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Abstract

Alluvial fan flooding is considered to be one of the most dangerous form of
flooding. Its assessment is difficult because of unpredictable flow paths
brought about by dynamic terrain changes, such as sediment disposition, that
occur during an event. The aim of this study was to assess the influence of
DTM uncertainty on flood patterns, particularly on concentrated impulse
paths. In order to better understand the consequences of such a flood, the
study included an investigation of storms as the event triggers, and debris
infilling and blockage as processes. Terrain dynamics were studied in the form
of spatially correlated and uncorrelated noise added to the DTM to understand
the effect of DTM uncertainty. The results in storm designs reflected the
difficulty associated with spatially varying weather systems within ungauged
mountainous watersheds. Channel backfilling was found to require over
100000m3 of debris material before potentially placing the whole alluvial fan
at risk of flooding. During such a flooding scenario, the study found that there
are systematic and unsystematic runoff flow path responses. This was found
to be dependent on the design of noise added to the DTM. The use of spatially
correlated noise gave biased systematic flow paths in the flood model.
However, the results of the uncorrelated noise reflects typical flow path
expectations, during such flooding. The addition of noise to the DTM can give
a useful insight of the consequences of flooding in general, however the model
of noise added should reflect the processes that may cause uncertainty.
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1. Introduction

1.1. Introduction

On the geological time scale, alluvial fans are dynamic landforms created by multiple processes, the
most significant of which is flooding. Although the sloping landform reduces the risk of flood
inundation, its surrounding geomorphologic environment increases the risk of a more serious form of
flooding referred to as “alluvial fan flooding” (NRC 1996). Whereas flood hazards are defined in terms
of inundation extent, velocity, depth, duration, arrival time of flood waters, alluvial fans have lower
flood depths but higher flow velocities and arrival times. As a result of the high velocities and sediment
rich upstream environments, alluvial fan flooding takes two mixed-fluvial forms of flooding. Firstly as
mud flows and secondly in the form of sediment mixed mode structures such as debris flows. The
severity of these forms was demonstrated in Vargas, Venezuela. In December 1999, heavy rain storms
triggered alluvial fan flooding that caused the death of approximately 30,000 people and over USD1.8B
in damages (Wieczorek et al. 2001)

Flood modelling has contributed to predicting and assessing risks and vulnerability (Hunter, N. M. et al.
2007). However, accurate assessments have to consider the process mechanisms that distinguish one
event from another within the environment of study. In addition, the type of flooding must be taken into
consideration. The viscosity and composition of debris and mud flows are much different than regular
flooding. In determining flooding hazards Bello et al. (2003) indicated that mud flows can occur within
a 5-50 year return, however larger 100 year return event usually have too much water compared with
the available sediment material to sustain long duration mud flows. The unpredictability of composition,
viscosity, erosion and sedimentation leads to the general problem of unpredictable flow paths when
modelling. Although there are flood modelling and mud flow modelling software, both behave differently
within separate boundary conditions. The US National Research Council (NRC 1996) approaches
flooding as a process that can include the debris and mud flow, rather than making a clear distinction
between both. This simplified approach is preferred from a planning, hazard and risk assessment
because of the spatial and temporal uncertainty of the occurrence of precursor events such as landslides

that produce the materials for debris and mud flow.

For the purpose of this study, the Faucon watershed and alluvial fan within the Barcelonnette Basin and
located in the Southern French Alps is investigated. The site has experienced two major debris flows

since the mid-90s, and is of particular interest to researchers.
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1.2. Research Problem

Alluvial fan flooding is multi-hazard in nature. Although it is caused by precipitation, as with other
forms of flooding, alluvial fan flooding are usually rapid flows and can include debris and mud flows.
The occurrences of debris and mudflows during flooding are caused by the transport of dislodged
sediments in the upstream from events such as landslides and earthquakes. If the main channel becomes
blocked by such sediment material during one event, a later event increases the risk of channel migration
as water would seek a path of least resistance. Deprived of sediments, the water would scour the
landform. Such events are natural in the development of alluvial fans but pose a problem for people

living on alluvial fans and those entrusted to ensure public health and safety.

Modelling of flooding has substantially improved in recent times, however, flow blockages and terrain
inaccuracies may present uncertainties in the models. Alluvial fan flood modelling is considered to be
greatly influenced by such uncertainties. These ambiguity in flood models that result from the
uncertainties is referred to as “unpredictable flow paths” caused by the terrain features, including the
deposition of sediments during an event (NRC 1996; FEMA 2000). This study investigates the influence

of terrain model uncertainties on flood concentrated flow paths.

1.3. Research Objectives and Questions

The project seeks to determine the sensitivity of DTM uncertainties to flood hazard model assessments.
As flood modelling is dependent on the study environment, it is imperative that triggers, causes and
consequences be considered. In order to achieve this, the following sub-objectives and related research

questions are investigated:

e To perform rainfall runoff modelling to predict a 100 year hydrograph for the study area
o What is the influence of infiltration and water storage parameters on the runoff?
o Does the hydrograph represent typical flood inducing storm events?

® To make flood hazard maps for debris flow channel infilling scenarios
o Can flooding occur during a 100 year event without blockages or infilling?
o Which areas on the channel are sensitive to breaching in the event of infilling??
o Which areas on the alluvial fan are sensitive to flooding?

e To evaluate the sensitivity of flood hazard mapping based on different terrain expressions
o How sensitive is modelled overland flow to terrain inaccuracies?
o Where on the alluvial fan is there risk of high impulse?

o Is there systematic flood patterns resulting from scenarios and uncertainties?
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1.4. Research Hypothesis

The following hypothesis in anticipation of the results of the study:

¢  Uncertainty in rainfall-runoff modelling is predominately affected by uncertainty in soil
infiltration.

® The amount of discharge during a 100 year rainfall event is not significant to cause flooding in
the absence of blockages.

® Inaccuracies in the DTM can significantly alter the modelled flow paths and areas affected by
inundation.

® Overland flow paths and inundation patterns cannot be well represented without considering

DTM inaccuracies.

1.5. Thesis Structure

This report consist of eight chapters in addition to the list of references:

Chapter 1 outlines the framework of the thesis, the problem, objective and the structure of the research

taken by the author in determining the validity of the hypothesis.
Chapter 2 reviews literature on the various aspects determined relevant to the research.

Chapter 3 introduces the reader to the study area and its suitability in determining the objectives of the

study.

Chapter 4 outlines the fieldwork and laboratory methodology, and the subsequent results and analysis of

the factors required for the various models.

Chapter 5 answers fundamental questions regarding the watershed hydrology. The chapter will detail the

methods used and the results in determining the runoff from the upstream areas in the watershed.
Chapter 6 considers blockages, infill scenarios and their effects on concentrated overland flow paths.
Chapter 7 discusses the validity of the methods, results, limitations and deductions drawn.

Finally chapter 8 concludes the research by answering the research questions and overviews the scopes

for further studies.
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2. Literature Review

2.1. Processes in the Genesis of an Alluvial Fan

The genesis of an alluvial fan is based on three conditions (Blair and McPherson 2009): firstly, a
topographic environment in which the upland catchment drains into a valley; secondly, sufficient
sediment material to create the fan; and finally a triggering mechanism to dislodge the catchment
sediments. Once dislodged, usually by landslides or earthquakes, sedimentary material can be deposited
onto the fan by three mechanisms (Blair and McPherson 2009): water as the transport agent in a fluid-
gravity process; gravitational forces acting on the sediments, referred to as a sediment-gravity process;
and finally, the forces of gravity acting directing on disintegrated bedrock, rock-gravity process. The
reader will appreciate that alluvial fans are multi-hazard environments that include: erosion and

landslides in upstream; and sediment-laden flooding in the downstream.

Over time the fan will undergo a series of sheet flows and channelled water flows until a structured
incised channel is formed as illustrated in figure 1. The incised channel would at times of heavy
discharge fail to confine fluvial transport, reverting to sheet flow. During sheet flows, a new channel
may be incised as the water channel flow path changes. The fluctuation in the sediment regime over time
changes the distribution of materials across the alluvial fan, until the fan reaches a maximum limiting
size or the discharge level significantly reduces. Thereafter, channel migration is usually the
predominant activity, until the deprived high velocity water scour the underlying sediments to create a
more permanent incised channel, at times creating terraces of different deposit compositions (Blair and
McPherson 2009; Clarke, L. et al. 2009).

Sheet flow occurs at times of heavy precipitation, and is considered to be the inability of the channel to
confine the volume of discharge. This form of flooding is a flash flood event, that develops the alluvial
fan (Blair and McPherson 2009). However, because of its hydrological characteristics in the
transportation of water and sediments it is considered as a special type of flooding. The US National
Flood Insurance Program (NFIP) regulations define alluvial fan flooding as: “flooding occurring on the
surface of an alluvial fan or similar landform which originates at the apex and is characterized by high-
velocity flows: active processes of erosion, sediment transport and deposition; and unpredictable flow
paths.” (NRC 1996). As such, three criteria are used to determine alluvial fan flooding hazard (NRC
1996); an unconfined and unpredictable flow path occurring below the apex of a fan; sediment scouring
and abrupt depositing from water or debris flow as transportation capacity decreases; and an

environment whose geomorphology cannot be altered to mitigate the hazards.

In Faucon, the surrounding badlands, still contribute sediment and the channel still undergoes
backfilling. However, mitigation measures including check dams, dikes, channel widening and post
debris flow response has controlled severe alluvial fan flooding and hence potential growth of the

alluvial fan.
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Trench

Discharge

€)

a - Apex incision-deposition near the toe

b - Channel backdill

¢ - Channel completely filled- channel migration

d - Channel migration Apex incision-deposition near the toe
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Figure 1 Processes on the Alluvial Fan [adapted from (Schumm et al. 1987)]

2.2. Modelling rainfall-runoff

The role of hydrology in the evolution of alluvial fan is wide-ranging. In the previous section hydrology
as the fluvial transport agent was mentioned, however it can also be considered as the triggering
mechanism for landslides. As mentioned earlier, landslides is one of the main upstream processes that
lead to debris flow. The relationship between rainfall, groundwater and slope instability are key factors
that are still part of all research into understanding triggers, mechanisms and consequences. However,

for the context of this research, only the rainfall runoff relationship shall be investigated.

Hydrologists have developed their understanding of the hydrologic cycle into models. These are based
on the observer perceptions of the overall water balance in reference to the scale of observation (Beven
2001). Conceptualization of models can be taken from a very broad, holistic system to a more detailed
scale as shown in figure 2. Categorically, these models can be in the context of, stochastic or
deterministic, physical or empirical, lumped or distributed, or combinations based on mathematics, input
parameters and spatial variability (Moradkhani and Sorooshian 2008). Within each category, modellers
make assumptions of parameters (variables) and their inter-dependence, thereby simplifying the reality
and the modelling data needed (Moradkhani and Sorooshian 2008). There is no standard regarding the
choice of models, parameterization and error estimation (Clarke, R. T. 2008). As such, it is not possible
to ascertain the choice of one model over another based on accuracy. Eisenbies et al. (2007) remarked

that the choice is often driven by preference, politics, familiarity, consistency and availability.
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(1) precipitation
(2) throughfall

(3) infiltration (micro-
and macropores)

(4) surface runoff

{5) subsurface
stormflow

(6) soil water flow
(micropores)

(7) interaction micro/
macroporesystem

(8) percolation or
capillary rise

(9) return flow
(10) root water uptake
(11) soil evaporation

(12) plant transpiration

Figure 2 Hill slope and micro-catchment hydrology model (Bronstert and Plate 1997)

In complex environments, the nature of parameterization and data needed, often cannot be represented
with a detailed physical model as shown in figure 2 (Bronstert er al. 1998). In such circumstances,
empirical and statistical methods have been successfully used. The Soil Conservation Service Curve
Number (SCS-CN) is one methodology that has been favourably used for discharge modelling in erosion
models (Arhonditsis et al. 2002; Mishra, K. S. and Singh 2004; Tyagi et al. 2008). While its
parameterization is few and simplified, it can be adapted to assess catchment runoff (Mishra, S. K. et
al. 2005). Among statistical methods, the non-linear artificial neural network is an interesting method
based on relating rainfall to runoff, without considering parameterization. However, such models exhibit

extrapolation problems and thus require vast data input (Lin and Chen 2004; Lin and Wang 2007).

