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PREAMBULE

“Reading landscape” through eyes... and computers:

“Reading landscape” is a key activity for natural scientists especially for geomorphologists as quoted
by professor Jiun-Chuan Lin in his book “Geomorphometry” (reference [16] and Figure 1). It can be done
during field work but also through our computer screen as most of us do it nowadays.

Figure 1 : the book of professor Lin-Chuan Lin [16] and the concept of “reading landscape”

The aim of this document is to synergize the process of reading landscape during the field trip in the
valley des Duyes in June 2023 (Photo 1) with usual works on our screens.

¢

Photo 1 : « Reading landscape » tutorial for kids on the Duyes valley from Thoard’s spur (August 2006)

The supervisors of the field trip from 17 to 21 June 2023 are Professor Jiun-Chuan Lin of the National
Taiwan University (NTU), Professor Benoit Deffontaines of the University Gustave Eiffel (Paris) and Dr
Christian Depraetere of the Institut de Recherche pour le Développement (IRD, Montpellier), in
collaboration with the Géoparc UNESCO de Haute Provence and the town council of Thoard.
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The Table 1 summarize the GIS layer maps used in this atlas

GIS layers from Couches SIG dérivées du In Chinese In German Unit Layer Maps Figures
DTM RGE-Alti-SEAD MNT RGE-AHi-SEAD extension
DTM resolution p= 10m resolution p= 10m ? ? Meters DTM 2 1,4,5,11and 12
Shading Estompage ? ? NW illumination SHA 4
Slope gradients Pentes ? ? % or® SLG 3,5,7and 8 1
Slope aspects Orientations ? ? ° SLA 6
South facing slopes Adret/ubac ? ? South orientation (From SLA) 6
Plan convexities Convexités horizontales ? Horizontal Krimmung| °f2u PLC 9 7
Profile convexities Convexités verticales ? Vertical Kriimmung °f2u PRC 10
Across-slope convexities Convexités transversales ? ? °f2u ASC 11
Mean curvatures Coubures moyennes ? ? MC 12
Mean quadratique curvatures Courbure moyennes quadratigues ? 2 MQC 13
Drainage network (D8) Modéle de drainage (D8) ? ? Directional codes 1to 8 DD8 14 13 and 14
Distance to outlet Distances & I'exutoire 2 ? km DIO 16 3
Length of drainage lines Longueurs des drains ? ? km DRL 17
Upstream area Surfaces & I'amont des drains ? ? km? DRA 18
Multidirectional drainage (DRAMP)  prainage multidirectionnel (DRAMP) ? ? percolation from upstream DMP 20 13 and 14
LOG(DRAMP) LOG(DRAMP) ? ? percolation from upstream LOG 21
Catchment basins Bassins versants ? ? Codes CB 1
River network Réseau de riviére ? ? Threshold from DRA 26
Sub catchment basins Sous-bassins versant ? ? Pfafstetter/Bocquillon codes SCB 22 [
Massifs Massifs ? 2 Codes level 0to 9 MAS 23 and 24 8and9

Table 1:

the GIS layers derived from the RGE-ALTI-SEAD DEM at 10 metres resolution

The terminology in Table 2 needs to be completed with [30].

Terminology Terminologie Chinese German Comments
in English French
Relief Relief (Formes d'ensemble)® 7 Relief [Gross formen)
hillshape, moulding ? Modelé [formes de détail) ™ 7 Klein Farmen
Roughness Rugosité z 7 Roughness versus "mountainess"?

"Mountainess" ?

"Montuosité"?

?

Massives Massif [montagneusx) Gebir
Shuttle Navette 3 3

Thrust sheet Nappe de charriage ¥ ¥
Solifluction z z
Alluvial fan Céne alluvial z z
Hillock, knoll Manticule 7 Warth, Holm, Brink

Interfluve Interfluve z Riedel

Ravine, gulch, clough, gully Ravin z Wasserriss

Crest line

Ligne de faite [de créte)

?

Firstlinie, Trauje, Scheitel

Table 2 : terminology related to hydrogeomorphology

* Formes d'ensemble (Relief) résultant des déformations de I'écorce terrestre, formes de détail (Modelé) du travail de I'érosion (Baulig, 1957, page 10, [30]).
Translation: “Relief resulting from deformations of the earth's crust, moulding (or Hillshape?) from the work of erosion.”

