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Riassunto and abstract

RIASSUNTO

Il presente lavoro ¢ consistito nello sviluppo e nell’applicazione di metodi
geomorfometrici per l'analisi della dinamica del sedimento legata a processi di
trasporto solido e colate detritiche a diverse scale temporali e spaziali in ambiente
alpino.

L’analisi ha riguardato due aspetti principali. Nella prima parte, sono state
analizzate, da un punto di vista quantitativo (variazioni areali e volumetriche) e
qualitativo (pattern di distribuzione spaziale dei processi erosivi e di deposizione), le
variazioni morfologiche avvenute in un arco temporale di sei anni in due piccoli
bacini (Gadria e Strimm) della Val Venosta (Alpi Orientali, Italia). L’analisi dei
cambiamenti geomorfologici ¢ stata effettuata determinando i DTM delle
Differenze (DTM of Difference, DoD) ottenuti dal confronto di modelli digitali ad
alta risoluzione (2 m) derivati da rilievi LIDAR ripetuti nel tempo disponibili per
entrambi i bacini.

Per la determinazione del DoD ¢ stato applicato un metodo di spazializzazione
dell’errore verticale basato sulla logica fuzzy che ha previsto I'utilizzo di parametri
legati alla qualita ed accuratezza dei DTM e alla complessita topografica dell’area di
interesse, quali la densita della nuvola di punti al suolo e la pendenza.

I volumi di sedimento erosi e depositati dagli eventi verificatisi nell’arco temporale
analizzato, ottenuti dall’applicazione del metodo descritto, sono stati confrontati
con i dati di campo presenti in un sistema integrato e aggiornato di
documentazione dei fenomeni torrentizi e fluviali gestito dalla Provincia Autonoma
di Bolzano. L'utilizzo di un approccio basato sulla spazializzazione dell’'incertezza
verticale per l'analisi DoD ha consentito di recuperare parte dell'informazione
relativa a variazioni morfologiche di piccola entitd in aree a bassa pendenza che
sarebbero andate perdute nel caso fosse stata considerata una spazializzazione

spazialmente uniforme. L’analisi ha inoltre evidenziato la possibilita di utilizzare il
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DoD per l'identificazione di processi erosivi e deposizionali in aree non facilmente
accessibili e di eventi non rilevati mediante osservazioni di terreno.

L’analisi delle relazioni tra parametri geomorfometrici, come la curvatura (planare e
di profilo), la pendenza e I'area drenata, e i cambiamenti geomorfologici rilevati col
DoD ha apportato un valido contributo all'interpretazione qualitativa delle
variazioni occorse a completamento delle stime volumetriche di erosione e deposito.
Queste relazioni possono essere utilizzate per valutare quantitativamente le
variazioni dell’assetto morfologico conseguenti ad eventi di erosione e deposito.

La seconda parte ¢ stata dedicata all’analisi della connettivita del sedimento a
diverse scale spaziali sia in termini di risoluzione del DTM che di estensione
geografica. L'analisi & stata condotta utilizzando un indice di connettivita del
sedimento a base morfometrica (IC) proposto da Borselli et al. (2009) e adattato da
Cavalli et al. (2013) all’'ambito montano. IC applicato a DTM ad alta risoluzione
consente di caratterizzare spazialmente la potenziale connettivita del sedimento tra
versante e aree di particolare interesse (e.g. strade, sezione di chiusura del bacino,
corsi d’acqua). E stata valutata I'applicabilita del modello in un contesto regionale
(alta e media Val Venosta) che presenta un’alta variabilita in termini topografici e di
uso del suolo. In particolare, sono stati analizzati gli effetti della risoluzione del
DTM sui risultati di IC e la variabilita dell'indice stesso applicato a bacini
selezionati all'interno dell’area della Val Venosta caratterizzati da diversa forma,
dimensione, pendenza e dinamiche di trasporto del sedimento. La dipendenza
dell'indice dall’area del bacino, dovuta soprattutto alla componente downslope che
considera la lunghezza del percorso che il sedimento deve affrontare per raggiungere
un sink, suggerisce che il modello applicato consente il confronto principalmente
tra bacini che presentano dimensioni simili. La risoluzione sembra invece influire
non solo in termini di valori medi ma anche, ed in misura piu evidente, sulla
distribuzione spaziale della connettivita sia a scala di bacino sia a scala regionale.

D’altra parte i risultati ottenuti hanno evidenziato la possibilita di utilizzare 'indice
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di connettivita come strumento per una rapida caratterizzazione spaziale della
connettivitd del sedimento su ampie aree ed in aree morfologicamente complesse
interessate da diversi processi di trasporto del sedimento come colate detritiche e
trasporto solido canalizzato.

Le due tipologie d’analisi finalizzate allo studio a diverse scale spaziali e temporali
delle aree di studio, presentate in modo distinto nella presente tesi, possono
considerarsi tuttavia connesse. L’applicazione, infatti, di IC in un bacino
caratterizzato dalla presenza di un ghiacciaio soggetto a ritiro (Zinal, Svizzera) ha
consentito di valutare I'effetto del processo di scioglimento del ghiacciaio stesso
sulla potenziale connettivita del sedimento dopo un periodo di circa quarant’anni.
L’analisi qualitativa della variazione dell'indice di connettivita in relazione al ritiro
del ghiacciaio ha dimostrato come il grado di connettivita del sedimento sia un
fattore chiave nel controllare il rilascio di sedimento tra versanti e canale principale
e come i flussi sedimentari futuri provenienti dalla zona soggetta a scioglimento
dipendano in modo critico dallo sviluppo di morene laterali.

Nel complesso, I'elevata risoluzione dei DTM derivati da rilievi LIDAR, valorizzata
tramite I'impiego di idonei strumenti per I'analisi geomorfometrica, ha consentito
sia di cogliere le variazioni, dovute al succedersi di pit eventi a scala di bacino sia di
ottenere mappe di previsione sulla potenziale connettivita del sedimento a diverse

scale spaziali in aree caratterizzate da diversa morfologia e processi di trasporto.
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ABSTRACT

In this work geomorphometric methods were applied at different spatial and
temporal scales for the analysis of the sediment dynamic related to debris flows and
bedload sediment transport in alpine environments.

