations; D) Falknis nappe; and E) Aroza nappe.
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Table 6.1: Summary of parameters used in the CIM and in the reaction-diffusion erosion model.

CIM
Parameter
U
K
m
n

Value
1
1e−3
1.8
2

Unit
[mm yr−1 ]
[yr m−3 ]
[-]
[-]

k
α
β

7.7e−16 –2.2e−15
1.2
1.3

[-]
[-]
[-]

Erosion model
Parameter Value
D
0.2
P
0.5–1
C
0.5
b
1
c
1.5
Pi
3
bi
0.5
ST h
22–45
ρr
2.6
ρs
1.6

Unit
[m2 yr−1 ]
[mm yr−1 ]
[m yr−1 ]
[-]
[-]
[mm yr−1 ]
[-]
[◦ ]
[kg m−3
[kg m−3

swath width was 725 m with 425 m overlap and a scan angle of maximum 20◦ . The ground points
were filtered out of the raw first pulse and last pulse data files using a ‘robust filtering approach’
(Kraus and Pfeifer, 1998), also known as the ‘Scop approach’ (Kraus and Otepka, 2005). The
average ground point density was approximately 1.8 points m−2 . Finally, 1 m Digital Terrain
Models (DTMs) were created using a linear least square interpolation or linear prediction method
(Kraus and Mikhail, 1972) with a maximum horizontal and vertical error of twice the standard
deviation (i.e. approximately 0.3 m).

6.4

Methods

A scheme of the drainage basin evolution model is presented in Fig. 6.3. The model is written
using the Matlab programming language (Mathworks, http://www.mathworks.com) and has four
distinct modules. After a general introduction, these modules will be discussed in detail below.
The first is an ‘initiation (1) module’, in which initial model parameters are defined (summarized in
Table 6.1) and former hillslope geometry and geological conditions are reconstructed, based on the
topographical analyses of high resolution LiDAR data and a geological map (Heissel et al., 1965).
The model parameters in Table 6.1 are both based on literature sources (Howard, 1994; Tucker and
Bras, 1998; Minasny and McBratney, 2001) and estimated on field research of (Seijmonsbergen,
1992). We decided to use such parameters in order to test the new approach of modeling drainage
basin evolution. In the second ‘CIM (2) module’, a vector-based channel incision model (CIM)
is used to analyze the development of mountain river channels and erosion in bedrock. In the
third ‘landscape response (3) module’, the CIM is coupled to a grid cell-based soil formation and
transportation model. The fourth ‘model evaluation (4) module’ visualizes model results and
evaluates the model performance.

6.4.1

Initiation (1) module

In the first module the initial model conditions are constructed in six steps. Firstly, channel path
locations are automatically extracted from the 1 m LiDAR data using the ESRI Arc Hydro tools.
These tools work as follows:
 The input DEM is hydrologically corrected, i.e. all pits (depressions) are filled in (O’Callaghan
and Mark, 1984; Tarboton et al., 1991) and flow accumulation is determined from the
local drainage direction (based on steepest descent) using the D8 single flow algorithm
(O’Callaghan and Mark, 1984);
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Figure 6.3: Overview of the model structure. The model is built of four separate modules. The first ‘initiation
module’ generates the initial model parameters and boundary conditions and provides input data for the following
two dynamic ‘CIM’ and ‘landscape response modules’. Model output is compared to current LiDAR data to evaluate
model performance. A detailed description of each module is located in Section 4.

 The river network is determined using a trial-and-error-based threshold value of the local
upstream area, to match best the channel locations as they are registered on the geomorphological map (i.e. approximately 1% of the entire catchment). Afterwards, the river stream
network is segmented into individual river channel paths;
 Finally, channel path pixels are converted into vectors. Channel nodes (points) are created
from channel vector vertices that act as input data for the simulation model (Section 6.4.2).
Consequently, the extracted river network consists of separate vector channel paths, of which
the longest channel, the river Meng, is built from approximately 10,260 nodes covering 22
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km of profile length.