The references are noted as [1], [2] and so on.

The appendices 1 to 7 give more details about few results presented in the atlas.




“The waters subjected to follow at first the relief of an uneven ground destroyed little
has little, the irregularities of the slope... Here, they gnawed; there they exhaussed... The
result of all these actions was to create a new curve, which is better suited than the
primitive profile of the ground to the flow of water.” (Surell, 1841)

Introduction

The Duyes valley is defined as the catchment from the confluence with the Bléone river.

Few words about about hydromorphology from DTM:

A Digital terrain Model (DTM) is a scalar field of elevations; the gradient of a scalar field is a vector
field* that could be assimilated in the case of topographical surfaces as the gradient of slopes and also to
surface flows directions. The gradient and the aspects of slopes are the two components of the gradient
vectors that are the most commonly use to analyse landforms from DTM [25]. It is worth noting that the
slope gradient should also be considered as scalar field whose the vector field refers to “gradients of
gradient” and therefore as curvatures (Refers to the second derivative of the land surface) of the original
elevation scalar fields. Several softwares have been developed for DTM geomorphological processing since
1982 ([27] and [28])>.

The RGE-ALTI DTM of the IGN (Institut Géographique National):

This DTM covers the entire French metropolitan and most of its overseas territories at a resolution of
1 meter and a centimetric precision for the elevation. For hydrological applications in this document, this
metric DTM has been resampled at 10 meters with the SEAD method (Sous Echantillonnage ADaptatif) [6]
and defined as RGE-ALTI-SEAD-10m with elevation in decimetres3.

The catchment basin of the Duyes river:

The Map 1 computed from the RGE-ALTI-SEAD-10m DTM shows the main characteristics of this
catchment. The valley covers 124.1 km? and is made of three main parts (Map 2):

- The head of the valley includes the sub catchments upstream of the confluence of
the Duyes and its major affluent, the Ravin de Chevalet (744 m). It collects all the
runoff from the most mountainous and rugged part of the valley;

- The right bank sloping down gently from the Créte de Vaumuse down to the main
river bed of the Duyes;

- The left bank is narrower and bumpier with several steep torrents flowing directly
into the Duyes.

The longest streams* (28 km) flows from the Barre de Géruen (1862m) and Montagne de Mélan
(1719m) down to the outlet of the Duyes (482m) at the confluence with the Bléone river. Notice that
watersheds can be extraction automatically from the outlets of catchment basin®.

L A scalar filed is a one-dimensional set of objects with no orientation (i.e. elevations). A vector field, on the other hand, is a two-
dimensional entity with a magnitude and a direction (i.e. slope gradient and aspect). At its turn, a component of the vector field
(i.e. slope gradients) can be taken as scalar field with a specific vector field (i.e. curvature or “roughness” of the topography).
2 Most of the results presented in this document come from DEMIURGE [8].
3 Available for download on https://geoservices.ign.fr/rgealti
4 The length of stream (in that case talweg treated as a « river ») depends of the DTM/DEM resolution (Cf. Mandelbrot).
> See example catchment basins tessellation from shorelines outlets on Formosa in appendix 9.
3



Les Duyes

I Riou catchment

Hydrological diagram

46.5 km*

244 kmv*

51.55 km? 26.11 km?
124.16 km?

1km

Map 1 : main hydrological parts of the Duyes catchment bassin (Delineated from RGE-Alti-SEAD-10m).
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Map 2 : topography of the Duyes catchment basin (From RGE-Alti-SEAD-10m)
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Few words on ...
The sub catchment basin of the Riou as a prototype of torrential valley

This torrent is right bank affluent of the main Duyes river and the catchment covers 2.44 km? including
and a large alluvial fan at the bottom. This valley is a prototype of alpine elementary basin and exemplified
fluvial erosion and lesson of the torrents in the context of Mediterranean mountains [7]. The torrents are
natural laboratories for the study the dynamic of hydrogeomophological processes. The torrent makes it
possible to pose most of the problems relating to fluvial erosion and to grasp some of the mechanisms of
the work of the rivers: problem of the assumption of responsibility of the materials which erosion provides,
of the modalities of the transport of these materials and their deposit [9].