The thesis involves two kinds of analysis. The first is aimed at investigating
morphological changes occurred in a six years period in two catchments (Gadria
and Strimm) of Venosta valley (Eastern Alps, Italy). The study areas were analyzed
from both a quantitative (volumetric and areal variations) and qualitative (spatial
distribution pattern of erosion and deposition) perspective. The multitemporal
analysis was performed by calculating the digital terrain model (DTM) of Difference
(DoD) obtained from the comparison of high resolution DTMs (2m), related to
both studied catchments, derived from successive LIDAR surveys.

A method based on fuzzy logic that takes into account the spatial variability of
DTM vertical error was applied to derive the DoD. To evaluate the uncertainty in
both pre-event and postevent DTMs, two geomorphometric parameters, i.e.,
ground point density and slope, approximating the quality of the DTM and the
topographic complexity of the study area, respectively, were considered.

Volumes of sediment eroded and deposited by events occurred in the analyzed
period, as computed by the DoD, were compared to field survey data derived from
a database of historical events provided by the Autonomous Province of Bolzano.
The wuse of a spatially variable uncertainty permitted both to recover the
information related to low magnitude changes in gentle slope areas that would be
lost if a uniform threshold was applied. The analysis also highlighted the possibility
to use the DoD for the identification of erosion and deposition processes in
uneasily accessible areas and of events that could not be detected through field

surveys.
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The analysis of the relationship between geomorphometric parameters, such as
curvature (planform and profile), slope and drainage area, and geomorphologic
changes detected by the DoD, improved the qualitative interpretation of surface
variations, integrating the volumetric estimates of erosion and deposition.

The second analysis involves the investigation of sediment connectivity at different
spatial scales both in terms of DTM resolution and geographic extent. The analysis
was carried out by using the index of connectivity (IC) proposed by Borselli et al.
(2009) and modified by Cavalli et al. (2013) for the analysis of alpine catchments.
IC applied to high resolution DTMs allows the spatial characterization of the
potential sediment connectivity between hillslope and areas of particular interest
(e.g. road, basin outlet, channel). The feasibility of applying IC at regional area
(Venosta valley) presenting high topographic and land use variability was tested. In
particular, the effect of the DTM resolution on IC results and the variability of the
index applied to selected basins of Venosta valley characterized by different shape,
size, slope and sediment dynamics, was investigated. The dependence of the
sediment connectivity index on the drainage area, mainly due to the downslope
component of the index that considers the length of sediment pathways to reach a
target or a sink, implies that only basins of similar size can be compared. DTM
resolution affects not only mean values of IC but also the spatial distribution of the
sediment connectivity both at basin and regional scale.

Nevertheless, the obtained results highlight the possibility to apply the connectivity
index for a rapid spatial characterization of the sediment connectivity at large scale
and in areas characterized by complex morphology and different sediment transport
processes such as debris flows and bedload transport.

The two analyzed scales, spatial and temporal, even if presented separately in the
thesis, can be considered connected. The application of the connectivity index in a
basin undergoing glacier retreat (Zinal glacier, Switzerland) allowed the evaluation

in a future scenario of the melting process on the potential sediment connectivity
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after a period of fourty years. Qualitative analysis of the variation of the
geomorphologic index suggested that the degree of sediment connectivity is a key
factor in controlling the release of sediment between hillslopes and main channel
and that future sediment fluxes coming from the melting zone critically depend on
the lateral moraines development.

As a general conclusion of this study, the high resolution of digital terrain models
derived from LiDAR surveys, coupled with the use of suitable tools for
geomorphometric analysis, permitted both to evaluate geomorphic changes, caused
by multiple events, occurred at basin scale and to create scenario map of the
potential sediment connectivity at different spatial scales, in areas characterized by

different morphology and sediment transport processes.
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Chapter 1. Introduction

CHAPTER 1

INTRODUCTION

Natural processes related to sediment erosion, transport and deposition play a
major role in shaping the morphology of mountainous catchments and may result
in severe hazard when sediment transport occurs in paroxysmal ways, as in the case
of debris flows and debris floods.

Uncertainties in the evaluation of sediment dynamics in mountainous catchments
are due to both the complexity of the processes and to the difficulty of gathering
reliable experimental data. Regarding the issue of field data collection, both
technical problems (e.g. the difficulty in evaluating the depth of erosion and the
thickness of the deposits) and economical and time resources constraints hamper
sediment monitoring on large areas.

High-resolution DEMs can help overcoming the limits mentioned above on
sediment data in mountainous catchments, permitting the analysis of sediment
dynamics on large areas and favoring the development of new analytical techniques.
Among remote sensing technique, LiDAR (or laser scanning), providing a high-
resolution description of the topography, opened new perspective in the
investigation of natural processes, especially in mountain basins where complex
morphology plays a fundamental role in the geomorphological and hydrological
response. The availability of high accuracy and high resolution DEMs allowed the
development and the update of quantitative methods for the description of
different processes. Geomorphometry emerges thus as a new analytical approach for
the quantification of the surface morphology and related building processes at
various spatial and temporal scales.

In this work, the main objective is the analysis of the feasibility of different

geomorphometric indices, derived from LiDAR derived high-resolution DTMs, to
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evaluate the sediment dynamic in mountain basins linked to bedload and debris
flow processes. The research involves the analysis of the sediment connectivity
carried out at regional and basin scale and the estimation of morphological
variations occurred at basin scale. Further analysis between investigated processes
and morphometric relationship was also investigated. The following questions will
be answered in detail:

1) Can potential sediment connectivity be modeled by applying a topographic index
to high-resolution data at large scale?

2) Is the sediment connectivity index dependant from the computational scale?

3) Which are the main factors (impedance to sediment transport, catchment area,
shape and slope) that influence the sediment topographic index at basin scale?

4) How geomorphic changes resulting from the DTM of Difference between two
LiDAR surveys can be compared with post-event field surveys?

5) How could glacier retreat influence the sediment connectivity in an alpine
catchment?