Secondly, longitudinal and cross-sectional profiles, extracted from the channel vectors, are used to
analyse current channel geometry. In the third step, initial model topography is constructed in
two steps:
 A block-statistics procedure has been used to calculate the mean value within a 50 m 50 m
moving window. The result is re-sampled to a 50 m 50 m DEM (i.e. 200 300 cells). The
50 m resolution DEM contains sufficient detail for interpreting geology-related variations in
hillslope development, while model computation time remains feasible.
 Landforms with high post-glacial deformation are digitised from channel and cross-sectional
profiles and visual interpretation of LiDAR shaded relief maps. Digitised fluvial incisions are
automatically filled in using a uniform moving window of 250 m by 250 m to smooth the
inner cells, while preserving elevation detail outside the incisions. Elevation values within
digitised post-glacial deposition areas are lowered by 20 m and then smoothed to match
late glacial valley geometry. This corresponds to a removal of average valley fill deposits of
approximately 5–15 m depth (Seijmonsbergen, 1992);

In the fourth step, the channel nodes are ‘draped’ on top of the reconstructed late glacial DEM
to determine their initial elevation values using linear interpolation. In addition, supplementary
channel nodes are added to the vectors in positions where river vectors cross grid-cell borders.
During the simulation, these ‘border nodes’ regulate the elevation values of the grid cells. The
concept of border nodes is further discussed in Section 4.3.
The fifth step includes the identification of current transition zones of major geological formations (dolomite, limestone and marl), using the 1:25,000 geological map of (Heissel et al., 1965).
The transition zones are extrapolated to match the reconstructed late glacial topography (using
the spline algorithm), based on catchment average geological strike and dip angles, and stored in
separate DEMs.
In the sixth step, the soil thickness is initialised by calculating 500 years of soil formation and
transport by the hillslope erosion model, which was found suitable to generate a realistic spatial
distribution of soil thickness, while morphological changes of the reconstructed topography were
very limited. The hillslope erosion model is further discussed in Section 6.4.3.

6.4.2

The CIM (2) module

The CIM (2) module (Fig. 3) calculates the river longitudinal profile development over time. For
this, a one-dimensional vector channel incision model (CIM) has been developed that is based on
the stream power law or shear stress formula (Howard, 1994; Sklar and Dietrich, 2001; Anthony
and Granger, 2007). Although river channels are commonly assumed to strive towards a steady
state (Tucker and Bras, 1998), this profile will in most cases never be reached due to, e.g. tectonic
forces, incoming hillslope sediments, base level fluctuations etc. In the CIM, the river imbalance,
or degree of disequilibrium, is quantified, based on the elevation difference between the actual
profile and the estimated equilibrium profile (EP). Willgoose et al. (1991b) have determined the
equilibrium slope of an EP segment (Seq) [L L−1 ] using a function of uplift rate and contributing
area:

Seq =

U
K

 n1
A

1−m
n

(6.1)

where U is the uplift rate [L T−1 ], A is the upstream area [L2 ] and K, m and n are parameters
concerning the steepness and concavity of the EP segment, respectively. From Eq. 6.1, the channel
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equilibrium height is calculated, based on Seq and the horizontal distance to the preceding channel
node. At each individual node, the incision rate E [L T−1 ] is calculated according to the local
channel conditions using a modified stream power formulation:
E = kAα S β D

(6.2)

2

where A is upstream area [L ], which is exponentially related to channel discharge (Howard and
Kerby, 1983; Howard, 1994; Tucker and Bras, 1998), S is stream gradient [-], D is the degree of
disequilibrium [L] and k is a constant that combines the effect of climate and geology. Assuming
spatially constant climatic conditions, then a variable value of k corresponds with spatially variable
geological conditions. Once a channel node crosses a geological boundary layer (stored in a separate
DEM, see Section 6.4.1) due to channel bed lowering, the CIM will continue to calculate incision
rate values, based on the new geological conditions at the specific channel node. Channel gradient
and degree of disequilibrium are also updated each time step.

6.4.3

The landscape response (3) module

The vector-based CIM is overlain on the reconstructed late-glacial DEM in the landscape response
(3) module. Each time step, grid cell elevation values are updated to match their corresponding
‘border node’ elevation values, as calculated by the CIM (Section 6.4.2). The lowering of grid cells
will result in increased slope gradients between the channel bed and the adjacent hillslopes. This
altered landscape is then subjected to a reaction-diffusion erosion model (Minasny and McBratney,
2001) that calculates the production and transportation of soil material in the grid cell environment
(DEM).
In the erosion model, soil production is calculated through physical rock weathering and chemical soil weathering (Wp and Wc , respectively), of which their rates are modelled as a function of
potential weathering rate and soil thickness h:
Wp = P e−bh

(6.3)

Wc = C(1 − e−ch )

(6.4)

where P is the potential production of transportable soil material due to the mechanical breakdown
of bedrock (physical rock weathering) [L T−1 ], and C is the potential loss of soil material due to
dissolution of minerals (chemical soil weathering) [L T−1 ], and b and c are empirical constants.
The change of soil thickness due to soil production is calculated using Eq. 6.5:
ρr
δh
=
Wp − Wc
δt
ρs