While various mathematical models have been successful, Sivakumar (2008) advocated for the use of
simplified models that are specific to the context and location of use, focusing on dominant processes
affecting the study. The concept of modelling a wide range of parameters is considered to be susceptible
to over-parameterization because non-important parameters remain part of the model, thereby may
degrade the quality of results. However, in complex environments, the physical processes may not be
truly understood, and poorly relating perceived dominant processes can greatly influence the results and
skew the understanding. Parlange and Sander (1985) evaluated one such model and found the results did
not reflect the modellers findings. They further concluded that reliance on specific site mathematical
models that reflect the specific processes has the risk of incorporating uncertainty through its

mathematical modelling, and rather any errors should come from physical model.
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It can be argued that one dimensional (1D) physically based models are generally not simple
representations of reality. These models can also be considered as susceptible to over parameterization
and mathematical uncertainty. However, such models have had favourable outcomes in developing
discharge hydrographs for flood modelling. Kuchment (1997) used such models to determine
combinations of hydrodynamic factors that can lead to extreme runoff events that cannot be foreseen
from historical statistics of rainfall and runoff. In assessing alluvial fan flooding assessment designs,
Hamilton er al. (1988) recommended the use of 1D models to estimate the discharge of the upper
watershed of alluvial fans, for design storm events. Hamilton considered this as a feasible option when

working in arid regions and data-lacking environments.

The term 1D refers to the method, and relevant equations used to rout water in the model. For example,
the Limburg Soil Erosion Model (LISEM) uses the kinematic wave to concept to model distributed
overland and channel flow routing (Jetten 2002). The kinematic wave concept is based on the law of
conservations and a flux-concentration relation (Singh 2002). Singh continued to explain that coupling
of these two equations implies that the flow of water is in the downstream direction and cannot model

backwater flow. The typical flow directions in 1D modelling is shown in figure 3.

For alluvial fan flooding, the recommended data
requirements are peak discharge, flow duration and
flood volume in the form of hydrographs (Hamilton
et al. 1988). LISEM can derive these factors based
on rainfall intensity and four categories of derived
factors: DEM derived factors such as slopes;
landuse derived factors such as runoff friction
(manning’s n); soil type derived factors such as
infiltration capacity; and impermeable areas such as
roads (Smith and Ward 1998; Jetten 2002). In this
study, LISEM is used to combine DEM factors with

physical variable factors, such as infiltration, to

determine the discharge related information from the
Figure 3 1D Overland flow and Channel Flow

upper catchment.
(Jetten 2002)

LISEM is a physically based hydrological and soil erosion model integrated into a Geographic
Information System (GIS) (De Roo et al. 1994). LISEM uses PcRaster as its GIS platform. PcRaters is
a numerical spatio-temporal GIS that allows controlled hydrologic process modelling (Svetlitchnyi et al.
2003; Schmitz et al. 2009). LISEM is designed to be flexible with the data requirements that can be
generated from general base maps. Both LISEM and PcRater are freely available to the public.
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2.3. 1D, 2D Surface runoff modelling

Unlike 1D runoff modelling, 2D models can provide a more accurate assessment of spatial and temporal
routing of overland flow. Both 1D and 2D models are based on kinematic wave approximations to the
Saint Venant equation, however the former is a first order differential solution (Singh 2002; Howes e¢
al. 2006). In Digital Elevation Models (DEM) 1D models are solved by the analysis of each cell to
determine the flow vectors to one of the eight adjacent cells, and assigning the vectors to a local
drainage direction (1dd) file. 2D model designs differ from this concept by firstly using a second order
approximation of the Saint Venent equation and secondly by computing the vectors at each time step
rather than the use of an Idd file (Howes et al. 2006). However, the time step methodology requires

much more computational power and takes longer to solve than the 1D model.

Some software use a coupled 1D2D systems to incorporate both functions. Sobek is an example of a
1D2D system. It uses a staggered grid calculation methodology. Flow is first computed at grid nodes
using the 1D model, thereafter the momentum equation is used to calculate flow between connecting
points (Laguzzi et al. 2001). Within this system, each grid cell is replaced by a node representing the
flow depth having four pseudo branches as shown in figure 4. As seen, dX represents the grid size, h;
and h, are water depths at the respective grid, u and v represents flow velocities in the x and y

directions, and Q represents the resulting discharge flow in the 1D branch.

R
P U NN OO N I e o A
TS
PP IO O S B~ A B
BB e
; o i i
IR
N_ a0 N O

Figure 4 Sobek Overland and Flow Model (Laguzzi et al. 2001)
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2.4. Flood Modelling

In the assessment of flood hazard, six characteristic maps based on the water height and velocity are
considered important (Alkema 2003): maximum depth, maximum velocity, maximum impulse,
maximum speed of rising; duration and arrival time of the flood waters. However, on the alluvial fan the
depth, velocity, impulse and blockages are considered specifically important (Hamilton et al. 1988).
Impulse is a derivative of the water depth and flow velocity given by the product of both (Alkema
2003). These characteristic maps are obtained through hydrodynamic flood modelling. Under overland

flow and back flow conditions, a 2D model is required.

In alluvial fan flooding circumstances, the channel is breached and the flow paths are considered
unpredictable. Under this condition, 1D models are insufficient, and 2D modelling is required to model
such high dynamic flow processes (Hamilton et al. 1988). Processes characterized by varying initiation
points, unconfined sheet flow, multidirectional flow, hydraulic jump and inundations of multiple
channels are synonymous with alluvial fan flooding. Carrivick (2006) showed the suitability of 2D
models by using Sobek to reconstruct a high magnitude outburst flood event characterized by the

previously mentioned processes.

While 2D models can suitably model

J,wclrershed outlet

flood events, its ability to truly
capture alluvial fan flooding is
questionable because of the changing
terrain surface that occurs as debris
is deposited during the process. In
experimental models, trench
locations during migration events
show the uncertainty that mud and
debris deposits can have on the flow
paths as shown in figure 5. Not only
does the flow paths change, but also

exhibit deviations from an expected

down slope direction. Schumm e# al.
(1987) explained this is due a

reduced flow momentum as the water Figure 5 Results of experimental alluvial fan trench paths

acts against gravity. (Weaver 1986; Schumm et al. 1987)

Similar unsystematic flow paths structures have been found by authors who tested flow paths changes in
relation to DEM sensitivity in terms of resolution and noise. Horritt and Bates (2001) found that higher
resolutions were not always better, with both showing similarities. Wu et al. (2008) found that there was
no systematic flow paths defined with changing DEM resolutions. Wise (2007) found that runoff
patterns significantly varied with DEM sensitivity, by adding noise (artefacts) to the terrain. As such,

the rational for adding noise can be summarised as follows:
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The DEM/DSM has inherent systematic and random errors such as slope position (projected
horizontal and vertical), georeferencing and footprint (source dependent) (Hodgson et al. 2003);
The choice of Digital Terrain Analysis (DTA) algorithm to rasterize the vector elevation data
created artefacts in the DEM (Zhou and Liu 2004), however the choice of interpolation
techniques is not considered significant (Heritage et al. 2009);

The orientation of the Grid causes directional biases on the slope and aspect (Zhou and Liu
2004);

Fine errors (noise) cause differences in the surface derivatives, the significance of their errors
are application dependent (Oksanen and Sarjakoski 2005);

DEM accuracy is strongly dependent on the accuracy of the vector data (Heritage et al. 2009);
DEM accuracy is not uniform and is a function of local form roughness including vegetation
and landcover (Hodgson et al. 2003; Heritage et al. 2009);

The DEM/DSM will have variations due to deposition of sediments, that is part of the
reasoning for “unpredictable flow paths”;

Finally, the variation of the DEM/DSM can be used as a sensitivity analysis for validating the
model, especially in scenarios that may lacks physical evidence to calibrate or validate the
model (Rykiel Jr 1996).

In this study, blockage is considered in two aspects; firstly as debris flow blockage of the main river

channel and secondly as man-made expressions on the alluvial fan that may change the flow of water.

Channel blockage can be considered in the context of a complete blockage or partial in the form of

sediment deposits. The spatial location of simulating a blockage can be evaluated by two conditions:

Firstly where the channel slope is within 2-5° (Blair and McPherson 2009); or secondly based on past

indicators (events) (NRC 1996). Notable overland blockages include housing developments, levees and

general development expression such as drainage, roads, and walls (Hamilton et al. 1988)

10
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3. Study Area

3.1. Introduction

This research is based in the Faucon watershed and alluvial fan. Faucon is one of many watersheds,
currently investigated in the Mountain Risk Alp Research. The area has been meticulously studied since
the 90’s and is still studied for its landslides and debris flows hazards. This chapter introduces the
reader to the different geographic, social, environmental aspects of Faucon, the data available and the
fieldwork done in September/October 2009.

3.2. Geographic Context

Faucon is a small village located within the Haute-de-Alps province in the in the Southern Alps of
France, as shown in figure 6. The village is located on an alluvial fan whose upstream watershed is part

of the Barcelonnette Basin of the Ubaye Valley.

4°0'0"W 2°0'0"W 0°0'0" 2°0'0"E 4°0'0"E 6°0'0"E 8°0'0"E 10°0'0"E

52°0'0"N 52°0'0"N

50°0'0"N 50°0'0"N
48°0'0"N 48°0'0"N
46°0'0"N 46°0'0"N
44°0'0"N

44°0'0"N

42°0'0"N 42°0'0"N

4°0'0"W/ 2°0'0"W 0°0'0" 2°0'0"E 4°0'0"E 6°0'0"E 8°0'0"E 10°0'0"E

Figure 6 Location of Faucon within France
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3.3. Environment

The study area consists of a 9.8km® watershed, 5.5 km torrent and a 2km” alluvial fan. Elevation vary
from 1150m to 2984m with local slopes ranging from 25° to 80° at the head of the watershed. The
torrent has an average slope of 20°, ranging from 35° to 4°. The slope of the alluvial fan ranges between
4°to 9° (Remaitre et al. 2005).

The head of the watershed consists of faulted and calcareous sandstones. The central portion is mainly
moraine deposits while the lower portion consists of black marl and various quaternary deposits as
shown in figure 7. On the alluvial fan, deposits are mainly from debris flow strata (Remaitre et al.
2005; 2008).

La Chalanche GEOLOGY TORRENTIAL AND ALLUVIAL

2984

A= i MORPHOLOGY
2800 — A <> Sandstone outcrop .. Intermittent Perennial
2700 > Black marl outcrop ~ flow flow

2600 — 13> S
: /~ Alluvial fan ’ Debris fan

2500

2300 L XS)2 QUATERNARY FORMS AND FORMATIONS

:“ ; . r("\ Cirque <> Morainic deposits
N { : ‘\\\ Scree
2200 L of = y
A F el TOPOGRAPHY LANDUSE
2100~ I ‘ = ’ § e N La Chalanche Sp()t hﬁ']ght - Housing
425N 2 i § = 084 A ‘ \-
2000 - = < — = . Elevation \o Check dam
g “‘_b / - N contours (m) Wi i
1900 - \'\ S B e ain roa
2 /,: N e e Y ™ Scarp>10m - RD 900
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® Climatic station
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Figure 7 Morphology of Faucon - sensu Remaitre et al. (2005)

The general climate has features of Southern France’s Mediterranean regimes on the low elevations but
it is attenuated by the mountainous environment. Summers are typically dry with the exception of brief
intense storm events; winters are associated with little precipitation in the form of snow, but can have 6
times more snow fall at the higher peaks; spring and autumn are the wettest seasons. Remaitre et al.

12
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(2005) identified that the Faucon discharge from rainfall and snowmelt is typical of the general
behaviour of the basin, with rainfall intensities reaching 50 mmhr'. Rainfall variability is influenced by
slope and elevation (Weber 1994). The Barcelonnette Basin is said to have approximately 130 freezing
days in the year with peak discharge typically occurs during the spring when snowmelt occurs and with
high precipitation during the autumn seasons (Remaitre et al. 2005).

Landuse of the watershed has been reshaped by mitigation measures following 17" — 19" century
human land degradation activity. Housing activity in the catchment is now strongly regulated. Flatter
and low gradient terraces in the watershed are used as grazing fields. With the exception of very steep
grades, trees have been planted on most slopes. Housing on the alluvial fan consists of a mixed
agricultural based village in the centre of the fan and a small non-agricultural community on the east
side of the torrent. Agriculture is the predominant landuse on the alluvial fan.

3.4. Events and Mitigation Strategies

Debris flow and flooding have traditionally been problematic in the Alps. Descriptions of torrential
floods in Europe, including the Alps, can be found in early literature such as Lhudy (1708). Such
accounts describe the wariness of rain by local residents, including precursor observations of their
surroundings. Such precursors include colour of clouds, the location of clouds on certain hills, the

directional entry of clouds into valleys, and “noise and murmuring of torrents”.

The Barcelonnette Basin has experienced at least 561 torrential related events between the periods 1850
to 2005. Of these events, Faucon was affected by 18 debris flow and 41 torrential flood events
(Remaitre and Malet 2009). During the last two decades, two debris flows in 1996 and 2003, and one
torrential flood in 2002 occurred (Remaitre et al. 2005; Remaitre et al. 2008). The type of debris flows
in Faucon are said to be triggered by two mechanisms, either from liquefaction of landslide debris or
with the failure of coarse debris material at higher altitudes or gully bed (Remaitre and Malet 2009).