The work is structured as follows:

— Chapter 2 recalls some basic issues of geomorphometry, including the main
parameters used in this thesis, and summarizes the state of the art of sediment
connectivity and geomorphologic changes analysis;

— Chapter 3 describes the main characteristics of study areas (Venosta Valley,
Gadria and Strimm catchments, in Eastern Italian Alps, and Navizence
catchment in Swiss Alps) giving necessary information on geomorphology that
had to be considered for the application of gegomorphometric methods;

— Chapter 4 presents the data collected and the methods applied for the analysis
of sediment connectivity and of geomorphologic variations;

— Chapter 5 reports and discussed obtained results;

— Chapter 6 draws the main conclusions of the research, stressing the important

findings of the present work.
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CHAPTER 2
LITERATURE REVIEW

2.1 Geomorphometry

Geomorphological and hydrological processes are closely linked to the topography
of a landscape. The need to incorporate a quantitative measure of topography for
hydro-geomorphological analysis dates back to the mid-twentieth century when an
interdisciplinary science, named geomorphometry, evolving from mathematics and
earth sciences, appeared (Pike et al., 2009). Defined as “the science of quantitative
land surface analysis that deals with the recognition and quantification of landform
and surface processes” (Rasemann, 2004), geomorphometry is nowadays a modern
analytical and cartographic approach revolutioned by the advent of computers and
the development of Geographic Information System (GIS) and modern data
acquisition techniques.
The most widely used data structure employed to store and accurately characterize
information about topography in a GIS environment is a land-surface model, i.e.
the Digital Elevation Model (DEM) usually in a form of a grid or vector map of
elevation points (Pike et al., 2009).
From the literature, different model definitions exist according to the variety of
their applications in terrain modelling. The three most common models used are
(Cavalli, 2009; Bishop, 2013; Wasklewicz et al., 2013):

- DEM (Digital Elevation Model), which describes the altitude of land

topography;
- DSM (Digital Surface Model), that relates to the actual structure of the land
surface, including human-built structures, vegetation and other objects on

the surface (Fig. 2.1);
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- DTM (Digital Terrain Model), that is the result of a workflow process of
sampling elevations, preprocessing data to obtain a DEM, and analyzing and
removing errors. Unlike DSM, DTM is defined only by ground points (i.e.
filtered from vegetation and human structures).

Although raster DEM require large amounts of storage, they are the main structure
used for geomorphometric applications. The widespread use of gridded DEMs
derives firstly from their simple structure; as it is spatially uniform, the main
controlling factor of its properties is represented only by the cell size. Thanks to
these characteristics, raster DEMs are more suitable for images processing and
geomorphometric analysis than other model structure (e.g. vector data) since easier

algorithms can be applied (Hengl and Evans, 2009).
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Figure 2. 1: Examples of a DEM (A) and a DSM (B) of a same area (Smrecek et al., 2013).

In the present study the term DEM is referred to a general model of the terrain

whereas DTM is used only for bare ground models derived from LiDAR data.

2.1.1 Geomorphometric analysis: parameters and indices

The main purpose of geomorphometry is the extraction from a DEM of
topographic elements describing the morphology of the surface. Principal steps of

geomorphometric analysis, summarized in Figure 2.2, are (Pike et al., 2009):
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- Land surface sampling (i.e. elevation measurements acquisition);

- Derivation of a digital model (DEM) from sampled elevations;

- DEM processing and error assessment;

- Derivation of landform parameters and indices from processed DEM;

- Geomorphic analysis applying calculated index and parameters.

surface sampling
sampled
elevations
surface generation
land surface
model
preprocessing
corrected
land
surface
model
~ -
surface analysis |
land surface objects || land surface parameters

Mapping and modelling of soil and vegetation distribution,
application hydrological modelling, spatial planning etc.

Figure 2. 2: Synthetic diagram of geomorphometric analysis process (Pike et al., 2009).

According to Pike et al. (2009) DEM derived topographic elements and indices can

be differentiated into:
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- Parameter (or attribute): descriptive measure of landforms (e.g. slope,
curvature, wetness index), generally described by continuous value (i.e.
raster image);

- Object: discrete spatial feature (e.g. watershed line, cirque, alluvial fan,
drainage network), generally represented on a vector map consisting of
points, lines or polygons.

Wilson and Gallant (2000) applied a further distinction between primary and
secondary attributes (Tab. 2.1). Primary attributes can be derived directly from the
DEM (e.g. slope, aspect, curvature) whereas secondary attributes are computed from
two or more primary topographic attributes.

Primary attributes, calculated as derivatives of a surface, are useful for the
description of the morphometry and surface attributes of hillslope and channels or
for landform classification. Secondary attributes plays a fundamental role for
hydrological and geomorphological analysis since they describe and quantify the

spatial variability of a process occurring in the landscape (Wilson and Gallant,

2000).
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Table 2. 1: Selection of commonly used primary and secondary parameters (Wilson and Gallant,

2000, modified).

Category Parameter Processes involved
Aspect Evapotranspiration, flora and
fauna distribution and
abundance, snowmelt
Slope Overland and subsurface flow
velocity, vegetation, soil water
Primary
Catchment area Runoff volume
parameters
Flow path length Erosion rate, sediment yield
Profile curvature (i.e. parallel to the Erosion/deposition rates
direction of the maximum slope)
Planar curvature (i.e. perpendicular to | Converging/diverging flow,
the direction of the maximum slope) | soil characteristics
Wetness index
=in . .
r Ttan B Soil saturation
Ag
W =in
Secondary tan
parameters | Stream power indexes

SPI = A, tanf

L§= (m+1) (22[.113)m (o.s(;ggs)n

CIT = As(tan B)?

Runoff erosion, sediment
transport capacity, headwaters

prediction

Morphometric analyses on a raster DEM are generally computed through the

application of a neighborhood function based on the concept of the moving

window, i.e. a regular matrix of n x n cells of different size and form that repeats an

algorithm on the entire grid shifting from upper left to lower right corner. By using
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the moving window it is possible to extract parameters and indices (e.g. slope) from
local scale to greater extensions (Pike et al., 2009).
The parameters used in this study are described in more detail in the following

sections.