(6.5)

where ρr/ρs is the ratio between rock and soil density. The redistribution of soil material is
modelled by the hillslope-diffusion equation, where the flow of soil material q is proportional to
hillslope gradient (δz) (e.g. Kirkby, 1971; Dietrich et al., 1995; Tucker and Bras, 1998):


δz
δz
q=D
+
(6.6)
δx δy
where D is the diffusivity constant [L2 T−1 ]. The change of soil thickness due to transport of soil
material is calculated using Eq. 6.7:
 2

δ z
δ2 z
δh
=D
+ 2
(6.7)
δt
δx2
δy
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A combination of soil production (Eq. 6.5) and transportation (Eq. 6.7) leads to:
δh
ρr
=
Wp − Wc + D
δt
ρs



δ2 z
δ2 z
+
δx2
δy 2


(6.8)

Montgomery (2001) argues that rock mass strength controls the form of weathering-limited
bedrock hillslopes, based on earlier research by Selby (1980, 1982, 1987). Also, bedrock hillslopes
and hillslope gradients are likely controlled by threshold slope angles (Schmidt and Montgomery,
1995). Therefore, a supplementary term Wi is introduced to incorporate the effect of hillslope instability. It is assumed that unstable bedrock hillslopes lead to additional production of transportable
soil material through increased mechanical breakdown of bedrock. In the erosion model, hillslopes
are defined as ‘unstable’ if hillslope gradients Sh exceed geology-related gradient thresholds ST h :
Wi = Pi e−bi h if Sh > Sth

(6.9)

where Wi is the additional physical weathering rate due to bedrock instability, Pi is the potential mechanical breakdown of bedrock due to bedrock instability [L T−1 ], and bi is an empirical
parameter. Implementing Eq. 6.9 into Eq. 6.8 leads to the final landscape erosion formulation:
ρr
δh
=
(Wp + Wi ) − Wc + D
δt
ρs



δ2 z
δ2 z
+
δx2
δy 2


(6.10)

In summary, the vector CIM calculations result in increased hillslope gradients adjacent to
the channel grid cells, thus enhancing flow of soil material in the reaction-diffusion erosion model.
Increased hillslope gradients also result in decreasing soil depth, which in turn causes increased
breakdown of bedrock and production of soil material.

6.4.4

Model evaluation (4) module

In the model evaluation (4) module (Fig. 6.3), the model performance is evaluated by comparing
the longitudinal and cross-sectional profiles, which are extracted from the LiDAR DEM and the
simulated DEM, with the emphasis on model response to variable geological strength and related
degree of effective fluvial incision, knick-point regression and hillslope development.

6.5

Results

Three sections, with contrasting geomorphology, are recognised using LiDAR data (Fig. 6.4). In the
upper region of the drainage basin (1) typical U-shaped slopes dominate the landscape in mainly
dolomite rock formations. The LiDAR hillshade images and cross sections perpendicular to the
river channel indicate deposition of hillslope material in the valley floor. Further downstream
in the river longitudinal profile, a transitional V-shaped valley section (2) indicates the fluvial
incision of the river into the underlying limestone bedrock, which led to relatively steep gradients
of adjacent hillslopes. In the downstream river section (3), the river channel has deeply incised into
the underlying marls, resulting in typical V-shaped valleys. In this area, hillslopes have developed
with gradients which are less steep than those found in limestone formations.
The reconstructed late-glacial DEM, which is used as initial model input, is based on LiDAR
data analysis and geomorphological interpretation. In this new DEM, recent deposits have been
removed and channel incisions are filled in (Fig. 6.5). As a result, the major knick point recognised
in the present river profile was extrapolated downstream in the river profile (Fig. 6.5). These initial
conditions reflect realistic terrain conditions on which further model results will be based.
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Figure 6.4: Three detailed subsets of LiDAR shaded relief maps characteristic of a glacial valley section ((i) lower
top right), a fluvial section in limestone ((ii) central top right) and a fluvial section in marl ((iii) upper top right).
The corresponding long profile of the river Meng and geological structure is shown on the lower left (B) and the
corresponding cross-sections on the lower right (C).
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Figure 6.5: Reconstructed late-glacial topography was used to generate a new DEM to serve as initial topography
data for the drainage basin evolution model. Channel incisions were filled in and deposition areas were lowered to
represent the probable late-glacial landscape (A). The major knick point, located at the transition zone of dolomite
and limestone formations, was reconstructed (B). The elevation difference between the reconstructed DEM and the
resampled 50 m DEM is illustrated in (C). Soil thickness was initialised using the erosion model, resulting in thick
soils in deposition areas and in thin soils in erosional areas (D).