Like the Riou Bourdou (Southern Alps), the Riou of Thoard is a typical torrential valley. Both are still
very active torrent with spasmodic floods despite the progressive reforestation since the end of the XIX¢
century. Both “Riou” are divided into three parts :

- The reception basin, which constitutes the upper course;
- The flow channel, which corresponds to the middle course;
- The alluvial cone, or lower zone.

Bassin de
réception
\
— \

Bassin versant du Riou

érosion

-

Chenal d F.qu
o d'eau
d'écoulement . otids
érosion et sédiment
transport y
T
Knickpoint /4
Perte de charge / /
Cone
d'alluvion

déposition

Cours d'eau
important
Niveau de base local

Nord d—— MNT RGEAIti-SEAD 10 m
The Riou valley a prototype of torrential valley in Southern Alps.

Thus, the torrential basin of the Riou appears as a sort of diabolo, with the central part corresponding
to the flow channel between the upper basin and the alluvial fan, both of which are dilated, but the
catchment basin, or flow channel, can be short and narrow (More details in appendix 1). Flash floods
occurred in the past and at present. This hazard is major risk for the village particularly its bridges and houses
downstream in the alluvial fan (Cf. appendix 2 about flash flooding).




Few words on ...
the hydrogeomorphological field trip, 18 jlune 2023

The trip will start (1) by a transect from the spur of Thoard village up to the top of the hill of the
Chapelle Sainte-Madeleine (A geological “Shuttle” before the crest of Siron/La Bigue) and the limit of the
beech forest on the “ubac” (North facing slope), including few stops at Pré du Riou, La Banette and the
former gypsum mine. In the afternoon (2), another transect from the Thoard village downto the Moulin de
Thoard shows various landforms (Ancient solifluxions at the farm of Rousset, vertical cross-section of
colluvial deposits). From the alluvial terrasse flanking the stony river bed of the Duyes (Camping du Moulin
de Thoard), the ongoing incision and scouring of the riverbed is destabilising the banks and undermining
one of the bridge piers. In the evening (3), a short walk from the village Bridge downto the alluvial fan of the
Riou will illustrate the hydrological and depositional processes at the knick point between the steep talweg
of the Riou torrent and the sub-horizontal river bed of the Duyes.

|
i $ Camping
/ ;* du Moulin de Thoard
;,<a o
— oo anss i % Sainte-Madelei
. «_ (ChapelleJ 1'
. /
., Rousset E \ /
s
\ / A X .
| Banette \ =
B & Former
: = F — o gypsum
8 \ % mine *,
w - .
Pré . Riou
du Riod WM T ‘
- Field trip 18 June |
(Hydrogeomorphology)
. H 1 1
¢ || Trip 7:0013:00 |
5 —/ L . P 1
X B LA i
) i ~ B Trip 17:00 19h30
/'/i f:\i |5 ‘ TR i ' )
,,f‘ = K N - B Trip 20:00 21:00 |
H : N N E 3 , \ 1 Bridges
1 1\ D NG & =
! R VAN — N Points of
l" \* \ e interest

Map from Géoportail IGN (https://www.geoportail.gouv.fr/)

Size of the culvert under the Thoard bridge




Few words on ...
the geological field trip, 19 jlune 2023

Cf. provisional program of B. Deffontaines. To be completed...

Field work in the Duyes, BD and CD , April 2023

'y

Col de I'Hysope (Hysope saddle point)
with the Duyes valley in the backgound




Geomorphometric data and maps computed from the DTM:

The most commonly used information derived from the DTM relates to slopes and aspects, which are
two specific components of the topographic first derivative. Composite map of slopes (Map 3) and shading
(Map 4 ) overlaid with other layers of information such as catchment basin are useful to observe the general
setting of landforms as exemplified in Map 5. There are also other measurements derived from aspects
like south facing slopes (Map 6).

The maps of slope gradients in percentage (Map 7) and degree (Map 8) are key information to define
various landforms such as riverbeds, alluvial fans, piedmont, scree slopes and cliffs related to
hydrogeomorphological processes or to the geological structure.