Since the late 19 century mitigation projects have tried to pe=
prevent or reduced hazards in the French Alps. The demand
for timber during the 17" century led to deforestation and
subsequent expansion of arable lands. The effects of which led
to lands degradation thus exacerbating torrential related
disasters. Following a major hydrologic event in 1856, the
French Government enacted a bill for promoting projects in
sediment control and related disaster mitigation. The project,
known as the restauration des terrains en montagne (RTM),
oversaw reforestation efforts, flood hazard, debris flow and
landslide mitigation works as shown in figure 8 (Yamakoshi
2004; Remaitre and Malet 2009). It is through the RTM that
much of Faucon’s watershed slopes has been reforested and

Figure 8 Check dam in the Faucon

torrent amidst degraded landscape,

1 heck il 1 is fl 1 li
over 100 check dams built to control debris flow, landslides pictured from 1901(OMIV-EOST 2009)

and flooding.
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3.5. Data Available

The data available from the Mountain Risk Project includes much of the Barcelonnette basin, and over
10 years of research data. Table 1 shows the data used in this project. The data includes daily
information precipitation data from the Barcelonnette climate station during the period 1928 to 2004,
and hourly precipitation for the Faucon rainfall station from October 2001 to September 2003. Most of
the data lacked metadata, and when available was in French. However, the data within the project are

continuously updated. Base maps have been included in appendix L.

Table 1 Data Available from the Mountain Risk Project

Data Data Type Remarks

Climate Time series In French

Hydrologic Report Document In French

Torrent Shapefile - vector

Roads Shapefile - vector Including but not distinguishing tracts
Soil depth Shapefile - polygon

Soil Map (morphology) Shapefile - polygon

Landuse Shapefile - polygon 11 classes based on 2004 imagery
Boundary Shapefile - polygon

Buildings Footprint Shapefile - polygon

2003 Debris Flow Shapefile - polygon  With deposit depths

DEM - 10m res. Raster

14
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3.6. Data Collected During FieldWork

Data acquisition was conducted from September to October of 2009. The data acquired included

fieldwork and secondary source information. Table 2 shows the type of data collected, its source, and its

intended purpose.

Table 2 Data and Information Acquired during Fieldwork

Data/information Type Source

Purpose collected

Hydraulic Conductivity Field/Lab Observation

Porosity Lab Observation based on
soil samples

Initial Soil Moisture Lab Observation based on

soil samples

Soil Depth Field Observation
Soil Texture Field Observation
River Cross Sections Field Observation

Alluvial Fan Blockages Field Observation
Misc.: Surface and soil Field Observation
characteristics

Misc.: hydrologic Remaitre (2009)
River Survey Municipality

Use in the runoff modelling

Use in the runoff modelling

Use in the runoff modelling

Use in the runoff modelling
Reference in runoff modelling
runoff modelling

runoff modelling

Reference

Reference

Reference

15
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4. Fieldwork and Laboratory Analysis and
Results

4.1. Introduction

As stated previously, fieldwork was conducted during September/October 2009. Subsequent lab-work
and analysis of data required for the modelling was done in October/November. This section outlines the
fieldwork, lab-work and the results of the main factors used in the runoff modelling.

4.2. Watershed Measurments and Observations

4.2.1. Sampling and Saturated Hydraulic Conductivity

Saturated hydraulic conductivity (Ksat) s 4100 w00 46000 4700 4000

was measured using three techniques.

This consisted of the use of standard pF

N Legend
rings  (@53x50mm), single ring %% ksat measurements  landuse
. e . . Intrometer method Description
infiltrometer method using the falling ! A oF g ] Al beposis
head principle with a @12cm ring and ¢ o2em [ Asable Land/Crops
. . . O @53mm \_‘_—, Bare Rocks
the constant head principle with a @ pF+oi2em ol sieck var
: @ pF+@53mm mll Forests
653 rlng‘ S pF +@12cm + @53mm - Grasslands
C3 watershed B Pastures

- Urban Fabric
_/  Water Course

Based on landcover patterns, 44

observations were acquired from 27 0 280 560 840 1,120

m

locations as shown in figure 9. These
included 24 pF samples, and 20 (8,12)
single ring infiltrometer readings.
Sampling was not done on steep slopes
including the bare rock area on upper
part of the watershed and the black
marls. Steep slopes also limited the
sampling position within the forested

areas. Accessibility to private property

also limited the sample locations. Figure 9 Sampling locations in reference to landcover
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Standard practice was applied in the extraction of field samples. Sampling was done only on the top soil
layer using standard pF equipment, following the procedure outlined by Eijkelkamp (2009b). However,
because of high gravel contents and dry soil conditions, sample locations were moistened before
extraction. This was done for two reasons: to reduce the force required driving the sample, thus limiting

ring damage; and to increase the soil cohesion which otherwise crumbled during extraction.

Single ring infiltrometer was a field decision following failed double ring infiltrometer testing. The
double ring infiltrometer was found to be impractical for two reasons; firstly, driving the cylinder to the
required depth of Scm (Eijkelkamp 2009a) was not possible because of technical and field conditions;
and secondly, the water required to fill both cylinder was not practical. Alternatively, the inner ring was
used in isolation; however, the water problem still demanded another alternative sought in the use of a

smaller ring requiring less water.

The inner ring was measured using a falling

head methodology. The ring was placed
approximately 2cm into the ground (depth of

:

h=10cm At1= 0min
Height at t=0 h=9cm At1 =1:02 min

h=8cm At1 =2:01 min
> h=7cm At1 =3:03 min
S h =6cm At1 =4:01 min

insertion recorded). A measuring rule was

placed in the cylinder. Water was slowly

l'l\‘l
[

poured into the ring until a slow infiltration AT AT L

was attained. A starting reading level on the

rule was determined, and the water in the

cylinder was topped up to the chosen mark.

From this mark, the rate at which the head

decreased along the measuring rule was Figure 10 Falling head single ring infiltrometer method

recorded, as shown in figure 10.

Unlike the measuring falling head method used for the larger ring, the

constant head methodology was used for the smaller ring, as depicted i

in figure 11. This was done by carefully driving the pF ring into the [

ground with the hammer and driver. The depth of insertion was -
recorded. The ring was filled with water and a ponded head was :i_'.»'.f %ﬁ?jﬁ% : B
maintained using the measuring cylinder. The time between 7‘““?!@%4//55//4’/ T
consecutive emptying of the measuring cylinder was recorded usinga  Av=10cc At1= 45sec

. . . Av=10cc At2 =1:32 min
stop watch. The readings were then converted to simulate the falling  Av=10cc At3=2:31 min

head method by equating the volume added to decreases in height.  Fjgure 11 Constant head single

For a 10cc reading at Atl, the virtual height (dh) will be given by: ring infiltrometer method
A
dh==2 (4.1)
r

Where Av is the volume at Atl, Av = 10cc, r is the radius of the ring (2.5cm), which gives dh = 0.5 cm.
The rate of water flux can be calculated from the average of dh/At, or plotting the cumulative dh against

cumulative time and defining the water flux as the slope.
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To reduce the measurements of the single ring infiltrometer, the calculation outlined in Wu et al. (1999)
was used as given by:

K. =Alaf) 4.2)

Where A is the slope corresponding to the rate of water flux in cm/min, a is a dimensionless constant (a
=0.9084), and fis also dimensionless and given by:

H+t

f :TO‘H 4.3)

Where H is the ponded depth in the ring in cm, « is a coefficient of the soil texture (a = 0.04 cm™ for
clays), and G* is a function of the radius of the ring (r) in cm, and depth of insertion (d) also in cm,
given by:

G =d+rl2 (4.4)

4.2.2. Soil Depth

Field measurement of soil depth was found to be generally impractical due to equipment and field
conditions. The Edelman auger was found to be unsuitable for the gravelly/stony environment and the
general moraines deposits. Soil depth measurements from road cuts were also not feasible because of the
fragility of roads embankments as shown in figure 12. With few exceptions, small pits were dug at the
pF sample locations shown in figure 9, to give an understanding of soil stratigraphy as shown in figure
13. More details regarding this information is shown in appendix II.

e b ; & e AR : :
Figure 12 Typical road cut with loose rocks Figure 13 Pit dug for soil depth
including boulders analysis
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4.3. Alluvial Fan Measurments and Observations

4.3.1. Cross Sections

Cross sections were measured for the river channel along the alluvial fan. This was required for the 1D
part of the hydrodynamic modelling in Sobek. The cross section were measured by measuring the bed
width using a digital measuring tape/or a pocket tape depending distance to be measured. The slope
angles, on each bank were measured using a clinometer. Finally, the slope distances, of the banks, were
also measured using the digital meter/pocket tape. Off site, the measurements were reduced using
trigonometry to calculate grade and width between banks, for use with Sobek. The various

measurements are depicted in figure 14.

< Width R
® N 'y v
&
&
N
S Q@ = 7
[=) T
o 2 2 <
§ . . [} O
s Reduced using trigonometry © T
2
Q
Width and GPS location v Bed Width

River Sobek Model

Figure 14 Cross section measurements and post-field reduction

4.3.2. Alluvial Fan Blockage Survey

An observational survey of the features along the alluvial fan that may inhibit or redirect the water was
done. Two of the major sources of flow blockage on the fan; the buildings and dikes, were already
obtained from secondary sources. The other factors that were considered included roads, walls, terrain.

However, this was limited because of the type of survey and equipment required.

4.4. Laboratory Measurements

Ksat, porosity and bulk density were determined from the pF ring samples. Some of the pF samples
were processed pseudo-field, to determine the Ksat values. This was done using a simple measuring
cylinder, funnel and water bottle to simulate the constant head method condition, as shown in Figure 15.
Reduction was done by using Darcy’s law as given by equation 4.4. Q is the gradient of the volume
(cm3) measured per unit time (min), A is the cross sectional area (cmz), L is the depth of soil sample
(cm) and dh is the depth of the pounded water (cm). Ksat was computed in cm/min but later converted
to mm/hr.

Ksatzgx[ L j 4.4)
A \L+dh
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Samples acquired during the last week of field work were
processed in the laboratory wusing a permeameter,
following the standard equipment and instructions
(Eijkelkamp 2008) . For cross verification, some of the

previously measured samples were also re-measured

using the permeameter. Both Ksat measurement
techniques required the pre-saturation of samples and all

results were reduced to mm/hr.

Porosity was obtained from the difference between the
dry and saturated weights of soil samples per canister
volume. This was done by using the saturated weight

(W_,) and the dried weight (W,

sat

), both samples

included the weight of the rings in grams and converted to
ml. The drying of the sample was done in an oven at 105° :
Q=dv/dt

for 24 hours. The porosity was computed as a

dimensionless percentage using equation 4.5, where V' is

the volume (ml) of the cylinder.

Wo—w Figure 15 Pseudo Lab Method used for Ksat
P=—""""197 <100 4.5) Measurements (Alkema 2009)

Bulk density was also measured from the dry sample as a percentage of the volume of the pF ring using

equation 4.6. However, the dry soil weight W;ry excluded the weight of the pF ring. In this calculation,

bulk density was calculated in g/cm3, as units of weight and volume were not converted to ml.

*

B = Wan (4.6)
p V :

Soil moisture at sampling was measured as a percentage of the difference between soil weight, before
saturation, to the oven dry sample per canister volume as given in equation 4.7, where W, refers to

the initial soil sample weight before saturation. All measurements were used in ml, and Pi calculated as

a dimensionless percentage.

Wim - Wdry
P%=—"""0"100  (4.7)

soil
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4.5. Results and Analysis

The results presented below are aggregated results. The reader is referred to appendix II for the
complete list of results including a location map of sampling locations. Detailed results include Ksat,
texture, porosity, bulk density, soil moisture, soil colour, gravel content, soil depths, and general
remarks of the pF samples. Results of the cross sections along the torrent and at bridges are presented in
chapter 6.

4.5.1. Saturated Hydraulic Conductivity

In total, 43samples of Ksat was observed, however 4 were rejected for having values larger than 1000
mm/hr. The pF values repeated using the permeameter were also rejects since the RMS was found to be
more than 2000mm/hr. In most cases the repeated values were less than the pseudo-lab measurements.
The aggregated results of the remaining 39 samples are shown in table 3 and figure 16 with reference to
different mapping units.