6.5.1

Model results

Channel bed lowering
In the model, effective channel bed lowering is the result of the balance of transport capacity
and sediment supply (through stream power and hillslope deposition, respectively). A dynamic
simulation of longitudinal profile evolution has been possible due to temporally variable channel
properties (gradient, geology and distance to the equilibrium profile), including upstream knick
point migration.
The migrating knick point is clearly illustrated in Fig. 6.6 by three experimental simulations
using different geological settings: (1) the entire longitudinal profile is dominated by dolomite rock
formations (i.e. all geological layers are modelled with dolomite properties). Here, fluvial incision
has only moderately developed after 10,000 simulation years; (2) the catchment only consists
of dolomite and limestone formations (i.e. marl layers are modelled with limestone properties).
In this situation, the channel profile has incised deeper into the bedrock, especially in the area
directly below the dolomite-limestone transition zone. Moreover, the influence of limestone on
fluvial incision, with respect to dolomite, is decreasing towards the river base level; (3) the river
long profile is simulated using the current geological setting of the catchment, including dolomite,
limestone and marl formations. Here, fluvial incision is most pronounced. The difference in
profile shape of simulation (2) and (3) illustrates the effect of the existing marls on channel profile
development. In the river profile of simulation (3), marl formations do not exist above 750 m.a.s.l.,
while the increased degree of fluvial erosion in the river profile is noticed until 875 m.a.s.l. The
effect of the weaker marl formation is therefore extended far into the limestone formation upstream
in the river profile. This is also true for increased fluvial incision into dolomites, caused by the
underlying limestone formations (i.e. difference in shape between simulation (1) and (2)). This
indicates that during the simulation, underlying bedrock properties also affect the degree of fluvial
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[!t]
Figure 6.6: Three experimental simulations of 10,000 years illustrate the effect of geological strength on fluvial
erosion in the development of the longitudinal profile (A). The rectangle indicates the location of the more detailed
presentation of the fluvial development in the lower section of the river longitudinal profile (B). Simulation I and
II represent a geological setting of only dolomite (I) and dolomite and limestone formations (II). Simulation III
represents long profile development with all three geological layers. All simulations had identical initial topography.

incision at different, higher situated and overlying bedrock.
In addition, as channel profile segments lower in time, the vertical distance to the equilibrium
profile and therefore the degree of disequilibrium decreases in time. The downstream section of
the river profile will finally reach steady state equilibrium. In contrast, in the upstream area the
river profile remains at similar elevation values explained by insufficient stream power to incise the
relative strong dolomites.
Hillslope development
The reaction of hillslope development to channel incision is illustrated using cross sections perpendicular to the main river channel (Fig. 6.7). The cross sections extracted from the simulated
DEM also indicate that fluvial incision has not yet developed in the upper glacial valleys and
dolomite rock formations (1). In the lower situated limestone (2) and marl formations (3) the
lowering of the channel bed resulted in typical V-shaped valleys (Fig. 6.7B). The model’s reaction
to contrasting bedrock strength not only results in variable incision rates, but also in variable
hillslope gradients next to the channel bed (Fig. 6.7C). The box plots showed in Fig. 6.8 illustrates
the hillslope angles [◦ ] adjacent to the channel bed of the river Meng, extracted from (A) the
reconstructed late-glacial DEM, (B) the LiDAR DEM and (C) the simulated DEM-categorised by
the three main rock types. The hillslope gradient values are calculated from the mean of both
hillslopes angles, perpendicular to the channel bed, that directly connect to the channel nodes.
Initial hillslope angles, as they are registered in the reconstructed DEM (A), are very similar in
dolomite, limestone and marl formations (mean value of approximately 2–4◦ ). Hillslope gradient
values extracted from the LiDAR DEM (B) show relatively gentle slopes in dolomite (mean value
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Figure 6.7: (A) indicates the difference between modelled output and the reconstructed DEM and locates the cross
section profiles that are extracted from the LiDAR DEM, the late glacial DEM and the model output to evaluate
hillslope development simulation results. In agreement with LiDAR images, the extent of hillslope development is
variable along the river profile (B). During the simulation, hillslope gradients have developed steeper in limestones
than in relative by weaker marl formations (C).

of approximately 11◦ ) and steeper slopes in limestone and marl (mean value of approximately 30◦
and 18◦ , respectively). This corresponds to a stronger development of fluvial incision in limestone
and marl than in dolomite. In the simulated DEM (C), which is based on 10,000 simulation years
and using the reconstructed DEM as initial topography, hillslope gradient values along the river
profile follow the same pattern as is shown in the LiDAR dataset: low hillslope development in
dolomite (mean value of approximately 9◦ ), followed by steep hillslopes in limestone and moderate
gradient values in marl (mean value of approximately 45◦ and 24◦ , respectively). Compared to
the LiDAR measurements, hillslope gradient values are overestimated by the model in limestone
and marl formations and, especially in dolomite, more outlier values exist in the simulated DEM.
Nevertheless, in general, hillslope development in dolomite, limestone and marl rock types have
evolved to a similar degree as currently shown in the laser images.