As we will see, a set of more in-depth information and landform depictions can be measured such as
curvatures, convexities, catchment and sub-catchments basins, talweg and river networks with their
hydrographic characteristics such as length and distance to the outlets, and also hydrological proxies of
surface and subsurface flow patterns. It build up a multilayer hydrogeomorphometric database relevant for
many GIS applications in hazard mapping and modelling.



Map 37 : gray scale of slope gradients

10



11



Map 5 : composite map of slope gradient and shading.

12



-

%

/
L=

a o z

Riou catchment

North and south facing slopes

North facing slopes

South facing slopes

[ Almost flat zone (gradient<4°)

T 1km

Map 6 : north and south fa(;ing slopes (ubac et adret)
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Map 7 : slope gradients in percentage (%)
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Riou catchment
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Map 8 : slope gradients in degree (°)
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The frequencies diagram of elevation on Figure 2A shows that 75 % of the Duyes valley is within the
elevation range 700 to 1150 m corresponding to sub alpine Mediterranean climate. From the scatter plot
(Figure 2B) of elevations (X axis) and slope gradients (Y axis), the average gradients in percentage (%) and
degrees (°)® can be computed as shown on Figure 2B. It allows an altitudinal zoning of averaged gradients
(Sain %):

<720 m (Sa 1to 28% (18°)): the lower part of the valley related to the widening of the
alluvial river bed of the Duyes;

720-1140 m (Sa 28 to 40%): the main part of the Duyes valley and the foothills of the
surrounding main ridges (Vaumuse, Siron/La Bigue, Montagne de Mélan, Geruen);
1140-1415 m (S 40 to 42% (20°)): piedmonts;

1415-1680 m (Sa 42 to 83% (40°)): glacis;

1680-1880 m (Sa 83 to 180 % (60°)): cliffs of Geruen and Montagne de Mélan (Photo 2).

2000

E 8000 T T 12445 kmv?®
Frequencies -__J__..--“‘ 120 =
o000 H — k@ /{ E
— // Hypsometric 100 o
0 E 6000 curve E
L = =
O T sow e 2
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S - g
= n 4000 Base level at / 60 S
.13 E the confluence / rd
s 5¢ 3000 -JLof the Bléone river
w X %
o / "\1&“\ a0 =
— =
=
E
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1000 1?'. = iy

200

Slope [7)

180 H —Slope (%)

160 +—

140 +—

| AT
120 +—— 1 i 1

100 —
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Average slope gradientsu

| st |
NEP- SEnann ) mil
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Figure 2 : combination of elevations and slope gradients on the Duyes catchment
A./ Frequencies of elevation, local base level and hypsometric curve
B./ Average slope gradients (% and °) according to elevation as computed from the scatter plot.

 The use of percentage (%) or degrees (°) units are more or less appropriate according to the steepness. Percentages are more
commonly used for shallow slopes and vice-versa for degrees. For this reason, geomorphologists use more frequently
percentages while geologists express slope and inclination (dip) of geological layers in degrees.
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Photo 2 : the Mtagn de Mélan (Left) and Geruen (Ceter)
as viewed from the bibliothéque municipale of Thoard

Landform convexities:

Various components of the second derivative of the land surface can be compute from DTM, each of
them referring to specific topographical lines of local landforms ([12]|13]):

- Plan convexity (PLC) as shape of the contour line (Map 9): when the convex part of
contour is orientated downstream (PLC>>0), surface flows will be divergent as they are
perpendicular to contours; then, there will be a downhill dispersal of flow. Conversely, if the
convex part of contour is orientated upstream (PLC<<0), a downstream concentration of
surface flow will occurs. In the case the contour is straight (PLC=0), flow lines tends to be
parallel with no significant dispersal or concentration. With PLC, crests, watershed (water
divide), talweg and large river bed (Braided channels, alluvial benches and deposits) can be
identified;

- Profile convexity (PRC) as shape of the steepest descent line (Map 10): when the
slope gradient is increasing downstream (PRC>>0), the hillslope is convex with an acceleration
of runoff speed. On the other end, the speed of surface flow will tend to decrease on a concave
hillslope (PRC<<0) due to a diminution of slope downstream. On a regular slope, so to say an
incline plan, there is neither acceleration nor deceleration of runoff (PRC=0). PRC compare to
PLC are more acute to locate landforms associated with lithological features and depict the
convexo-concave shape of hillslopes beside the talweg and river;

- Transverse (alias across-slope) convexity (TRC) (Map 11): this convexity refers to the
line perpendicular to the main downstream direction.