Table 3 Summarized statistics for the Ksat observations

. . . median
Mapping Unit ~ Sub-unit mean (mm/hr)  sd (mm/hr) (mmvhr)
Forests 252 184 191 19
Land-cover Grasslands 150 90 142 8
Pastures 58 78 37 13
Flyschs 434 234 525 4
Morphology Moraines 117 118 66 31
Units Torrent. Dep. 118 - 188 1
Weath. Marl 296 78 316 4
Clay 178 164 175 6
Soil Texture S. Clay 180 168 133 25

S. Clay Loam 130 160 47 9
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Figure 16 Comparison of Ksat results by mapping units

The Ksat values as shown in table 3 and figure 16 showed a more discerning distribution with the
morphology units, although their values are relatively high compared to landcover and soil texture.
However, their ranges were similar to a previous study (Remaitre 2006), who used a rain simulator
technique to measure the infiltration. Further exploration of the data showed that grouping by landcover

and measuring technique, as shown in table 4 and figure 17, revealed contrasting differences between

methods.
Table 4 Summary of Ksat results by collection method for landcover sub-units
. mean median
Method Sub-units (mm/hr) sd (mm/hr) (mm/hr) n
Forests 60 24 58 4
Small rings Grasslands 73 10 73 2
Pastures 40 30 36 5
Forests 364 170 331 4
Larger rings Grasslands 121 NA 121 1
Pastures 45 16 37 3
Forests 296 180 255 10
pF lab tests Grasslands 186 96 166 5
Pastures 99 141 39 4
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Figure 17 Comparison of different methods for Ksat measurements

4.5.2. Porosity, Bulk Density and Initial Soil Moisture

The results of the porosity and bulk density tests were also grouped by different mapping units as

presented in table 5 and depicted in figure 18. Finally, results of the soil moisture content are shown in

table 6.
Table 5 Summarized statistics for the porosity and bulk density observations
Mapping Unit Sub-units mean (%) sd (%) median (%) n
Forests 54 7 52 13
Landcover Grasslands 59 8 62 5
Pastures 50 7 49 6
Flyschs 54 8 54 2
Morph. Units Moraines 54 8 52 19
Torrent. Dep. 52 - 52 1
Weath. Marl 56 4 57 2
Clay 60 1 59 3
Soil Texture S. Clay 53 8 52 16
S. Clay Loam 52 8 50 5
Bulk Density ( g/cm’)
Clay 1.79 0.08 1.76 3
Soil Texture S. Clay 1.68 0.58 1.81 16
S. Clay Loam 1.71 0.43 1.53 5
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Figure 18 Comparison of porosity by mapping units
Table 6 Initial Soil Moisture Content

Sample #  Initial Soil Moisture % Soil Texture Landcover

4 55 Sandy Clay Forests

1 54 Sandy Clay Loam Pastures

19 54 Sandy Clay Grasslands

11 48 Sandy Clay Loam Pastures

21 48 Sandy Clay Forests

2 46 Sandy Clay Grasslands

12 45 Clay Grasslands

1 40 Sandy Clay Loam Pastures

13 36 Sandy Clay Forests

7 31 Clay Pastures

23 30 Sandy Clay Pastures

6 28 Sandy Clay Pastures

15 21 Sandy Clay Forests

5 17 Clay Forests

22 16 Sandy Clay Forests

1st Quartile = 29 Median = 40 Average = 38
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4.5.3. Soil and Surface Characteristics

As mentioned earlier, the determination of soil depths were found to be complicated because of field
conditions. However, field observations found that almost all sites have a base of gravel and soil (with
some stones). The percentage of stone, gravel and soil varied depending on the morphology, landcover
and proximity to the Flysh badlands. In pasture and bare areas, the gravelly surface is exposed with the
surface generally showing signs of sealing and moss covering. The subsurface of these classes was also
found to have a higher percentage of gravel and stones increasing with depth. In the grassed areas, the
layer is covered by shallow soils, having good structure, ranging from 3 c¢m to 30 cm. Similarly, in

forested areas the gravel layer was also covered, but by an organic layer ranging from 1 cm to 10 cm.

The results of the soil depth investigation revealed a pattern of landscape and landuse as depicted in
figure 19. A common deep layer of moraine deposits consisting of soil, gravel and stone was found
exposed to the surface in bare areas such as pastures. Grasslands were found to have a developed soil
structure covering the moraine structure. Located mostly on slopes, forested areas also had the

underlying moraine structure, however covered with a humus layer.

Soil Gravel and Stone >30cm

- Humus and Soil 1-10cm
Soil with little Gravel 2-30cm

Figure 19 Landscape and Soil depth

4.6. Evaluation of Results

The results showed that the general differences in medians and variations in Ksat can be attributed to
equipment, techniques, soil structures, and surface characteristics. The observed Ksat range was
considerably lower when using the smaller rings. Such relatively low readings are of the same order as
other observations from another watershed within the same Basin by Malet et al. (2003). The values
obtained by Malet et al. were in the range of 10-50.4 mm/hr, using a tension-disk infiltrometer of
diameters 250 or 80mm depending on sample location. Van Asch and Buma (1997) also measured low
values for Ksat in the order of 6 mm/hr using the inverse borehole method, for yet another watershed in

the Barcelonnette Basin.
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In contrast to small ranges of Ksat, using the pF and larger single ring, the values obtained were in a
similar range to the values obtained by Remaitre (2006). Remaitre studied infiltration in the Faucon
watershed at six locations using a rain simulator. The small ring can be considered to lack surface
representation as it only samples a small homogenous position. However, the same can be said of the lab
measured pF ring samples, which also suppose to be influenced by homogenous conditions. The
difference between the field and lab measured Ksat using a small ring and the pF ring, may be because
of sealing at the surface. In extracting samples using pF rings, the top layer is removed. The larger ring

was a problem to use, lacking proper equipment the soil surface was usually disturbed.

While results were generally different, it is interesting to note that median Ksat results of the pasture
landcover were the same for all three methods. It is generally agreed that grazing leads to poor soil
structures and reduced infiltration, because of plant reduction and animal trampling (McCalla et al.
1984; Bharati et al. 2002; Sanjari et al. 2006). This poses the possibility that variations in Ksat may
also be explained in terms of time lag, regarding landuse changes. Re-growth forests is one transition

landuse which showed much different soil structure compared to the natural forests.

In spite of the uncertainties regarding the choice of Ksat values, the decision was taken from a worst
case scenario for flooding, to use the lowest infiltration rates, as obtained from the small ring field

measurements.

The results of the porosity showed that most of the readings were within the range 48 to 60%. While
there were good distinctions between the porosity of soil texture, there were no texture maps.
Information based on the works done by Remaitre (2006; 2009) suggests that the soil structure should
follow the morphology units as shown in figure 7. However, there is a contrasting difference between
porosity plotted by the morphology units and texture. The decision was taken to use the median values
associated with the morphology units, since most of the sampling was done on the moraines, and other

units are not well represented in the distribution.

It was previously mentioned that pF soil samples were often moisture before extraction. This would
have affected the measure of initial soil moisture. As such, the decision was taken to use the lower 1%

quartile value of table 6 as an average.
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5. Rainfall Runoff Modelling

5.1. Introduction

The objective of this section is to improve on the understanding of the hydrological factors that influence
runoff in the Faucon watershed, through physical modelling. As an outcome, a suitable hydrograph is
generated for use in the 2D hydrodynamic modelling on the alluvial fan. The models produced here lack
validation as two key components have not been obtained: spatially distributed high intensity rainfall
data; and discharge data.

5.2. Input Data and Boundary Conditions

The project used various data sources to fulfil the LISEM data requirements. Such data included the
field measurements, literature, and estimations from perceptions and observations. Figure 20 shows the
base maps used to generate the LISEM maps. Table 7 and table 8 shows the base values used to
generate the derivative maps for LISEM, which are considered the base values during the sensitivity
analysis. The tables also describe their source values.

tryluse map Legend
I Coniferous Forests 1 Nsoils map
Confferous Forests 2 Blocks
I Eroaddeaved Forests I Lacustrine Deposits
Natural Grasslands I Moraines
I Areable Land/Crops : . Screes
B Pastures I Fych
Bare Rocks by - I Torential Deposits
I Eiack Mar . L Weathered Mars
[0 Aluvial Deposit { ?
1 - 2

Legend

roads map

Legend

divi_2100map :
[

CJgare
- Forest

Road Surface

Figure 20 PcRaster Base Maps for use with LISEM: 1 Landcover; 2 Morphology; 3 Road; 4 DEM; 5
Upper forested/non forested maps
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Table 7 Values for use with Map 1

Col# O: ID# Assigned to Landcover Map

Col# 1: Leaf Area Index - calculated from NDVI using Landsat 2004 images using equations by Stensrud (2007);
and assigning weighted means to landcover classes

Col# 2: Fraction of Soil Covered by Vegetation - based on field observations

Col# 3: Vegetation Height - based on field observations (m)

Col# 4: Ksat values based on median small ring measurements and literature values (ATF 2010) (mm)

Col#5: Manning's n values based on literature values (Yen and Chow 1984 as reported by Nicklow et al., 2006)
Col#6: Random Roughness based on site observations and Vieux (2006) (mm)

Col#7:Fraction covered with stones - estimated from field observations

Col#8: Fraction covered with crust - estimated from field observations

Avg.
0 1 2 3 4 5 6 7 8 Landcover Classes NDVI
1 2.56 0.1 20 58 0.09 3 0.2 0 Coniferous Forests 1 0.084
2 2.56 0.1 15 58 0.06 3 0.2 0 Coniferous Forests 2 0.106
3 5.1 0.1 20 58 0.09 3 0.2 0 Broad-leaved Forests 0.205
4 083 0.75 0.3 73 0.09 3 0.4 0 Natural Grasslands 0.090
5 4 075 0.15 36 0.06 3 0.4 0.4 Arable Land/Crops 0.220
6 1 0.5 10 36 0.055 3 0.4 0.4 Pastures 0.080
7 0 0 0 03 0.045 1 0.6 0.4 Bare Rocks -0.199
8 0 0.1 0 01 0.03 3 0.6 0 Black Marl -0.116
9 0 0 0 40 0.03 3 0.75 0.1 Alluvial Deposits -0.226

Stensrud (2007) NDVI to LAI:
LAl = 1.5(NDVI -0.1) NDVI<= 0.547
LAl = 3.2(NDVI) -1.08 NDVI> 0.547

Table 8 Values for use with Map 2

Col# 0: ID# Assigned to Nsoils Map

Col# 1: Saturate Volumetric Soil Moisture Content
Col# 2: Initial volumetric soil moisture content
Col# 3: Soil water tension at the wetting front (cm)
Col# 4: Soil depth (mm)

0 1 2 3 4 Units

1 0.6 0.29 3 100 blocks

2 0.6 0.29 3 300 Lacustrine deposits
3 0.54 0.29 3 300 moraines

4 0.58 0.29 3 100 screes

5 0.58 0.29 3 100 flysch

6 0.54 0.29 3 300 torrential deposits
7 0.5 0.29 3 300 weathered marls
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Table 9 Values for use with Map 5

Col# O: ID# Assigned to divi. Map

Col# 1: Saturate Volumetric Soil Moisture Content
Col# 2: Initial volumetric soil moisture content
Col# 3: Soil water tension at the wetting front (cm)
Col# 4: Soil depth (mm)

0 1 2 3 4  Units
1 0.14 0.07 3 20 Bare
2 0.58 0.29 3 100 Forested

5.3. Methodology

5.3.1. Runoff Modelling

The rational for using LISEM to model watershed runoff was previously discussed. This subsection
discusses the methodology used to model the runoff. For information on the technical hydro-modelling
processes used in LISEM, readers are referred to De Roo et al. (1994) and Jetten (2002).

LISEM is a detailed physically based spatio-temporal model embedded in a GIS. The model
incorporates hydrologic; soil erosion; and some physical influencing processes. Hydrologic processes
include: rainfall; interception; surface-storage in micro depressions; infiltration; vertical movement of
water in the soil; overland flow; and channel flow (De Roo et al. 1994). The erosion component is

optional and not used here.

Figure 21 shows the methodology used in LISEM with reference to data sources. All the data used for
modelling were reduced to a single gridded mask map to facilitate integration. This required all maps to
be converted to the same georeference. For this purpose, all maps were converted to 10 m pixel
resolution format, and georeferenced to the French national coordinate system (Nouvelle Triangulation

de la France) using the Lambert III projection.

The derivative maps were created by assigning the values of table 7, table 8, and table 9 to their base
maps using the command “pcrcalc —matrixtable A.map = lookupscalar (B.tbl, C, D.map)” where A.map
is the derivative map required, B is the table with values, C is the column number of the table attributed
to the derivative to be extracted and D.map is the base map (as shown in figure 20). In the case of table
9, the values were used to create a temporary file then used to update the derivative maps of porosity
and soil moisture. DEM derivative maps and Channel maps were created using the instructions given in
the LISEM manual (Jetten 2002).
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DERIVED DERIVED CHARACTERISTICS
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Figure 21 Rainfall-Runoff Methodology using LISEM

The lack of information on the flysch and screes slopes required the use of literature values. To find a
suitable value for Ksat, porosity and initial soil moisture, a “pseudo-calibration” was done to find an
appropriate set of values. To achieve this, the design approximation outlined by the SARL (2003) report
was used. This consisted of a 30mm rainfall event, over a three hour period, with a total discharge of
25000 m’. This information was used as a priori specification to calibrate the upper portion of the
flysch and screes slopes. However, a distinction was made as to the area bare and the area vegetated, as
shown in figure 20: Map 5. The values of bare soils given in table 7 and table 9 were chosen from the
Aquifer Test Forum (ATF 2010).