6.6
6.6.1

Discussion
Initial model conditions

Traditional methods to develop and to evaluate landform evolution models use homogenous or
artificial landscapes (Howard, 1994; Tucker and Bras, 1998; Simpson and Schlunegger, 2003; Gasparini et al., 2007), or are based on field measurements concerning specific processes that act on the
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Figure 6.8: Boxplots of hillslope degree adjacent to the river bed are categorised on geological substrate directly
below the river channel in the reconstructed late-glacial DEM (A), the LiDAR DEM (B) and the model output (C).
The box represents the upper and lower quartiles; the red line indicates the median; the whiskers locate the most
extreme non-outlier values; and the red plus signs indicate outliers within a series of hillslope angles.

evolution of landscapes (Anthony and Granger, 2007). The construction of initial model conditions
based on laser altimetry data as illustrated in this paper is, to our knowledge, a new approach
in Alpine landscape modelling. Although it remains to a certain degree speculative, we mainly
focus on the development of channel profiles and hillslope geomorphology near the channel bed,
which can well be recognised in geomorphological field maps and high-resolution laser altimetry
images. Our purpose of demonstrating variable channel profile and hillslope development using our
reconstructed late-glacial DEM is achievable and could not be reached with traditional methods
or using a coarser DEM.

6.6.2

Model evaluation

The CIM produced a realistic evolution of channel profiles. The regulation of grid-cell elevation
values by CIM nodes effectively created new slope gradients in the simulated DEM. The use of
separate DEMs is found to be useful for locating major geological boundaries during a dynamic
simulation. This allows the vector model to adapt to new local geological conditions if geological
boundaries are crossed. In addition, the spatially variable weathering rates resulted in a realistic
simulation of hillslope development, similar to grid-based models used by Howard (1994); Tucker
and Slingerland (1994, 1996); Martin (2000); Minasny and McBratney (2006).
Although channel dynamics in this research are simulated using a much higher spatial resolution, the computation times of other drainage basin evolution models are within the same extent
(ranging from 10 minutes to several hours) (Willgoose et al., 1991a; Tucker and Slingerland, 1994;
Braun and Sambridge, 1997; Coulthard et al., 2000; Tucker et al., 2001), reviewed in Coulthard
(2001).
Integrating both vector and grid cell modelling techniques in a drainage basin evolution model
facilitates a dynamic simulation with a high degree of detail in terms of channel dynamics, while
at the same time guaranteeing computation efficiency. The use of vectors to model river dynamics
is therefore a promising approach to use for future more complex drainage basin evolution models.
This paper has demonstrated a new approach that can simulate realistic geomorphological develop-
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ment with a model that incorporates river incision dynamics using high-resolution laser altimetry
data. New research by the authors is being developed, where new detailed field measurements
related to boundary conditions will be used, and where also other relevant hillslope processes,
such as rock fall and debris flow, will be incorporated in the model. This is necessary, in order
to test different scenarios for a more accurate simulation of the geomorphological evolution of the
Gamperdona valley.

6.7

Conclusions

We have demonstrated a computationally-efficient simulation of drainage basin evolution through
the combination of two models, a vector-based channel incision model and a grid cell-based hillslope
erosion model. High-resolution elevation data, such as LiDAR data, can be used to efficiently
reconstruct initial model conditions, while the effect of complex geological substratum can be
integrated in the simulation model. The model was capable of dynamically adapting to new
geological circumstances following channel bed lowering, which resulted in a realistic evolution of
both longitudinal and cross-sectional river profiles, including the recession of geology-related knick
points. In addition, adjacent hillslope development also responded differently according to its
geological substrates, resulting in hillslopes that have developed steeper in relatively strong rock
formations. High-resolution elevation data were found useful in extracting geometric landscape
information to analyse geomorphological activity and in making assumptions about the former
topography of deglaciated catchments. The combined vector/grid-cell model and high-resolution
data opens up new modelling opportunities to simulate geomorphological dynamics in greater
detail. It potentially paves the way for more efficient landscape evolution research of complex
and difficult-to-access Alpine terrain and can contribute to increasing the understanding of the
functioning of geo-ecological systems.
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