Slope. Slope is the measure of steepness or the degree of inclination of a feature
relative to the horizontal plan. The slope can be considered one of the most
important aspect of the surface form since “it controls the gravitational force
available for geomorphic work” (Evans, 1972). Expressed as the percent gradient or
the angle of the slope, this parameter can be both calculated from field
measurements and derived from DTMs. Several mathematical algorithms are
available in the scientific literature for the computation of slope from DTMs (Ritter,
1987; Horn, 1981; Unwin, 1981; Zevenbergen and Thorne, 1987; Sharpnack and
Akin, 1969; Wood, 1996; Travis et al., 1975). Most of these methods are based on
the computation of the local slope for each cell on the DTM within a cell moving
window (Vianello et al., 2009). The choice of a method can depend on the
different morphology represented by the DTM: for example the slope algorithm
developed by Horn (1981) is suited for rough surfaces whereas that presented by

Zevenbergen and Thorne (1987) performs better on smoother surfaces (Burrough

and McDonnell, 1998).

Drainage area. The drainage or contributing area is the total area flowing into a
given point (outlet). The computation of the drainage area depends on the
calculation of the flow direction i.e. the direction that water would flow through
every cell of the DEM. Different algorithms can be applied to determine the flow
direction:

- The singleflow direction D8: this method, introduce by O’Callaghan and

Mark (1984), assigns flow from each cell to one of its 8 neighbors, either
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adjacent or diagonal, in the direction of the steepest downslope gradient
(Gruber and Peckham, 2009). Since flow can accumulate into a cell from
several cells and can be distributed only into a single cell, this algorithm can be
used to model the flow convergence in streamlines and channels, but not the
divergence on convex surfaces (Gallant and Wilson, 2000);

- Multiple-flow-direction (MFD): this method overcomes the limits of the D8 by
partitioning the flow out of one cell into all of the neighbor cells. MFD
methods allow both the evaluation of the flow dispersion from a ridge and the
modeling of complex hydrology of a segmented hillside (Gruber and Peckham,
2009);

- D infinity (De°): proposed by Tarboton (1997), this method defines the flow
direction as the angle of the steepest descent determined by the analysis of 8
triangular facets formed by the 3x3 cell neighborhood. An infinite number or
flow directions, represented as an angle between 0 and 2 77, are possible. Flow
from a grid cell is shared between the two downslope grid cells closest to the
vector flow angle based on angle proportioning. The Deo algorithm allows a
better representation of water flow on divergent slopes since from a cell it will

either go to one or two of the neighboring cells (Tarboton, 1997)

Slope and drainage area are considered important parameters in the study of
erosion since they control the nature and efficiency of transport processes (Lague et
al., 2000, Tarolli and Dalla Fontana, 2009). In particular, the relationship between
slope and drainage area can be used to analyze the relation between landforms and
erosion processes (Hack, 1957; Tarboton et al., 1989; Montgomery and Foufoula-
Georgiou, 1993; Tucker and Bras, 1998; Montgomery, 2001). Based on different
patterns of slope-area relation in a loglog diagram it is possible to depict a
partitioning of the landscape into different patterns (Fig. 2.3) defining hillslopes,

unchanneled valleys, debris flow-dominated channels and alluvial channels
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(Montgomery and Foufoula-Georgiou, 1993). The loglog diagram of slope-area
relationship has been used to define both the threshold between erosion and
landslide processes (Tucker and Bras, 1998) and the topographic signature of valley
incision by debris flows (Stock and Dietrich, 2003).

Using slope-area relationship, several studies proposed threshold criteria to
determine the network sources locations from DTM (Tarboton 1991, O'Callaghan
and Mark, 1984; Band, 1986; Mark, 1988; Montgomery and Dietrich, 1992;
Dietrich et al., 1993). Threshold criteria based on the relation between local slope
and contributing area have also been proposed to identify the threshold for debris

flow potential initiation sites (Cavalli and Grisotto, 2006).
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Figure 2. 3: Schematic illustration of relationship between slope and drainage area defining hillslope-
valley transition and channel initiation (Montgomery and Foufoula-Georgiou, 1993).

Hillshade is a representation of a surface exposed to a hypothetical illumination of
a surface. The hillshade can be calculated by simulating the presence of a
hypothetical light source whose position is determined by specifying the azimuth

angle (i.e. the angle from which the terrain is illuminated ranging from 0 to 360°).

10
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The hillshade map can greatly enhance the visualization and understanding of a

topographic surface derived from a DEM.

Topographic roughness refers to the irregularity of a topographic surface, implying
the variation of slope in a terrain. Several algorithms have been proposed in the
literature to compute topographic roughness (Shepard et al., 2001; McKean and
Roering, 2004; Glenn et al., 2006; Frankel and Dolan, 2007; Booth et al., 2009;
Hani et al.,, 2011). In this thesis the roughness was calculated as the standard

deviation of the residual topography on a moving window (Cavalli et al., 2008;

Cavalli and Marchi, 2008; Cavalli, 2009):

_ jg -
25

where o is the roughness index-elevation or the standard deviation of residual
topography, 25 is the number of the processing cells within the 5-cells moving
window, x, is the value of one specific cell within the moving window, x,, is the

mean of the 25 cells values.

Curvature. The surface curvature represents the rate of change of the slope or of
the orientation per unit length, in the XY plan (Gallant & Wilson, 2000). The unit
of measure is 1/m and in some cases the curvature values are multiplying by 100 to
simplify the calculation and the understanding of this parameter.

Curvature maps have been widely used for the automatic extraction of channel
network from digital elevation models (e.g. Band, 1986; Gallant and Wilson, 2000;
Pirotti and Tarolli, 2010; Sofia et al., 2011). Tarolli and Dalla Fontana (2009)
applied an objective method to recognize channel heads based on a threshold range

identified as n-times the standard deviation of landform curvature. Numerous

11
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studies proved curvature effectiveness for other geomorphic feature extraction (e.g.
Molloy and Stepinski, 2007; Lashermes et al., 2007; Tarolli et al., 2012;
Thommeret et al., 2010; Pirotti and Tarolli, 2010; Passalacqua et al., 2010).
Curvature has also been used for the characterization of surface morphology and
landforms. For example, Cavalli and Marchi (2008) applied a procedure based on
curvature to characterize the topography of an alpine alluvial fan. Morphological
types of landform elements such as crests, troughs, depression, enclosed basins, can
been identified by using the curvature (Blaszczynski, 1997). An objective
classification of elemental landform features completely based on consideration of
signs of curvatures has been proposed by Dikau (1989), Shary (1995) and Shary et
al. (2005). Surface curvature analysis has proved to be helpful in the interpretation
of processes producing landforms such as hillslope processes (erosion and
denudation, accumulation and deposition) or geomorphic processes (alluvial or
glacial deposition) (MacMillan and Shary, 2009). For instance, Maggioni and
Gruber (2003) used surface curvature to characterize a large potential avalanche
release areas whereas Adams et al. (2003) proved curvature to be very efficient in
the identification of landforms associated with debris slide occurrences.