As Ksat, porosity and initial soil moisture values were uncertain, a sensitivity analysis was done to
understand the runoff response to their fluctuations. This involved changing Ksat values between 0.5 to
10 times the measured values, as indicated in table 8. Similarly, porosity was changed between 50 to
150% of their values, while initial soil moisture was changed to reflect the proportion to porosity as
10% and 60%. An assessment of the spatial contribution of the watershed was also done to understand
the spatial distribution of rainfall within the watershed. An analysis of the spatial distribution of the
rainfall, considering the area above and below 2100m elevation, as an area of geomorphologic

transition.

It was difficult to associate absolute values for soil depths. The findings suggest that soil thickness
measurements vary significantly. However, the evaluations were just of the top layer, and may not be
representative of the second layer, which according to the mountain risk project soil thickness map vary
between 2 to 4 meters. For this reason, the scenarios treated most of the soil depth as a 30cm layer as
shown in table 8. For the infiltration calculation in LISEM, Green and Ampt 1 layer solution, with a

permeable second layer was used.
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5.3.2. Climate data analysis and storm design

The typical characteristics of storms in Faucon are not reflected in the available rainfall data for the
watershed and nearby stations. In the two recent storm events of 1996 and 2003, intense rain storms
caused large debris flow. The 1996 event is said to have lasted 2.5 hrs, however no rain was recorded at
the climate station located on the alluvial fan (Remaitre et al. 2005). The 2003 storm lasted 3 hours,
and also showed disparity between the expected and recorded. Regional weather radar of the 2003 event
estimated 25 to 30mm, however only 13.3mm was recorded (SARL 2003) at the Barcelonnette station
located 1.2 km west of the Faucon apex.

An analysis of the rainfall data for Barcelonnette climate station, between the period 1928-2004 for the
months of July to October showed that a 100 year rain event consists of approximately 97mm +15mm
of rainfall. This was done using a Generalized Pareto Distribution (GPD) of the daily values, details are
given in appendix II. The SARL report computed the 100 year event for various watersheds in the
Barcelonnette Basin as reported in Table 10 . Among those evaluated was the Barcelonnette station. The
results found that Barcelonnette 100 year return period was 90mm, using a Gumbel distribution. For

consistency in comparisons, the SARL value is used in further analysis.

Table 10 100 year return period storms for watersheds in the Barcelonnette
Basin - adapted from (SARL 2003)

Alitude | DATE OF DURATION OF | 100yr
STATION »NA'V‘E (m) |CPERATION | RECORDS (years) (Er\]lqiq)t
ROUSSET 675 1959 36 80
BEAUJEU 1050 1934 58 100
LE LAUZET 930 1958 15 95
LES ORRES LE MEZELET| 1445 1948 47 95
ST PONS 1135 1958 15 90
BARCELONNETTE 1135 1928 62 | 90
GUILLESTRE 980 1958 15 80
COLMARS 1250 1934 41 125
VARS 1810 1936 32 105
UVERNET-FOURS 1660 1954 42 140
SAINT-PAUL 1903 1971 25 95
ENTRAUMES LE CLOT | 1250 1959 36 155
JAUSIERS-LANS 1500 1961 34 90
ENTRAUNES 1250 1928 68 150
ST PAUL SUR UBAYE 1903 1959 36 90
SAINT-DALMAS 1500 1931 61 165
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For design purposes, other researchers observations and perceptions regarding storms in the
Barcelonnette Basin was considered. Firstly, climate variability within the basin is said to vary with
elevation and slope (Weber 1994). The elevation of the Barcelonnette climate station is 1155 m, while
the watershed extends to an elevation 2984m. This will also account for the disparity in rainfall
measurements during the 1996 and 2003 events. Secondly, the highest rainfall intensity recorded at
Barcelonnette was 30mm/hr however, other stations are said to have recorded values as high as
S50mm/hr (Remaitre et al. 2005). Thirdly, the SARL (2003) report considers a runoff ratio of 30%,
however for design purposes of extreme events Remaite ef al. (2005) used a design intensity of 80mm/hr
with a runoff ratio of 50%. Finally, while specific information on snow melt was not available, typical
discharge from the Barcelonnette Basin was found to be in the order of 4 times larger than the late
summer rainfall events (OMIV-EOST 2009). Based on these considerations, synthetic data was created
to simulate five high intensity storm rainfall events as shown in table 11 and figure 22.

Table 11 Storm Design Intensities

Design Storm (mm) 1" hour intensity 2"  hour intensity 3  hour intensity
(mm/hr) mm/hr (mm/hr)
30 7.5 15 7.5
90 20 50 20
90 30 30 30
150 50 50 50
160 80 80 0
90
80
__ 70
£
£ 60 = 30mm
£
- 50 =390mm
E 40 90mm
% 30 ——150mm
E 20 = 160mm
10
0]
0] 50 100 150 200 250
Time {min)

Figure 22 Design Rainfall Events
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5.4.

Results

The result of the calibration, as shown in Figure 23, was determined with Ksat and porosity of 3 mm/hr

and 14% respectively. The results also show a rainfall to runoff ratio of 13%, which was much lower
than the design value of 30% used in the SARL report.

F o eEd 2@ | X0

Start | Basic maps | Output maps Simulation I
Time
E58.943 Catchment size (ha]

10000 Grideell [m]
400161 Current time [min]

0,000 Start time (min]
400,000 End time (min]
10000 Timestep [sec)]

Water
26162 Rainfall [mm)
0.025 Interception [mm]
22895 Infilration [mm]
0.000 Surface storage [mm)
0.008 Mean runoff [OF+Ch)
3.541 Discharge outlet [mm)

1353 Disch./Rainfall %]
120.00 Peak time P [min)
120.00 Peak time O [min)

447007 Peak discharge (I45]

dazs bal. emor (%]

Channel erosion
0.000 Flow detach [ton]
0.000 Deposition [ton)
0,000 Sed in faw [ton]
10 Mass bal. enar (%]

Surface Erosion
0.000 Splash detach [ton]
0.000 Flow detach [ton]
0.000 Deposition [ton]
0000 Sed in flave (ton)

Outlet
E1E Discharge [/
233308 Toia) dizgcharge [m3)

0.0 Avg. sol loss (kasha)
0000 Toal soil loss [tan]

Warning: | pone!
run time: 139.581 min

Infiltration method: using Green _Ampt infiltration model
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Restare pames
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Figure 23 Pseudo calibration results

The results of the Ksat sensitivity is presented in table 12 and figure 24 . Values of 0.5-0.75 (50%-

75%) Ksat, correspond to the lower values measured. Values of 5-10 are in the order of the larger ring

and pF ring measurements. The results show a large distinction when infiltration is halved.

Table 12 Design for Ksat sensitivity based on

50mm/hr for 3 hours storm event. Considering

only the region less than 2100m

Discharge Peak
Variable %  (m’/s) (m?/s)
50 164724.7 20
75 92418.74 9.73
100 (as is) 74186.6 7.85
125 63838.71 6.12
150 61757.51 5.93
200 58496.84 5.62
500 45603.5 4.41
1000 33810.3 3.17

Discharge m?fs

[
L

L=
(=]

=
L

=
(=]

w5t = 0.50

m—ent = 0.75
ksat =1

st = 1.25

e 5EE = 1.5

keat= 2
ksat= 5
‘ ksat = 10
100 150 200 250 300
Time (min)

Figure 24 Rainfall/runoff sensitivity to Ksat
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The results shown in table 13and table 14, figure 25 and figure 26, shows little sensitivity to changes in
porosity and soil moisture. During these runs, where soil moisture was larger than the porosity, a value
of 50% of the porosity was used as the soil moisture. The results show little differences.

30 4

Table 13 Design conditions and results for
porosity testing 27
230 4 —5150%
Variable Discharge Peak ; —5125%
(m¥/s) (m¥/s) Fial . s100%
50% 236505 255 £ 10 - ——575%
75% 237661 24.6 s50%
100% as is 226106 23.8 > \
125% 217851.2 23.138 0+ . . . N
150% 211467 22.5 0 50 100 150 200 250 300
————— ————————— Time (min)
Figure 25 Runoff sensitivity to porosity
Table 14 Design conditions and results for soil 30 1
moisture testing 25 |
. Discharge Peak =~ 201
£ = thetail =
Variable (m3/s) (m3/s) & 1 | thet .1 10
0.10 272925.7 27.3 z T thetall =29
0.29 (as is) 277399 27.6 a 101 thetail =50
0.60 286491.7 28.1 | I|
————— ————————— a - /
] 50 100 150 200 250 300
Time (min)

Figure 26 Runoff sensitivity to initial soil moisture

The differences in rainfall spatial distribution contribution within the watershed is given in table 15 and
illustrated in figure 27.The results indicate that the upper watershed contributes to most of the runoff,
however as the intensity increases, the percentage contribution decreases. Also notable, is the event
duration is maintained more by the upper watershed. In contrast the lower part of the watershed, has a
more define peak, but with shorter duration.

Finally, table 16 and represent the various storm designs corresponding to figure 28. The results show
high peaks for high intensities. Likewise duration of the peak is relatively flat and also response to the

design input intensities. However, the 160 event did not respond with a flat peak.
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Table 15 Design for Spatial Sensitivity
25 — PR30
. Discharge Peak &0 =R30>1100m
Variable -
(m?/s) (m?/s) E —— R30<2100m
R30 22858.75 4.38319 % 15 —_—1c0
R30>2100m 15192.96 2.99001 E
a 104 m——R150=2100m
R30<2100m 5598.603 0.831749
R150 238074.5 24.075 | — R130<2100m
R150>2100m 105722.1 9.99009
R150<2100m 47975.6 5.36387 0 -
R30 22858.75 4.38319 0 0 100 150 200 250 300

Time (min)

Figure 27 Spatial sensitivity of rainfall/runoff

Table 16 Sensitivity of watershed to different storm designs

Event (mm) Intensities (mm/hr) Discharge (m’/s) Peak (m’/s)
30 75-15-75 23275.5 5.1
90 20-50-20 143584.2 26.6
90 30-30-30 142138.8 14.2
150 50 - 50 - 50 277399.0 27.6
160 80 - 80 348877.5 54.7
60 -
50 -
2 40 e P30:7.5-15-7.5
E ——P90:20-50-20
an ]
5 0 P90:30-30-30
S
220 - e P150:50-50-50
e P160:80-80
10 -
0 - .
0 100 200 300

Time {min)

Figure 28 Runoff sensitivity to rainfall
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6. Hydrodynamic Flood Modelling

6.1. Introduction

This section models the hydrodynamic flow of water on the alluvial fan for different scenarios. The
scenarios chosen are not exclusive and only reflect some of the key uncertainty in data and boundary
conditions. These conditions include: storm design; infiltration; blockage location and DTM sensitivity.
The 50-50-50 mm/hr intensity, 150mm rainfall storm design, as shown in figure 29, was used as the

100 year event,

@i
Resiare names |

FBHE @000 aN

Input‘\Output' Basic maps Simulation |Disp|t§|3,|r

Time N Active run file: D:\thesiz 2010\hydrologyhlisemwinilizemtemp_run
658943 Catchment size [ha] 0.000 Skart time [mir)
10.000 Grideell () 400,000 End time [rin) Hydrograph / Sediment main outlet
400,000 Current time [min] 30.000 Timestep [sec) 12 R e
W ater 26,000 L
130.830 Rainfall [rm) 3218 Disch./Rainfall (%] 24,0004 - -l
0.096 Interception [mm) 180.00 Peak time P [min) 22,0005 s pet smm e s drns s sl Dl =
88.614 Infilration [mm) 180.00 Peak time B [min) = 20,000 --- 2
0.000 Surface storage [mm] 2760957 Peak discharge [I45) £ 18,0004 -- ki 8
0.008 Mean runoff (OF+Ch) T reeTrries M G A SO : T
42033 Discharge outlet [mm] 000577 Mass bal. errar [%] PR N I
- 14/ T —_
Surface Erosion Channel erosion E 12,0004 --y--r- 'g)
0.000 Splash detach [ton) 0.000 Flow detach [ton) o 10,000 - -f - g,
0,000 Flow detach [ton] 0,000 Deposition [tan] g,0004--f--r- &
0,000 Deposition [ton] 0,000 Sed in flow [ton] 6,0004--F--r- &
0,000 Sed in flove [ton) 000000 Mass bal. error [%) 4,000 4
Retention Buffers 20004 -4---romnopooee
' [m2] Sedime tar T T T T
0,00 wiater wol [ma] 0.007 Sediment vol (ton) A e T hoe
Outlet titne: (min)
E.89 Dizcharge [143] 0.0 &wvg. sol loss (kosha)
277406.2 Total discharge [m3l 0.000 Tatal sail loss [ton) M PimmA) I 304 v Os(Kols) ™ Conc (/]
W arming: | ponet
run time: 9.801 min #  time Fmms] O [l4g] Oz [kafs) Cone [g-1] IB |

Infiltration method: using Green _Ampt infiltration model

Figure 29 Hydrograph for 150mm storm event

The source of flooding on an alluvial fan is attributed to the inability of the channel to transport its
fluvial contents either in the form of water or debris flow. This required an evaluation of the conditions
at which the flow capacity of the river fails. Either due to high storm discharge or combinations of
infilling and blockages. Blockage susceptibility was evaluated based on the conditions outlines earlier:

slope, and past deposits.
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6.2. Methodology

6.2.1. Blockages

To understand the effects of flooding, infilling and blockages the methodology shown in figure 30 is
used. If no flooding was evident from the event, then the 2003 debris flow blockage was introduced. If
there was no substantial flooding, then an infilling scenario was included. Thereafter, once substantial

flooding occurs, the boundary conditions including DTM inaccuracies is evaluated.