To be discuss with lan Evans, Serge Riazonoff (DEMIX) and others in Romania in July.
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Plan convexities (°)

Map 9 : plan convexities (convexités horizontales)
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Transverse convexities (°)
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Landform curvatures :

Compared to convexities, the curvatures (Map 12) do not refers to specific geometrical lines like
contours, steepest descent lines or across-slope transects, cf. Map 9, Map 10 and Map 11). Instead, they
measure the overall properties of local topographic curviness, so to say “roughness”. Thus, it is more
difficult to interpret them in geomorphological terms compared to convexities but reflect the local
bumpiness of landform (The French term “modelé” would be appropriate in that case).

On Map 13, the mean quadratic curvature is a synthetic measure of the landform “roughness”. A flat
surface has a value of 0, while crest lines and embedded river beds have high values. Notice that this
measure is very sensitive to the source of DTM as show in the SW corner of the map.

“Roughness” : To be discuss with lan Evans, Serge Riazonoff (DEMIX) and others in Romania in July.

Excerpt from Depraetere C. & Deffontaines B. and Riazanoff S, (2023):
“Resampling and hydro-geomorphometrical processing of dense Lidar/DEM: Relationships between landforms and
hydrological processes in a Mediterranean peri-alpine catchment basin”.
To be published in the Proceeding of the Geomorphometry 2023 conference, lasi, Romania, 8-11 July 2023.

Abstract: DEM are largely used for hydrological modeling since the since the late seventies; most of ad hoc
GIS toolboxes offer surface flowpaths algorithms suitable for hectometric and decametric resolutions. Nevertheless,
the availability of finer and more accurate metric DEM unfold new perspectives both for surface water flows
modeling but even more for sub-surface percolation simulation usually closely related to specific and identifiable
landforms. The Lidar/DEM RGE-Alti of the IGN/france at 1 meter resolution covers entire France and some of its
overseas territories; All over Europe, the forthcoming Copernicus DEM EEA-10 of the ESA at 10 meters would be
soon available.

We present a DEM under sampling method from dense to coarser resolution specifically suitable for
hydrological applications (SEAD method, Depraetere 2013 pp. 22-26). From the RGE-Alti 1m; this allows comparing
the effect of the SEAD at 5, 10 (so to say "pseudo DEM EEA-10") and 25 meters resolution on sub-surface
percolation patterns with the DRAMP algorithm (Depraetere 2013 pp. 56-61) which is a simplified variant of the
Topographic Wetness Index (TWI, Beven et al., 1979, 1983).

The data, methods and results are tested on the catchment basin of the Vallée des Duyes (150 km?) in Haute
Provence; the morpho-tectonic context is thrust sheets made of folded and faulted layers of gypsum, limestone and
shale combined with more or less indurate puddingstone and breccia on hillslopes. This catchment offers a large
palette of structural formations associated with hydrodynamic landforms such as glacis, upstream reception basins,
gullies, alluvial fans, fluvial terraces, stony river beds, etc.; It is representative of Mediterranean sedimentary peri-
alpine regions.

Generally speaking in the scientific literature, the two terms "roughness" and "ruggedness" tend to be elusive
while processing DEM at various resolutions in different morpho-structural and climatic contexts. To disentangle the
two terms for the sake of geomorphometry, roughness should only relate to the landforms setting (alias Modelé
[French] or Kleinformen Gestalt [German]) while ruggedness should utterly refers to the relief pattern/spacing of the
land surface per se (Alias Gestaltung/Medellierung, Grof3formen). Both roughness and ruggedness can be quantify
with appropriate geostatistical methods and compare with the resulting catchment basin, thalweg network and
surface and sub-surface flowpaths extracted from DEM.