Different types of curvature can be found in the literature, depending on the aim of
the morphometric analysis; in this study plan and profile curvature, the most
frequently calculated forms, were applied. Plan curvature is the curvature of a
hypothetical contour line passing through a specific cell. It gives information about
convergent and divergent flow, helping in the differentiation between ridges and
valleys. Profile curvature is the curvature of the surface in the direction of the
steepest slope. It describes the changing rate of the slope on the hillslope profile
direction and it can be useful to highlight convex and concave slopes across the
surface (Olaya, 2009). Surface curvature affects the accumulation of the flow: with

response to horizontal convexity and concavity, divergence and convergence flow

12
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can occur respectively, while changes in profile curvature from convex to concave

shape can lead to a deceleration of the flow in the downslope direction (Fig. 2.4).

plan profile

Figure 2. 4: Illustration of plan and profile curvature.

Melton index. It is an indicator of basin ruggedness (Melton, 1965), calculated as:

Me = Hy /Ay [2.2]

where H, is the basin relief, i.e. the difference between the maximum and

minimum elevation of the catchment, and A, is the catchment area.

The elongation ratio (Re) is defined as (Schumm, 1956):

Re = -< (2.3]

13
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where D, is the diameter of the circle with the same area as that of the basin and L,
is the maximum length of the watershed. Re is an important areal parameter that
helps in defining watershed discharge characteristics: circular basins are more
efficient in run-off discharge than elongated basins (Singh and Singh, 1997). The
value of elongation ratio may vary from values close to O (highly elongated shape) to
1 (circular shape) over a wide variety of climatic and geologic types. Values close to
1 are typical of regions of very low relief, whereas that of 0.6 to 0.8 are usually

associated with high relief and steep ground slope (Strahler, 1964).

Circularity ratio (Rc) is defined as:

_ 41A

Rc = ? [24]

where A is the area of the basin and P the perimeter of a circle having the same
circumference as the perimeter of the basin (Miller,1953). The value of circularity
ratio varies from values close to O (in a line) to 1 (in a circle). Rc depends on basin
geomorphometric characteristics (stream length, slope), geological structure, land

use and climate.
Basin relief ratio index (Rh) is calculated as (Schumm, 1956):

_ Hmax - Hmin [2.5]

where H,,, and H,,, are the highest and lowest point respectively in the basin and L

is the basin length measured along the longest main stream.

14
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2.1.2 DTM sources

For the derivation of DEMs, which represent the primary input of
geomorphometric analysis, different sources are available, including ground survey
techniques (e.g. differential Global Positioning System, Total Station), topographic
maps and remote sensing (RS) technologies (e.g. aerial photographs, LiDAR,
RADAR). Active sensors, such as LiDAR and RADAR, have permitted to overcome
many of the limitations of “historical” available techniques. For instance, these
technologies are able to capture subtle features that cannot be observed by human
eyes or to acquire data at relative low time/cost-benefits (Wasklewicz et al., 2013).
The development of modern geospatial technologies has permitted also the
generation of DEMs at increased spatial extent and temporal frequencies, allowing
an accurate detection of landforms and geomorphic changes in a very rapid way.
The terrestrial laser scanner (TLS) has opened new perspective in the
geomorphological field leading to the development of DTMs at scales (millimeters
to centimeters) that are close to the operational scale of many processes (Wasklewicz
et al., 2013). High resolution and accuracy DTMs can be generated from Airborne
Laser Scanning (ALS) especially for hardly accessible areas (e.g. steep terrain in
mountain basins, ice and snow covered area) and forested areas (Wehr and Lohr,
1999).

The Shuttle Radar Topographic Mission (SRTM) acquired topographic data for
almost the 80% of the Earth surface, deriving the first DEM at global scale. The
Advanced Spaceborn Thermal Emission and Reflection Radiometer (ASTER),
launched onboard the flagship satellite Terra of NASA Earth Observing System, is
able to create detailed and high resolution data (30 m) on large and heterogeneous
areas. DSMs derived from ASTER and SRTM have been used to characterize the
surface morphology (Bubenzer and Bolten, 2008), to map shallow landslides

(Fourniadis et al., 2007), to estimate volumetric changes in glacial environments

15
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(Miller et al., 2009) and to assess hazard risk associated with volcanic activity
(Hubbard et al., 2007; Tralli et al., 2005).

DEMs derived from modern geospatial technologies have proved to be an effective
tool not only in the framework of scientific knowledge of landforms and processes
but also for supporting political decision-making in the field of environmental
management since these products can address requirements at local, regional and
global scale (Gianinetto and Villa, 2006). The availability of a cartographic database
covering the Earth surface can be useful both for emergency prevention measures
(e.g. hydraulic modelling for flood simulation) and for rapid post event assessment
(e.g. orthophotos acquisition). In Italy, a very high resolution national database has
been created in the framework of The Extraordinary Plan of Environmental
Remote Sensing aiming to contribute to government activities and political
decision-making in all areas subject to hydrogeological risk, supporting topographic,
cartographic and photogrammetric activities, modelling and Territorial Information

Systems (http://www.pcn.minambiente.it/GN/progetto_pst.php)

2.2 Sediment connectivity

The concept of connectivity has been widely used in geomorphology, hydrology and
ecology but up to now there is not an uniform scientifically based definition. In
geomorphological studies the term connectivity is generally used in relation to the
transfer of material (sediment, water and nutrients) across a system (Jain and
Tandon, 2010). In particular, sediment connectivity is defined as the degree of
linkage which controls sediment transport through a landscape, focusing on the
potential that sediment particles are routed from hillslope and headwater sources to
river system and finally to basin outlet (Harvey, 2001; Harvey, 2002; Hooke, 2003;
Brierley et al., 2006; Fryirs, 2007a).