High Design Storm
y
» Flood Modelli <

Alternative DSM ood Ylodeling
(Surface features + DTM | |
+ noise) Flooding No flooding

‘_ Lo

1. Save output: Introduce blockages

2. Change boundary

conditions

Figure 30 Flooding Scenario Methodology

6.2.2. Flood Modelling

The processing of data and generation of flood models was done in Sobek 1D2D. The data, conditions
and methodology used in Sobek is shown in figure 31. The model required the DSM which was made by
merging the DTM and surface expressions such as buildings. The 1D channel was defined using the
river map and cross sections data. However, during the infilling scenario, the 1D channel failed, and the

channel, dikes and alluvial fan had to be treated as a 2D flow problem.
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Storm Scenario DTM
Discharge Buildings,
dikes, and
River alignment other blockages
A
» 1D « 2D GRID DSM
Cross Section J Channel
definitions
Frictions Map: using
Flow Modelling landcover and Chow

A (1959) manning’s n

Flood Indicator maps (time series

and maximums): depth, velocity

A

Compute Impulse, Duration and

time of onset from time series

Figure 31 Flood modelling methodology using Sobek

The ID2D model used in Sobek was done by a flow node, five cross section nodes, three bridge node
and the schematization of the river. This model is shown in figure 32. Also shown, are the cross sections
of the river and bridges. As mentioned earlier the DSM was used along with a roughness map based on

the values used in the runoff modelling.

In order to simulate the DSM without a 1D channel, the DTM had to be modified. This was done to
express the river and dikes. The modification was based on making a channel and dike masks from the
cross section information and the secondary channel survey information gathered during the field work.
The process involved burning the river into the DTM and adding the dikes using the masks. Likewise
the DTM was modified to include the Ubaye River with a gentle downward slope to Barcelonnette. With

each scenario, the channel mask was modified to the simulated level of infilling.

Without a 1D channel the flow model, using the flow node did not work. To force the 2D scenario, the
channel flow conditions in Sobek were manipulated. This was done with a dummy channel. The channel
used a 1D flow boundary node, which defined the discharge, connected to a storage node as shown in
figure 33. The storage node, in effect a storage pit, was set to be shallow with a small capacity. This
design allowed water to flow out of the dummy 1D channel and into the 2D channel, when the pit was

full. The pit specification used was 10m’ of storage with a depth of 1m.
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Figure 32 Initial model in Sobek, without infill or blockages

As mentioned by Hamilton et al. (1988), the most important component for alluvial fan flooding is the
impulse. Sobek output maps were in the form of 5-minutes time series maps of depth and velocity saved
as an ascii format. To obtain the maximum impulse of the flood on the alluvial fan, each time series pair
of maps (depth and velocity) was first converted to an impulse map. Thereafter the maximum impulse
was extracted from amongst the created impulse map, on a pixel by pixel basis. This was done using a
small program in Scilab. A copy of the program is included in appendix III.
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Figure 33 Forced 2D conditions for scenario modelling

6.2.3. DTM Sensitivity

As discussed in chapter 2, the terrain changes that occur during a flood scenario with mud or debris may
change the terrain with depositions and erosion. Also the effects of DEM sensitivity to inaccuracies and
resolution were discussed. Considering that on an alluvial fan, the gradient of slope changes in a DEM
should be more significant than flatter terrain, the sensitivity of DEM sensitivity was chosen for testing.

In this process DEM sensitivity is considered in the context of DTM sensitivity, problems with the
terrain modelling. One such problem is the accuracy of the elevation data, and the subsequent
inaccuracy representation in the DTM. To access such an error, the study used the method designed by
Hunter and Goodchild (1994; 1997) which adds spatially auto correlated noise based on (eq 6.1):

e=pWe+N(0,1) (6.1)
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Where e represents the grid value matrix, p is a parameter function (p=0.002/3), W is a weight matrix to
maintain autocorrelation and N(0,1), is a normal distributed random matrix. Although the W matrix is
referred to as weight matrix, it is used as a binary mask, to focus on the area of evaluation. Scaling of
the e matrix is achieved by the p parameter. The N matrix is the error matrix having a normal
distribution, with standard deviation Im. Im was chosen, based on similar work by Zerger et al. (2002)
who found an general accuracy of 2m using a 20m DEM resolution, that was obtained from a 1:25000

map.

In the generation of the error for the DTM, the original grid DTM values are used in the first instance as
e, thereafter it is iterated until a defined threshold standard deviation value of 10% difference is
obtained. For comparison, non-spatially correlated noise was also added to the some scenarios. Scilab
program included in appendix III.

6.2.4. Visualization and Digitizing

For the purposes of visualization, results were smoothened to obtain a clear depiction of events. This
was done through the application of a 3x3 smoothening filter and classification through value ranges.
Using the smoothed images, the flow paths were more distinguishable to ease digitizing as shown in
figure 34. Concentrated flow lines were drawn as primary, secondary or tertiary based on their impulse
intensity and their order relative to the flooded apex.

# Legend
o000
0.0825
~[Joasse
o275
o300

.~ Primary Flow Path

Secondary Flow Path

Model Result Model Result with Filter Flow paths Digitized Tertiary Flow Path

Figure 34 Improving the visual conditions of the maps to facilitate digitizing

6.2.5. Parameterization

The two blockage conditions tested included: angles of 2 degrees or less and past events/indicators. The
first condition was found unsuitable in the study area. With an average slope of 8 degrees, the river is
not susceptible to blockage from the first condition. The second condition, while some flooding
occurred, was relatively minor, occurring around the RD100 bridge. The bridge was completely blocked
during the 2003 event. As such the effect of infilling and its primitive blocked point (apex) were also
considered in the analysis. Table 17 shows the design parameters used for the generation of the results.
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Table 17 Scenarios design information

Map # Debris Infilling Error — matrix Remarks
1 X X X No flooding (150mm)
2 2003 0 X (150mm Storm event)
3 2003 Im X (150mm)
4 2003 2m X (150mm)
5 2003 2m N(0,1.5) - R (150mm)
6 2003 2m N(0,1.5) - R (150mm)
7 2003 2m N(0,1.5) - R (150mm)
8 2003 2m N(0,0.5) - R (150mm)
9 2003 2m N(0,0.5) - R (150mm)
10 2003 2m N(0,0.5) - R (150mm)
11 2003 2m N(0,0.5) - R No buildings (150mm)
12 2003 2m N(0,0.5) - R (150mm)
13 2003 2m X No buildings(150mm)
14 2003 2m N(0,0.5) - S (150mm)
15 2003 2m N(0,0.5) - S (150mm)
16 2003 2m N(0,0.5) - S (150mm)
17 2003 2m N(0,0.5) - S (150mm)
18 2003 2m N(,1)-S (150mm)
19 2003 2m N(,1)-S (150mm)
20 2003 2m N(0,1) -R (150mm)
21 2003 2m N(0,1)-R (150mm)
22 2003 2m X 160mm storm event
23 2003 2m N(0,1) -R (160mm)
24 2003 2m N(0,1)-R (160mm)
-R Random Matrix (Normal Distribution)
-S Spatially correlated Random Matrix (Normal Distribution)
6.3. Results

The maps presented below in figure 35 and figure 36 consists of the resulting maps based on the
scenarios of table 17, all maps are as unfiltered. However, flooding in the Faucon and Ubaye rivers
were masked. The results show that under conditions of no blockage, no flooding occurs (Map 1). Map
2 and Map 3, shows the flooding with the 2003 debris blockage and some infilling. The infilling
conditions of Map 4, was used for the remaining of the testing as it was considered significant, and
suitable for testing the effects of the DTM uncertainty. The smooth effect of Maps 4, 13 and 22 is
attributed to the absence of DTM noise that is included in the other maps. However, Map 11 also

showed a smooth effect, yet it did have noise.

42



Alluvial Fan Flood Hazard Assessment based on DTM Uncertainty

River

Impulse m¥s
0.3000

0.2420
0.1840
0.1260
0.0680
0.0100

[ n o — — ]
0 1000

Figure 35 Results of scenarios 1 to 12
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Figure 36 Results of scenarios 13 to 24
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The concentrated flow paths were digitized as explained in section 6.2.4, the results of which is
represented in figure 37 and figure 38. The aggregated flow paths show a high concentration in an
almost straight line from the watershed channel and apex to the centre of the alluvial fan. When the
results are broken into spatially correlated and non-spatially correlated noise, a systematic pattern
emerges for the former, and a non-systematic pattern in the latter set.

All concentrated flow paths digitized Gi d flow paths d b ic and random
— T error matrix by which they were made
ertiary

Random Spatially Correlated

Figure 37 Mapping of concentrated flow paths by impulse strength (left image) and by the DTM noise
added (right image)

o~ Primary Secondary

Rand

: non-spatially lated [_ 5 Spatially Correlated

Primary Paths  Secondary Paths  Tertiary Paths

Figure 38 Mapping of concentrated flow paths by random non-spatially correlated noise (left image) and
by random spatially correlated noise (right image)
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7. Discussion

7.1. Data collected and Analyized

Acquiring soil properties for modelling proved difficult. Firstly, the Ksat values was based on
assumption that the small ring results were accurate. However, the method is untested and unverified,
and may seem more wishful than actual. By reducing the results to methods, the sampling sizes were too
small to give a true assessment. In can also be argued that the small rings readings were too
homogenous and did not represent the general conditions of the surface. However, the reverse argument
may also be possible. All three methods had the same median value for the pasture areas, which
predominantly had signs of sealing. However, in the grassed and forested areas, pF rings and the larger
rings were difficult to penetrate the subsurface because of dense root layers. In fact the small rings were
the only method to have least disturbed the surface and not be influenced by the subsurface. In general

the pF rings and the large rings are unsuitable for the environment.

Another problem of concern was the addition of water during sampling and the transport of saturated
samples. It became evident that some of the saturated sampled became compacted after transport. The
effect of compaction would explain the high RMS between sampling measured pseudo-lab and using the
permeameter, with the later generally having a lesser infiltration rate. Similarly, although not explored it
would have also affected the porosity values. The saturated samples were also unsuitable for use in
measuring the soil moisture content at analysis. Although only the unsaturated samples were used, there
were large differences in values which can be attributed to the moistening in the field, which at times,

required soaking the ground.

Soil depth samples were also not well determined. Although some effort was made to understand the
processes, it was difficult to ascertain suitable values for use in LISEM, primary because the model
chosen was based on a one layer Green and Amp model. However field observations suggested that a
two layer approach is more suitable for this site. In addition, the soil thickness information obtained
(Remaitre 2006; 2009), suggests that the thickness of the moraines are between 2-4 meters. Van et al.
(1997) found that in the Terres Noires Region of Barcelonnette, the second layer was 1.5m below the
surface. For these reasons, it was felt that the use of small depths for soil thickness may be

underestimating the processes occurring in the first and second soil layers.
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7.2. Runoff Modelling

The results of the runoff modelling showed that the expected 100 year storm based on Barcelonnette’s
data, is significantly different than the 100 year event from other wetter watersheds in the same basin.
The 90mm 100 year event for Barcelonnette was found to be half of the discharge of the design 150 mm
storm event. Under conditions of the same peak intensity, both can have the same peak discharge,
however the duration would be shorter with the smaller 90mm event. It is important to note that while
S50mmv/hr is used as a design intensity based on the maximum recorded at other watershed, the maximum
recorded at Barcelonnette was only 30mm/hr.

Also used was a 2 hour 160mm storm design event. It is interesting to note the deviated from the norm
of other events in that its first runoff peak responded with intensity as the other did, however it had a
further peak during its second hour. This may be attributed to the rainfall intensity being faster than the

infiltration rate.

It was also interesting to note that the porosity and soil moisture had little response to runoff. However,
Ksat had a range that deviated by about 5 m”/s from the assumed base conditions of median small ring

values. However, if the Ksat value is half of base values, the difference is about 12 m®/s more discharge.