Keywords: Dense Lidar/DEM, under sampling of DEM, hydrogeomorphometry, sub-surface flowpaths, semi
automatic geomorphological mapping.
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Surface flow paths:

The method D8 is using the steepest descent to define monodirectional surface flow or “drainage
network” in 8 directions ([3][14]). The integration of all elementary flow directions defines a “drainage
model” of the topographical surface as for instance on a map from 1981 on the Adrech catchment basin
(Map 14) with specific geological landform (Cf. the “velodrome” and Lame de Facibelle on Photo 3), . This
simple method of flow routing is widely used in Hydrology since the early 80t to depict a transfert function
on catchment basins down to their outlet.

RAVIN DE L'ADRECH
MODELE DE DRAINAGE DES VERSANTS ET STATISTICUES MORPHCMETRIQUES

. e -

W

Photo 3 : view of the Adrech Valley from the viilage of Eslangon, Haute Provence
(Photo Géoparc UNESCO Haute Provence)
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The Map 15 shows the detail of the drainage hierarchy on the Riou catchment; the main direction of
surface flow according to the steepest descent flow is known for each patch of 10x10 metres (resolution of
the RGE-Alti DTM).
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Map 15 : detail of the D8 drainage pattern on the Riou catchment basin

The geometric distance to the outlet is one of the hydrographic geometry calculated from the D8
method (Map 16). It is worthwhile to keep in mind that this distance depends of the resolution of the DTM.
Therefore, the results have some statistical value but they could not be taken as a physical representation
of stream flows length from the sources. In this case with this DTM the longest drainage lines are 28 km
long with their springs on the bare de Geruen and Montagne de Mélan. As statistical proxies, the distances
to the outlet are used to make scatter plots of catchment long profil by combining them with elevation as
illustrated on the Duyes (Figure 3A) and the riou (Figure 3B).
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Map 16 : distances to the outlet in km.
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These long profiles derived directly from the scatter plot of elevations (Y axis) versus distances to the
outlet (X axis) shows that the slope gradient river bed of the Duyes main collector is steady at about 1.5 %
up to 20 km upstream from its outlet (Figure 3A). The contrast in gradient between the right and left bank
tributaries of the Duyes valley is striking, for instance between the Riou on the left bank and the Barbarine
river on the right bank. The downstream part of the Riou is steeper with 9% slope gradient proving that
there is a knick point from 9 to 1.5% at the confluence with the Duyes and explain the large alluvial fan of
the Riou coalescent with the stony main river bed of the valley (Figure 3B).

These long profiles of catchment basins and rivers (more precisely talweg) are a standard scatter plot
by-products from DTM.
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Figure 3 : long profile of catchment basins from distance to the outlet
A./ The Duyes catchment B./ The Riou catchment.
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Another common by-product is the hypsometric integral either for mountains or catchments. For a
given altitudinal magnitude, the potential energy of the topography within a catchment basin in relation to
the base level can be express as an hypsometric integral ([29]) corresponding to cumulative frequencies
from the minimum elevation (base level) to the highest point (Usually on the water divide a the head of the
catchment). The Figure 4 corresponds to the standardized hypsometric curve (SHC) of the Duyes and the
catchments.
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Figure 4 : the standardized hypsometric curve for the Duyes and the Riou catchments
compared to the equiprobabilty line (All elevations have the same frequency).

Their SHC could be compared to the case of a theoretical surface presenting an “equiporability” of
elevations (i.e. a rectangular tilted plane with regular slope along the long axis) with a straight line SHC as
schown on Figure 4. The surface below the SHC correspond to the volume above the base level and give an
estimation of the potential energy of land mass but also of runoff flowing on surface after a rain.