Although not explicitly mentioned, the concept of sediment connectivity is implicit

in approaches for sediment budget estimation as the “sediment delivery ratio”
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which consider the transfer of material throughout the analyzed system (Bracken
and Croke, 2007). Starting from first studies by Brunsden and Thornes (1979) and
Caine and Swanson (1989), sediment connectivity has received increasing attention
in the last decades. Brunsden (1993) identified different types of connectivity,
differentiating between coupled, not coupled and decoupled systems, while Croke
et al. (2005) outlined the spatial distribution within a catchment of both direct
connectivity, via channels or gullies, and diffuse connectivity, which contributes to
sediment transport thanks to overland flow and surface runoff. Brierley et al. (20006)
and Fryirs (2013) considered different types of landscape linkages, stressing the
importance of spatial scale in influencing the activity of different geomorphic
processes in a catchment (Fig. 2.5):

- lateral, including slope-channel and channel-floodplain linkages;

- longitudinal, including upstream-downstream and tributary-trunk stream

interactions;

- vertical, including surface-subsurface interactions of water and sediment.
Hooke (2003), focusing on the assessment of connectivity in a river-channel system,
proposed a classification of coarse sediment connectivity based on the temporal
variation of sediment transfer, distinguishing between “partially” connected system,
in which sediment transport occurs only during extreme events, and “potentially”
connected system, influenced by system configuration changes.

Spatial and temporal variation of coupling mechanism have been widely recognized.
These two dimensions represent important aspects of connectivity since they can be
integrated in a framework system to estimate the contribution of a given part of a
landscape as sediment source and the relative sediment paths (Borselli et al., 2008).
As the scale changes, ranging from local (i.e. hillslope-channel, channel-reach) to
large scale (i.e. fluvial system, regional scale) coupling mechanism are controlled by
different factors. For instance, large scale are more influenced by regional tectonic

and geomorphic history than local scale in which local variations (e.g. climate) or
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other environmental factors controlling runoff and sediment generation are likely
to dominate (Harvey, 2002). Investigations on local scale have shown that the
connectivity can depend not only on the channel morphology but also on the
characteristics of transported sediment whereas for larger systems coupling
mechanism takes into account relationships between upslope and downslope

components of the system (Harvey, 2002).
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Within landscape compartment scale

Figure 2. 5: Example of spatial scale of connectivity in a catchment (from Brierley et al., 2006).

The presence of natural (e.g. alluvial fans, low slope areas, bedrock outcrops) or

anthropogenic (e.g. dams, embankment) barriers can impact water and sediment
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flow at different spatial scale at different intensities (Fryirs et al., 2007b). For
instance, land surfaces (terraces, floodplain) or water bodies (lakes) can interrupt
the transport of landslide debris to the hydrographic network (Korup et al., 2013).
On the other hand, the installation of dams can alter the sediment connectivity at
reach scale which can further involve geomorphic channel changes (e.g. upstream
aggradation and downstream degradation) (Poeppl et al., 2013).

Alluvial fans and debris cones can instead play a dual role within the sediment
cascade of mountain fluvial systems: they can act as coupling features, for example
linking hillslope gully systems to stream channels or mountain catchment sediment
source areas to main river systems or as buffering elements, for instance preventing
the coarse sediment, coming from mountain source areas, from reaching
downstream channels (Harvey, 2012). The effect of alluvial fans and debris cones in
the sediment connectivity are also influenced by temporal scale: on short scale
debris cones can affect sediment supply to the channel, whereas on longer period,
couplingfans allow the supply of sediment to the downstream system from erosion
of the distal areas of the fan or the valley-floor aggradation (Harvey, 2012).
Furthermore, the position of buffering elements in the system influence the
different types of linkages. Thus, going from headwaters to lowland plain,
longitudinal and lateral connectivity tend to be inhibited while vertical linkages
tend to increase (Fryirs, 2013).

Sediment connectivity is also an important factor in geomorphologic analysis since
internal linkages influence the sensitivity of a geomorphic system to natural and
anthropogenic induced changes (Brunsden and Thornes, 1979; Brunsden, 2001;
Harvey, 2001; Heckmann and Schwanghart, 2013). Well-connected systems allow
the transfer of the sediment generated by an environmental perturbation between
landscape units, whereas in poorly connected systems such effect may be spatially
restricted (Harvey, 2001; Fuller and Marden, 2011). For instance, in connected

systems an increase in the erosion on hillslopes can cause an increase in sediment
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input to the channels whereas in buffered systems, where there’s no linkages
between two component of the system, the same effect may lead to local
aggradation without any propagation in the downsystem. Disconnected system are
so more sensitive to spatial and temporal variability of sediment dynamics than well-
connected system that can response to environmental changes in a more uniform
way (Harvey, 2001).

Temporal variability of sediment connectivity deals mainly with the magnitude and
frequency characteristics of sediment transfer processes and the evolution of land
use and management (Wolman and Miller, 1960; Borselli et al., 2008). Extreme
events, linked, for example, to climate changes, may lead to an increase of sediment
supply deriving from erosion of terrace and floodplains and so to an increase in
hillslope-channel-coupling (Jain and Tandon, 2010). Land use changes, such as road
building or cultivated area planting, can increase soil erosion and sediment
connectivity at large temporal scale (Bracken and Croke, 2007).

Methods applied to analyze sediment connectivity, aimed to identify sediment
sources and storages areas, are often based on qualitative approaches, including
geomorphological field studies and mapping (Harvey, 2001; Schlunegger et al.,
2005; Theler et al.,, 2010; Beel et al., 2011; Fuller and Marden, 2011) and
geophysical surveys (Harvey, 2001; Schrott et al., 2003; Beel et al., 2011).