The results also showed that the spatial distribution can greatly affect the runoff, with the most runoff
coming from the head of the watershed. This is understandable since the head material is mainly calcitic

limestone, which has lower Ksat and porosity values.

7.3. Flood Modelling

The results showed that even with a “extreme” 150mm storm event, which is greater than a 500yr safety
level, based on Barcelonnette data, no flooding will occur. However, if the event is accompanied by
blockages or occurs after blockages, can lead to flooding. The modelled infilling based on the 2003
event modelled only 65000 m® of blockage, while the amount of debris removed was about 70000 m’.
The increase of 2m to the 2003 event consisted of 120000 m’ total infill. Empirical models of the 2003
event by SARL (2003), gave the range of debris between 75000-15000 m’. As such, the scenario is
within the modelled limits, but on the higher side. However, the context of modelling the channel within
the 2D space can under-estimate or over-estimate the volume of the channel, as the raster 2D
environment used was 10m resolution the river was treated as a box-shape, but in reality it has a

trapezium form along the alluvial fan.

During modelling, features on the alluvial fan were not well represented in the models. This was
associated with two problems. Firstly, the terrain was not well represented in the DTM. Features such
as roads were cut into the terrain with differences of 2 meters in some areas. Also, the terrain was not as
smooth as the DTM suggests, rather there were areas with vertical drops of 12 meters and large saddle

agricultural fields and terraces that would act as retention ponds in the event of such a flood. Secondly,
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the merging of small features such as walls and 2.5m roads, into the DTM was not feasible because of

the resolution of the DTM and feature sizes.

The results of the flood models showed that a small error of 1m, applied using a normal distribution can
have a significant effect on concentrated flood paths. However, the correlation of the error (noise)
greatly affected the results. Models using spatially correlated noise tended to have systematic flow paths
concentrated at the toe of the alluvial fan. However, random noise, not correlated, showed non-
systematic flow paths. Such non-systematic paths are similar to the experimental model by Weaver as

shown in figure 5 (Schumm et al. 1987).

Adding spatially correlated noise was based on the recommendations of (Hunter, G. J. and Goodchild
1994; 1997; Zerger et al. 2002). The rational is that points that are close to each other should have
similar errors. However, it is key to note that the evaluation is based on similar errors of nearby points,
however in alluvial fan flooding the deposition of debris flow may is random. The random deposition
was the rational for defining “unpredictable flow paths”, as stated by the NRC (1996). This therefore
shows that the type of noise added must take the source of uncertainty attempted to be simulated. In
circumstances where the uncertainty is from DTM inaccuracies, then spatial correlated noise may be
better, however when the uncertainty is random, such as in flow deposits, then random non-spatial noise

is perhaps better.
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8. Conclusion and Recommendations

8.1. Conclusion

The study sought to investigate a number of questions relating to the objective of DTM uncertainty, the

following are the questions researched and the conclusions drawn:

What is the influence of infiltration and water storage parameters on the runoff?

Does the hydrograph represent typical flood inducing storm events?

The study found that while infiltration is significant the effects of spatial distribution and rainfall
intensity is more important. Porosity and soil moisture content seems to have little influence on

the discharge. The influence of soil depth remains uncertain and requires further investigation.

Rain events in Barcelonnette does not represent past events in the Faucon watershed. As such,
hydrograph for a 100 year event made with data from Barcelonnette does not seem to represent

storm conditions experienced in Faucon.

Can flooding occur during a 100 year event without blockages or infilling ?
Which areas on the channel are sensitive to breaching in the event of infilling ?

Which areas on the alluvial fan are sensitive to flooding ?

The results showed that during an event larger than the 100 year Barcelonnette storm, there was
no flooding in the absence of infilling. During infilling, the results showed that the region
surrounding the lowest bridge (RD100) is particularly vulnerable. However, with a larger
quantity of infilling, the channel at the apex becomes sensitive to breaching. During such a

breach, most of the alluvial fan, on both sides of the torrent is vulnerable to flooding.

How sensitive is modelled overland flow to terrain inaccuracies?

Where on the alluvial fan is there risk of high impulse?

Overland flow was found to be particularly sensitivity to terrain inaccuracies. However the
sensitivity reflects the modelled uncertainty. Spatially correlated uncertainty gave areas with
concentrated high impulses, the results reflected a systematic response. Uncorrelated noise,
resulted in unsystematic flow expressions along the alluvial fan. However the latter follows the

expected behaviour of alluvial fan flooding.
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8.2. Recommendations

® A more detailed study of Faucon is required. The findings of this report should be used as guide
for future research. Certainly, a good soil depth investigation is required along with infiltration.
A comparison study of methods using the inverse bore hole method and disk infiltrometer, along
with the methods used in this study is worth further investigation. The study of infiltration
should also be extended to the second sublayer, along with an appropriate model, such as the

Green and Ampt 2 layer model.

The relation between past landuses and soil properties may also be interesting, along with a

study of geomorphology relationships.

Discharge data should be obtained to calibrate the runoff model. However, calibration during low
rainfall events may be unsuitable because of the irrigation practices that exist. These practices
divert water from the main channel, which can be significant if calibrating during low runoff
events. In addition, it was apparent that the infiltration in the channel may be significant,
another item that warrants additional research. As any further study measuring the flow of the

excess diverted water may prove useful to calibration.

A higher accuracy DSM, perhaps LIDAR, should be used to validate the findings of this study

regarding flow paths and inundations, caused by DTM inaccuracies.

The effect of object blockages, such as building, on the concentrated flow paths requires a fine
DSM of higher accuracy, perhaps LIDAR.

Finally, the effect of DTM uncertainty should be further tested on different terrain surfaces, along
with the type of uncertainty (spatially correlated or not) and the conditions causing uncertainty

and their effects on flood modelling.
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Rain fall evaluation
These plots were created using the Extremes Toolkit in R-Statistics. The daily rainfall for Barcelonnette
during the period June to October were plotted using a Generalized Pareto Distribution (GPD). The
return period for various events is also displayed below. Also included is the SARL evaluation using the
Gumbel method.

Probability Plot Density Plot
=
oo o
- ©
2 Z 3
2z = &
o b=
o o I | | I | 1
00 02 04 06 038 1.0 10 30 50 70
Empirical *
Return Level Plot Return Period Precipitation 95% conifence
{yr) {rmm) Limits
= 1 46 43 S0
= o —
2 - 5 64 57 74
= u 10 71 63 83
= 8 20 79 68 g2
T T T T T 50 a9 75 104
0.1 1 10 100 100 a7 81 113
S00 114 as 134
Return period (years)
Appendix Figure 7 Pareto Distribution of Barcelonnette Rainfall
0 20 40 80 80 100 120 140 160 180
Chasst " L "
ROUSSET SERRE PONCON Precipitation {mm}
LE LAUZET CHAMPANASTAIS P
. QPio
LES ORRES LE MEZELE P00
ST PONS DE BARCELONNETTE OGradex
BARCELOMNETTE [
GUILLESTRE
|
gy P e e s
UVERMNET-FOURS
SAINT-PAUL
ENTRAUMES LE CLOT —
JAUFIERS-LANSL E-SERRET
s [——
ST PAUL SUR UBAYE [P
EAINT-DALMAS-LE-SELVAGE ~+
L L L Il 1
Bt o 5 10 15 20 25 30 35 40 Gradex (mm) 45

Appendix Figure 7 SARL (2003) evaluation of rainfall distribution of watersheds around Faucon

58



Alluvial Fan Flood Hazard Assessment based on DTM Uncertainty

245000

Appendix II

Legend

®  Sample Locations
+  Cross Sections
- Bare areas/Pastures

I 5/ack Mari
I:l Forests
I:l Natural Grasslands

0 130260 520
S ", | te s

1 T
946000 947000

245000

244000

243000

242000

59



09

Re; abre 828 OLLI6L6Y  0'6L0GIE | VG2
¥'0 lrews g9e 06966167 0729EVIE | €82
AKejo Apues aui4 abre €8 091¥026% 0'l26YIE | 962

yujoba. ‘sededs 'q 0. 1/9 K G/ €0 Gl 12874 Ke|p Apueg lrews 02. 0Lt 0'€266l6Y  0'L/8YLE ve

yujoba. ‘sededs 'q 005 1/9 K01 20 6l €8¢ Kejp/ke1n Apues lrews 08 0'ee0l 0'850616% 0'€verle €2
‘Ynjobas‘Ausuap 1004 y “Apues Gl 0'0¢ Ly KG, G0 ol ¥'8S Ke|p Apueg lrews 2'9¢ L8yl 0'¥89616% 0'GE6ELE 22
‘Ynjobas‘sewny ‘Apues 0'0¢ Le gy 1L 205 Ke|p Apueg lrews 0'v¥ 8061 0'€6l6l6Y 0v2eSle 4

‘sewny ‘se.od ‘sjoos wog 8 02 Ly Kg G0 60 G'6S Kejo Apues aui4 abue ¥'/65 €205 11112 0'0¥¥026v 0°/22SlE 0z

yjobau ‘sewny wo | 0S Ly KoL 90 L'€9 Ke|p Apueg 6291 9yl 0'cle0gey  0'€ervle 6l

seoeds yim paiahe| 4 005 /G KoL ol 8'05 weoT Aej Apues abue 1’961 L'61G 0'6¥€616%  0°080SL€ 8l

saJod‘sewny paxiw oL 002 Ly KoL Ll 8'eS Kejo Apues auiy abue €/62 90t 1’981 06706167 0°/0lSlE Ll

8bpa uo saiod‘sewny pexiw (o)o] /G KoL 20 Ll 6'8¥ Ke|p Apueg lrews 198 G'8¥S 0'2lS026y  0'/6¥PLE 9l
‘sewny wwg oL 0'0¢ Ly KoL A LIS Kejo Apues auiy 2'Is geel 0'/0¥616% 0'+20SLE Gl

wol ul sjoos 00l Ly KG /. ¥'0 ol 1’69 Ke|p Apueg lrews 2'99 L'6l€ 0'6€/616% 0°0SEVLE 14t

‘sjoo. ‘saiod ‘[euerew auly ‘ynjobes 0'Sl Ly KoL ¥0 ol 88y Ke|p Apueg lrews 1'08 8068l 0'6£2616Y  0'SY6YIE €l
‘salod ‘[eusrew auly ‘yyjobal Gl 0S Ly K g S0 60 8’19 Ke|n 288 1’892 0'855026v  0°22/ElE 4!
yujoba. ‘seoeds € 0. 1SRG, ol WA weoT Aejp Apues lrews LLL 09 6'6¢ 0'00e616% 0°0EISLE Ll

[oe10 'S yum paxiw ‘sewny ol oov L/g KoL 80 1'G9 weoT Aej Apues lrews oLzl 0991 8'/9¢ 0°0/£026%  0°S9VVIE ol

[oresf wo g 1004 WO ¢ S 0. 1/G Hho L A" v'6v Kejo Apues aui4 abue 129 Ll 2le 0'Ge0026%  0'GL9¥lE 6

sauod ‘paseke| 001 'q 02 Ly KoL €0 ol oy weo| Apues (VA2 0'60L026% 0'LL/ELE 8

seoeds yim paiahe| oL 02 Ly KoL €0 ot €65 Ke|p/ke1n Apues ¥'6 0'19/616% 0'9vISLE YA

syoeIO ‘saiod ‘jeneld woy 0GH 1/G Hho L 20 1L ¥'95 Kejo Apues aui4 oolLe 0'020026% 0'L98ylE 9

seoeds yim paiahe|‘sewny wiwig 02 0'S /g KoL 90 1L €65 Kein abue 2'59¢ o€l 8'Gee 0'0/6816% 0'GLISLE S

yujobau ‘eAeIb wo | ‘Joos Buol oL 002 1/G KRG, A 6'1S Kejo Apues aui4 lrews 8'es 1881 0'/0¥616% 0VLOSLE 14

loneib wwy ‘ynjoBe. ‘saoeds aiod 0e oov 1/G K G S0 [ 915 Kejo Apues auiy G'//0€k 066k 0'8€9026¥ 0'62/€1€ €

‘ynjoba ‘sewny wo g S 005 L/g KoL G0 60 €09 Kejo Apues aui4 6'/8¢ 9'982 0'/98026% 0'€esele 4

seoeds aJod ‘yyjobal ‘jeresd wo G| € 00l 1/G KRG, Gl 1'0S weoT Aej Apues abue 0ve 1'82 0'00€616% 0°02ISLE L

wo % mEo\@ % Jy/ww Jy/ww Jy/ww A X
uoloadsul 1sod Joke| % [enesB  1emunojod | aumsiow  Ausueg  Ausotod adA] |10S ozIsBury  pPl4  Jelew-4  geqopnesd ¥8SOM ‘WLN # Bury
g|dwes 4d 1noge syyeway  |l0S do| JI0S [eniy| Ming 1esy| S9JeUIPIO0D)