Taking the equiprobabilty theoretical case as a calibration reference for the integral (SHC=1), a value
higher than 1 correponds to a surface with higher frequencies of low elevations compare to high elevation
(a concave landform) and vice-versa the SHC when the value is inferior to 1. The Duyes (SHC=1.33) and the
Riou (SHC=1.19) catchment present higher values than the equibrobability case (SHC=1). This reflect the
concave shape of both long profiles and quantify the fact that the Duyes valley is more embedded than the
Riou valley as illustrated on Figure 3A and B. It was formerly used by geomorphologists to compare the
adaptation of geological erosion surfaces to their base level (Davisian theory of landform evolution).
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The classification according to length of drainage line of Map 17 looks like a “river” network. Strictly
speaking, it refers to the length of talweg which is topographic features while the “hydrological length” of
rivers depends of the amount of stream flow: during flooding the length of the river axis is shorter than
during low water. In practice, there are often confusion between the “blue lines” defined as rivers on the
map and talwegs as collectors water coming from upstream.

The surface of the upstream catchment is an important measurement to define a threshold for
hydrographic network for mapping purpose on the map because the minimal hypothesis is that larger the
upstream area (or drained surface) higher the probability to have river flow (Map 18). A threshold T
corresponding to a minimum upstream area empirically selected is often used to define sub catchments
river sections and confluence as exemplified later (cf. T>2km? Map 22).
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Sub-surface flow paths :

The method DRAMP? as a variant of the Topographic Wetness Index (TWI, [1] [2] [17]) appears to be
more suitable for hydrogeomorphological mappng of multidirectional fow paths and routing (cf.
appendix 6) as shown on Map 19 and Map 20 compared to Map 18 with the so called usual “blue lines” of
monodirectional speepest descent network. Instead of the genuine TWI mapping, it must to be considered
as an index of potential sub surface flow (ISSF). For mapping and modelling reason, it is better to take the
logarithmic value of ISSF that depict more accurately the details of potential percolation on hillslope and
not only in the canyon, valley and river beds Map 21. On this map, there are various patterns of Log(ISSF)
that could relate to specific geomorphologic landforms (i.e. alluvial fans, scree slopes, braided channels in
river bed ...) and process (i.e. solifluction, sheet flow, gullying, ...).

Map 19 : Examples of various Log(ISSF) flow patterns.
A./ Downstream section of the Riou with divergent flow on its alluvial fan.
B./ Alluvial plane at the mouth of the Ravin du Chevalet.
C./ Hypodermic percolations in braid on a slope of the Ravin de Saint-Pierre.

” DRAinage Multidirectionnel Probabiliste.
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Map 20 : sub-surface flow paths (Method DRAMP)
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Map 21 : sub-surface flow paths with Log(DRAMP) (see Map 20).
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Automatic extraction of sub-catchments:

The automatic extraction of sub catchments is based on the labyrinth algorithm applied to a
hierarchical river network ([4][20])%. On top of the automatic extraction of asset of catchment associated
with rivers, the Pfafstetter-Bocquillon coding is associated automatically to river branches and sub-
catchments providing an overall hierarchical and topological pattern for flow routing on the entire
catchment basin via a topological coding system (Figure 5).
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Figure 5 : extended topological PB coding for the Duyes catchment basin related to Map 22.

On Map 18, the primary river network defining the “labyrinth” is extracted from the DTM for
upstream area > 2 km? as shown on Map 22. This topological coding is commonly used for distributed
hydrological modelling on a set of sub-catchments and rivers ([6]). On the other hand, other usual
hierarchical stream ordering methods like Horton-Strahler and Shreve as implemented in GIS toolboxes
have limited relevance for hydrological modelling per se.

8 Cf. also https://en.wikipedia.org/wiki/Pfafstetter Coding System
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Map 22 : extraction and coding of sub catchments (Pfafstetter-Bocquillon method and coding)
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Pattern of « massifs » (massives?) tessellation:

The steepest descent defines drainage line downward to the outlet as shown previously and various
hydrographic features. What about “steepest ascent”? Intuition would lead us to believe that all we have
to do is reverse the maximum descent, which is incorrect complex topography, as the Rasemann’s diagram
in Figure 6 shows. As we will see, the actual steepest descent lines correspond to the steepest descent
applied to the “anti-relief” and convergence of these “inverted” lines correspond to crest line and water
divide.

Step of the Step of the
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line line
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.. Y

LA RN

d

Figure 6 : influence of plan curvature on the course of a slope line. Slope lines derived up and down the slope take
different courses when plan curvature occurs (from [21] [19]).