More recently, thanks to the development of GIS technologies, advances have been
made in quantifying and modelling sediment connectivity. Morphometric GIS-
based methods, compared to traditional geomorphic mapping, provide a feasible
approach for the evaluation of sediment connectivity allowing the research in
inaccessible areas (e.g. very steep mountain basins) and over large geographical
extents, thanks to the availability of remote sensing technology, and the analysis of

spatio-temporal variability of coupling processes on long term period (Meflenzehl et

al., 2014).
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Borselli et al. (2008) developed a connectivity index, based on topographic
characteristics and land use management, for the assessment of connectivity in
forest and agricultural catchments. Borselli’s index showed promising results for the
evaluation of hillslope sediment delivery ratio on semi-arid catchments, allowing
the characterization of sediment connectivity at different scale (from hillslope up to
medium size basins scale) (Vigiak et al., 2012).The same index proved to be useful
for the characterization of connectivity in other catchments with ad hoc
modifications. For instance Sougnez et al. (2011) modify Borselli’s algorithm using
an erosion index to model interill and rill erosion, whereas Cavalli et al. (2013)
applied a topographic surface roughness to model impedance to sediment flux in
alpine environment. The connectivity index developed by Cavalli (2013) proved
also reliable estimate and characterization of coupling mechanisms of hillslope to
main stream in a small deglaciated alpine catchment (Mefienzehl et al., 2014).

A numerical GIS-based model have been used to investigate coupling processes in
mountain environment through the application of graph theory (Hechmann and
Schwanghart, 2013). Carrivick et al. (2013) applied a DTM differencing approach
to quantify geomorphological activity of sediment fluxes in proglacial areas of an
alpine catchment.

Despite the availability of high resolution DTMs covering large spatial extents, to
date quantitative morphometric methods have mainly focused on the assessment of
spatial connectivity at relative small scales (i.e. patch, hillslope, gullies, small and
medium basin), with few exceptions. For instance, Walling and Zhang (2004)
reported a first attempt of the application of a connectivity index related to
sediment transport capacity, land use, slope-sshape and drainage pattern factors, to
evaluate the efficiency of slope-channel sediment transfer at regional scale deriving
mostly from agricultural land erosion.

An indicator of processes at large scale (e.g. large river basins), where instrumental

measurements installation would be impractical or the application of physically
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based models would require a large amounts of input data, can contribute to the
development of a rapid and cost effective method for the management of sediment

related risk.

2.3 Geomorphic change detection

The identification of temporal variations of processes causing changes on Earth
surface and of the related landform developments represent one of the main
challenge in geomorphology. Quantification of morphological changes can be
considered the main research topic for many investigations concerning temporal
analysis (Williams, 2012). The process of estimating geomorphological changes
from repeated field surveys has first been applied to cross section and longitudinal
profile monitoring in order to quantify sediment transfer rates along rivers and
infer volumetric estimates mainly at bar and reach scale (Martin and Church, 1995;
Ham and Church, 2000; Brewer and Passmore, 2002; Vale and Fuller, 2009;
Wheaton, 2008). Thanks to the development of newer geomatic technologies and
high resolution remote sensing techniques (e.g. terrestrial and airborne LiDAR,
close-range photogrammetry), this method has been extended to gridded elevation
models that allow the evaluation and quantification of landform change patterns at
high spatial resolution and geographical extension and at a range of temporal
frequencies comparable to the rates of landform evolution (Williams, 2012).

In the case of digital terrain models, if repeated surveys are available, the
geomorphological change in time is inferred by subtracting the elevation cells of the
old surface from the cells of the new surface (Fig. 2.6). The resulting DEM of
Difference (DoD) deriving from the application of geomorphic change detection
shows the spatial pattern of geomorphic dynamics that can be converted to

volumetric change by multiplying them by the area of grid cells (Wheaton, 2008).
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Figure 2. 6: Scheme of DTM differencing method (Wheaton, 2008, modified). New and old DTM

refer respectively to the new and old surface surveyed.

The DEM differencing has become an adaptable technique that has been exploited
in different geomorphological contexts since it can be applied to DTM derived
from different topographic survey techniques. Table 2.2 summarizes experiences
from existing studies on river systems, landslide and glaciers, pointing out how the
uncertainty in DEM differencing (as explained in the paragraph 2.3.1) was
considered. Several analysis of topographic variations based on DEM differencing
deal with the application of this method within the fluvial system. In this context,
DoD has been shown to improve sediment budgeting at reach scale avoiding
problems that arise from traditional morphologic approach, based upon cross
sections technique (Ham and Church, 2000), linked to the uncertainty deriving
from the interpolation of cross section data over larger distances and to the difficult
representation of downstream effects of geomorphic changes (Brasington et al.,
2000; Fuller et al., 2003; Bangen et al., 2014). Fuller et al, (2003) demonstrate that
DTM differencing also provide a reliable estimate of sediment transfer calculation

whereas cross-section approach can lead to underestimation of the magnitude of
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erosion processes. DoD have facilitated the estimate of bed load transport especially

in gravel bed rivers where measurements of sediment transport rates may be

inaccurate if calculated with formulae or difficult when derived from field

campaigns that require a large effort and may not achieve acceptable accuracy

(Gomez, 1991; Wilcock, 2001).

Table 2. 2: Examples of DEM differencing application in geomorphology disciplines. StD: Standard
Deviation; Cl: Confidence Interval; ALS: Airborne Laser Scanning; TLS: Terrestrial Laser Scanning;

AP: Aerial Photogrammetry.