SUON)BAJIIS(O PIAY Jo Axewrwng | d[qe [, Xipuaddy

Ajuienaoun |ALQ UO paseq JUsWISSaSSY pJezeH pooj4 ued [eIANn||y




Alluvial Fan Flood Hazard Assessment based on DTM Uncertainty

Appendix III

//Program to generate random matrix and i=73 + 1;

added to DTM end;

fo = mopen ("sdu.txt", "r");//dtm i =1+ 1;

fol = mopen ("sdsm.txt","r");// defined dsm end;

features with fixed elevation, such as

buildings, dikes, debris... //compute spatial autocorrelate random

fp = mopen ("new_topodsm.asc", "w"); //new values

dsm // v is our matrix, N_ran is our random

sc = 1; //sc = 1 means spatial correlated; matrix

sc = 0 means random added //W is a weight matrix of 0 in non-acffect
scal_fac = 0.002; //scale factor areas

[num_read, headl] = mfscanf (fo, "%s"); // rand_V = iterate [ scale_fact * W * v]+
[num_read, cool] = mfscanf (fo, "%i"); N_ran

[num_readl, headll] = mfscanf (fol, "%s"); v1ll = ones (roow, roow);

[num_readl,cooll] = mfscanf (fol, "%i"); rand_V = v;

mfprintf (fp, "%s %i \n",headl,cool) ; sSD1 = 0.0;

[num_read, head2] = mfscanf (fo, "%s"); SD2 = 100000.0;

[num_read, roow] = mfscanf (fo, "%i"); SD_D = abs ((SD2-SD1)/SD2);

[num_read, head21] = mfscanf (fol, "%s"); while (SD_D > 0.1);

= mfscanf (fol, "%i"); SD1 = SD2;
mfprintf (fp, "%s %i \n",head2, roow) ; if sc==1 then
[num_read, head3] = mfscanf (fo, "%s"); rand_V = scalfac * v1ll * rand_V + N_ran;
[num_read, headx] = mfscanf (fo, "%f");

[num_read, roowl]

i else
[num_readl, head31l] = mfscanf (fol, "%s"); rand_V = N_ran;
[num_readl, headx1l] = mfscanf (fol, "%f"); end
mfprintf (fp, "%s %.2f \n",head3, headx) ; SD2 = stdev(rand_V);
[num_read, head4] = mfscanf (fo, "%s"); SD_D = abs ((SD2-SD1)/SD2);
[num_read, heady] = mfscanf (fo, "%f"); mprintf ('$f standard deviation \n',SD2)
[num_readl, head4l] = mfscanf (fol, "%s"); end
[num_readl, headyl] = mfscanf (fol, "%f");
mfprintf (fp, "%$s %.2f \n",head4, heady) ; // vv = v + rand_V;
[num_read, head5] = mfscanf (fo, "%s");
[num_read, headSIZE] = mfscanf (fo, "%f"); i 1;
[num_readl, head51] = mfscanf (fol, "%s"); = 1;
[num_readl, headSIZE1l] = mfscanf (fol, while (i <= roow);
"Sf"); j = 1;

while (j <= cool);
mfprintf (fp, "%s %.2f \n",head5,headSIZE) ;

[num_read, head6] mfscanf (fo, "%s"); if (v1(i,j)> 0) then
[num_read, headNO] = mfscanf (fo, "%f"); vv(i,Jj) = v1(i,]J);
[num_readl, head6l] = mfscanf (fol, "%s"); else
[num_readl, headNOl] = mfscanf (fol, "%f"); vv(i,j) = v(i,]j) + rand_V (i, J);
headNOl = -999.00; end
mfprintf (fp, "%s %.2f \n",head6,headNOl); r = vv(i,j);
//random generate K of asc size normal dis. if (j == cool) ;
mean X sd x 'nor',X,x ; mfprintf (fp, "%.2f \n",r);
N_ran = grand(roow,cool, 'nor',0,0.5); else mfprintf (fp, "%.2f ",r);
end;
i=1; j=3+1;
= 1; end;
while (i <= roow); i=1i+1;
= 1; end;
while (j <= cool); mclose (fo);
[num_read,valoes] = mfscanf (fo, "%f"); mclose (fol);
[num_readl,valoesl] = mfscanf (fol, mclose (fp);
"sf"); //mprintf ('/f',SD_D);
v(i,j) = valoes; mprintf ("program complete")
v1l(i,j) = valoesl;
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// Program to analyize time series of matrix A & B and computer
time series of A * B per element = timeseries C

// Program also computes Max C value per in timeseries to give
static map of Value C

//parameters;

//# of files to read (inputl.asc...input100.asc) => 100 (user
prompt) nflies value;

//Name of input file A time series (depthl.asc...depth100.asc) =>
depth change infilel name;

//Name of input file B time series (velocity1.asc...velocity.asc) =>
velocity change infile2 name;

/[Type of extension (inputl.asc...input100.asc) => asc change
exten name;

/I Temp file for writing information into => tempinfile.txt change tf
name [can be left as is];

// Name of timeseries C, without extension and numbering =>
impulse change Oputs name;

/I Name of Static C, without extension and numbering => impulse
change Oput name;

// Number of significant zeroes in file name ex. input0001.asc => 3
change ceroeX name;

nfiles = input("How many files?");
infilel = "dmlc"; //velocity

infile2 = "dm1d"; //depth

outfilel ="impulse"

extn = "asc";

tf = "tempinfile.txt";

OputD = "Max_D.asc";

OputV = "Max_V.asc";

Oputl = "Max_I.asc";

ceroeX = 3;

MAX_limit = 500;

OD = zeros(MAX_limit, MAX_limit);
OV = zeros(MAX_limit, MAX_limit);
OI = zeros(MAX_limit, MAX_limit);

// initalize values;

i=0;
runnum = 1;
hed99 = -999;

/Iwrites file names for T-Series;
ftp = mopen(tf,"w");
for i = O:nfiles;
if i < 10 then
ceroes = ceroeX;
elseif i < 100 then
ceroes = ceroeX - 1;
elseif i < 1000 then
ceroes = ceroeX - 2;
elseif i < 10000 then
ceroes = ceroeX - 3;
else ceroes = ceroeX - 4;
end

if ceroes == 1 then
Z="0":

elseif ceroes == 2 then

Z="00";

elseif ceroes == 3 then
Z="000";

elseif ceroes == 4 then
Z ="0000";

else Z = "00000";

end

mfprintf(ftp, "%s%s%i.%s Yos%os%i.%s Yos%s%oi.%s
\n",infilel,Z,i,extn,infile2,Z,i,extn,outfile1,Z,i,extn) ;
end;
mclose(ftp);

ftp = mopen(tf,"r");

finread = 0;
[numread,S1,S2,S3] = mfscanf (ftp, "%s %s %s");

while (finread ==0)

fol = mopen(S1, "r'");
fo2 = mopen(S2, "r'");
fo3 = mopen(S3, "w");

//read header = Assumes head is the same
[num_readl,g1,22,23,24,25,26,27,28,29]=mfscanf(fol, "%s %s
Y05 Yos Yos Yos Jos Jos %s");
[num_readl,g10,g11,g12,g13,g14,g15]=mfscanf(fol, "%s %s %s
905 os P0s");

[num_readl,headl] = mfscanf(fol, "%s");

[num_readl,cool] = mfscanf(fol, "%i");

[num_readl,head2] = mfscanf(fol, "%s");

[num_readl,roow] = mfscanf(fol, "%i");

[num_readl,head3] = mfscanf(fol, "%s");

[num_readl,headX] = mfscanf(fol, "%f");

[num_readl,head4] = mfscanf(fol, "%s");

[num_readl,headY] = mfscanf(fol, "%f");

[num_readl,head5] = mfscanf(fol, "%s");
[num_readl,headSIZE] = mfscanf(fol, "%f");
[num_readl,head6] = mfscanf(fol, "%s");
[num_readl,headNO] = mfscanf(fol, "%f");

[num_read2,g1,22,23,24,25,26,27,28,29]=mfscanf(fo2, "%s %s
05 Yos Yos Yos Jos Yos %s");
[num_read2,g10,g11,g12,g13,g14,g15]=mfscanf(fo2, "%s %s %s
905 Jos %0s");

[num_read2,headl] = mfscanf(fo2, "%s");

[num_read2,cool] = mfscanf(fo2, "%i");

[num_read2,head2] = mfscanf(fo2, "%s");

[num_read2,roow] = mfscanf(fo2, "%i");

[num_read2,head3] = mfscanf(fo2, "%s");

[num_read2,headX] = mfscanf(fo2, "%f");

[num_read2,head4] = mfscanf(fo2, "%s");

[num_read2,headY] = mfscanf(fo2, "%f");

[num_read2,head5] = mfscanf(fo2, "%s");
[num_read2,headSIZE] = mfscanf(fo2, "%f");
[num_read2,head6] = mfscanf(fo2, "%s");
[num_read2,headNO] = mfscanf(fo2, "%f");

/Iwrites impulse file = Assumes single file, not time series
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mfprintf(fo3, "%s %i \n",head1,cool) ;
mfprintf(fo3, "%s %i \n",head2,roow) ;
mfprintf(fo3, "%s %.2f \n",head3,headX) ;
mfprintf(fo3, "%s %.2f \n",head4,heady) ;
mfprintf(fo3, "%s %.2f \n",head5,headSIZE) ;
mfprintf(fo3, "%s %.2f \n",head6,hed99);

i=1;
=L
while (i <= roow);
=L
while (j <= cool);
[num_read1,valoes1] = mfscanf(fol, "%f"); //reads velocity
[num_read2,valoes2] = mfscanf(fo2, "%f"); //reads depths
/I computes impulse
if (valoesl < -900) then
impul_val = hed99 ;
elseif (valoes2 < -900) then
impul_val = hed99 ;
else
impul_val = valoesl * valoes2;
end
/I Allocates Maximum Depth, Velocity and Impulse
if (valoesl > OV(i,)))
OV(i,j) = valoesl;
end
if (valoes2 > OD(i,j))
OD(i,j) = valoes2;
end
if (impul_val > OI(i,j))
OI(i,j) = impul_val;
end
// Prints the impulse time series files
if (j == cool) then
mfprintf(fo3, "%.2f \n",impul_val);
else
mfprintf(fo3, "%.2f ",impul_val);
end;
j=i+ L
end;
i=i+1;
end;
mclose (fol);
mclose (fo2);
mclose (fo3);

/Ichecks for end of file
[numread,S1,S2,S3] = mfscanf (ftp, "%s %s %s");
if (numread <= 0)
finread = 1;
printf ('%s %i \n', "end", runnum)
else
printf ('%s %i \n', "continue", runnum)
runnum = 1 + runnum;
end

end

/lprints the maximum velocity, Depth and Impulse files
fo4 = mopen(OputV, "w");
fo5 = mopen(OputD, "w");
fo6 = mopen(Oputl, "w");
mfprintf(fo4, "%s %i \n",head1,cool) ;
mfprintf(fo4, "%s %i \n",head2,roow) ;
mfprintf(fo4, "%s %.2f \n",head3,headX) ;
mfprintf(fo4, "%s %.2f \n",head4,heady) ;
mfprintf(fo4, "%s %.2f \n",head5,headSIZE) ;
mfprintf(fo4, "%s %.2f \n",head6,hed99);
mfprintf(fo5, "%s %i \n",head1,cool) ;
mfprintf(fo5, "%s %i \n",head2,roow) ;
mfprintf(fo5, "%s %.2f \n",head3,headX) ;
mfprintf(fo5, "%s %.2f \n",head4,heady) ;
mfprintf(fo5, "%s %.2f \n",head5,headSIZE) ;
mfprintf(fo5, "%s %.2f \n",head6,hed99);
mfprintf(fo6, "%s %i \n",head1,cool) ;
mfprintf(fo6, "%s %i \n",head2,roow) ;
mfprintf(fo6, "%s %.2f \n",head3,headX) ;
mfprintf(fo6, "%s %.2f \n",head4,heady) ;
mfprintf(fo6, "%s %.2f \n",head5,headSIZE) ;
mfprintf(fo6, "%s %.2f \n",head6,hed99);
i=1;
=L
for i=1:roow
for j=1:cool
if (j == cool) then
mfprintf(fo4, "%.2f \n",0V(i,)));
mfprintf(fo5, "%.2f \n",0D(i,)));
mfprintf(fo6, "%.2f \n",01(i,j));
i=L
i=i+l;
else
mfprintf(fo4, "%.2f ",0V(i,j));
mfprintf(fo5, "%.2f ",0D(i.j));
mfprintf(fo6, "%.2f ",01(i.j));
j=1+j;
end;
end
end
mclose(fo4);
mclose(fo5);
mclose(fo6);

mprintf("program complete")
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