Research topic Survey Un?erta} nty Scale (,)f Reference
technology estimation analysis
. . Fuller and
Alluvial fan deposition | dGPS Fan Marden, 2010
, Bull et al.,
ALS Basin 7010
Slope grid , Scheidl et al.,
ALS segregation Basin 2008
TLS StD and slope Reach Schurch etal,
2011
Stereographic Hillslope Coe et al.,
photographs 1997
Debris flow and Flood Pre-DoD
processing i Bremer and
TLS, ALS (alignment and Hillslope Sass, 2012
filtering DTM)
) Blasone et al.,
TLS FIS Basin 2014
. . Croke et al.,
ALS Fuzzy logic Basin 2013
ASTER, Buasi Karimi et al.,
ALS, AP i 2012
) Hubbard et al.
AP, ALS Basin 1000
AP, Rippin et al
Glacier cartographic Basin ‘bpineta
2003
data
) Barrand et al.,
AP, ALS Basin 2009
ALS Basin Abermann et

al., 2010
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Research topic Survey Un?erta} nty Scale (?f Reference
technology estimation analysis
Interpolation and Heritage et al.,
point density analysis TLS Local roughness Gravel bar 2009
. Corsini et al.,
ALS Hillslope 20092
. Corsini et al.,
ALS Hillslope 5009k
. Dewitte et al.,
AP, ALS Hillslope 5008
Landslide and earth . Baldo et al.,
slide-earth flow ALS Basin 2009
. Walstra et al.,
AP Hillslope 2004
, De Long et al.,
ALSM LoD,in Basin 1012
. . Bennett et al.,
LiDAR LoD Hillslope 2012
Brasington et
Rtk-GPS LoD at CI Reach 2L, 2003
. Carrivick et al.
ALS, TLS Basin 2013
De Rose and
ALS Reach Basher, 2011
Probabilistic L cal
AP, ALS threshold based Reach 288; ety
on CI, StD errors
. Moretto et al.,
ALS Fuzzy logic Sub-reach 2012
LoD threshold Rumsby et al.,
. GPS with SD arCl | Reach 2008
iver system Hughes et al.,
TLS Channel 5006
Contour, Carley et al.,
ALS LoD at CI Reach 2012
Probabilistic Milan et al
TLS threshold based Reach 5 Oloa7n ctal
on CI, StD errors
AP, GPS LoD at CI Reach Rumsby etal,
, oD a eac 5008
. Sub-reach | Picco et al,
TLS Fuzzy logic scale 5012
Theodolite LoD, with Fuller et al,
(Total , Reach
Station) covariance 2003
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Research topic Survey Un?erta} nty Scale (?f Reference
technology estimation analysis
i Wheaton et al.,
GPS Fuzzy logic Reach 5010
Probabilistic
threshold based Milan et al.,
s on CLSDof | Rh | 007
errors
LiDAR, AP | Fuzzy logi Reach Thompson
i , uzzy logic eac 2L, 2013
River system Spatuﬂly‘/ Varlable .
Total Stati uncertainty with Reach Milan et al,
otal Stton gy errors, local cac 2011
roughness
Theule et al,
TLS, ALS Reach 2012
Ghoshal et al.,,
AP, SONAR Reach 5010
e ) Wester et al.,
Wildfire TLS Sub-basin 2014

Other important applications in river environments include the quantification of
river channel changes, such as bank and bar erosion, lobe deposition or bed level
modification (e.g. Brasington, 2003; Fuller et al., 2003; Lane et al., 2003; Barker et
al.,, 1997; Heritage et al., 2009; Milan et al., 2011; Picco et al., 2012,). In fluvial
geomorphology, DoD has also been used to validate morphological and physical
models and to interpret their results (Wheaton, 2008; Williams, 2012).

DTM differencing proved to be an effective and feasible tool for monitoring mass
movements, i.e. landslide, rock falls and debris and earth flows. This method can
be used not only to spatially identify sediment deposition and erosion areas, that
can be confirmed by field observations, but also to quantify sediment volumes
transported by analyzed processes (e.g. Baldo et al., 2008, Bremer and Sass, 2012
Bull et al., 2012; DeLong et al., 2012). Combined use of remote sensing technique
and DTM differencing can improve the assessment of volumetric sediment budget

of debris flows helping the prediction of the magnitude of response of such events
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that are better characterized using measures of total volume (Scheidl et al., 2008;
Blasone et al., 2014). Coe et al (1997) findings prove that DoD can help
characterize and quantify hillslope erosion even in semiarid regions where field
measurements are usually difficult due to the low frequency and localized
occurrence of precipitation events causing erosion.

The analysis of geomorphic changes has been also widely applied in glacial,
proglacial and periglacial environments. Karimi et al (2012) used multitemporal
DTMs acquired from different topographic surveys to quantify morphometric
changes of a glacier over a 50 years period, whereas Hubbard et al. (2000) and
Rippin et al. (2003) used DTMs derived only from aerial photography to infer
changes in glacial ice from repeated surveys. The comparison of multitemporal
LiDAR derived DTMs comparison provides satisfactory performance on different
glacial areas for the quantification of Permafrost extent and volume changes and for
the identification of dead ice, debriscovered ice or permafrost from its rocky

surroundings (Abermann et al., 2009).

2.3.1 Uncertainty analysis of Geomorphic Change Detection

Taking into account uncertainty in the terrain representation of DTMs used in
geomorphic changes detection contributes to high accuracy and satisfactory quality
of the analysis. Meeting such requirements enables the possibility of using DoD as
supporting tool for hazard assessment studies and for planning of land use and
mitigation measures. Therefore, when applying DTM differencing particular
attention has to be focused on the uncertainty that can arise from the topographic
surfaces involved and that can be amplified by the raw differencing and propagated
into the DoD. Digital elevation model errors can arise from different sources (Lane,
1998; Pike, 2002; Fisher and Tate, 2006; Wechsler, 2007; Hebeler and Purves,
2009; Heritage et al., 2009):

— Data acquisition (i.e. point density, accuracy and distribution);
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— Survey strategy (e.g. sampling patterns, instrument precision);
— Data post processing (e.g. interpolation method errors for DTM derivation,
resolution);

— Topographic roughness.
A correct application of DoD method must distinguish real changes from noise that
can arise from these errors in order to address to a meaningful interpretation of
geomorphological changes (Wheaton, 2008; James et al., 2012). This is more
important when the order of magnitude of geomorphic changes detected by DTM
differencing and of the noise are comparable. Therefore the quantification of errors
is a fundamental step in order to obtain a reliable and robust method.
To date, different methods have been proposed to assess topographic surface
quality for the application of DTM differencing and to analyze the propagation of
uncertainties into the DoD. The most common procedure used to evaluate
uncertainties is represented by the application of a constant threshold, called
Minimum Level of Detection (LoD, ), based on the standard deviation of errors of
both surfaces implied, above which elevation change can be considered reliable
(Wheaton et al.2010). An improvement of LoD,,;, has been proposed by Fuller et al.
(2003) study that adds the covariance between DEM to better e