A “massif” (Massive?) is define as all the steepest ascent lines converging toward the same summit
(Massifs of level 0 or “elementary massifs” (Figure 7 ). A stepwise merging via saddle points from
elementary massifs delineates large and larger massifs of 1 to 5 (Figure 7, levels 1 to 5). The steepest ascent
lines are computed alike the steepest descent (D8) but applied to the inverted elevations, that is to say that
the DTM is turned upside down, low point becomes high point and vice-versa ([5][6][19][31]].
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Figure 7 : maps of massif from level O to level 5
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The limits of massif correspond to the talweg lines or lines of minimum elevation passing through the
saddle points. At the highest level, in that case level 5 the partition of topographical massif reflects the
major divide; on Figure 7, the limit of the two major mountain ranges (alias “massif”) comes along the
talweg of the Duyes up to a saddle point (1220m) located between the two major summits of Geruen
(1676m) and La Bigue (1650 m).

The massif tessellation of the topographical surface could be consider as the dual catchment partition
of the land surface; the first focus on steepest ascent lines going to local maximum (summit) and delineate
the mountain range divides between massif (“anti water divide”) while the second define steepest descent
lines flowing to outlets and confluences and delimit water divide per se. All the saddle points are located
at the intersection between “anti water divides” and water divides as shown on few examples along the
watershed of the Duyes river (Level 4 and 5 of Figure 7).

The combination of all levels of massif depicts a hierarchical set of embedded landforms paving the
interfluves (Map 23). This partitioning of the land surface reflects the geological structure including
faultings and foldings, on top of geomorphological features.’ It is worth noting that the major divide at
level 5 could be consider as the main “gutter” of the Duyes valley between the eastern trust sheet of La
Bigue’s massif and the western massifs of Geruen and Vaumuse. The direction of this “gutter” is NNE to
SSW while the limits of level 3 and 4 secondary massifs tend to be perpendicular to this axis.

9 Cf. Examples in various morpho structural contexts in the Balkanic region [5] , Martnique [6], Crete and Cyprus islands [19].
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The areas of elementary massif range from less than one hectares mostly along the gutter (Alluvial
benches in the main river beds) up to several square kilometres on the foothill surrounding the Barre de
Geruen and Montagne de Mélan (Figure 8A). The diagram of frequencies is bimodal with two pics between
1 and 3 hectares and another in the range 0.6 to 1 km? (Figure 8B). Conversely, there are very few massif
patches of 5 hectares. These two modes of patchiness for the massifs depend of several factors such as the
the geological formations, the drainage density, the steepness of hillsides and the past and present

geomorphological processes.
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Figure 8 : Area of elementary massifs (Level 0)
A./ Map of Massifs entirely or partly in the Duyes catchment.
B./Diagram of frequencies of massif areas (km?)
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The Map 24 shows that the village of Thoard stands on an elementary massif related to a spur perched
over the main gutter of the Duyes valley. There are also several well-defined elementary massifs on the
piedmont of the major Siron/La Bigue crest line corresponding to the watershed with the Galabre valley on
the East: Saint-Madeleine which is the most prominent one, Ratabou, Pié Gros, Mont Neuf and few lesser
and lower massifs. There correspond to shuttles (“Navettes”, personal communication BD) before the crest
line of the thrust sheet as shown on the geologic and tectonic 3Dview of Figure 9.

A Summit
=< Saddle point
«~ Rivers > 1 km?

N\ Elementary ©
massif
, (Level 0)

Map 24 : the elementary ma55|fs at the East of Thoard and nearby the Riou catchment.

The combination of all levels of massif depicts a hierarchical set of embedded landforms paving the
interfluves. This “puzzle” of land surface elements results from geological structure including faultings and
foldings, but also from geomorphological as well as hydrological processes. The puzzle is even more
intricate when the limits of sub-catchment, as defined in Map 22, are overlapped on those of elementary
massifs (Map 25). the combination of both sub-catchments and elementary massifs delineates new
elements of the topographical surfaces corresponding to hillside associated to the left or right banks of
rivers or torrents with a specific massif: for instance the village of Thoard is located on the hillside
corresponding to the right bank of the Riou torrent within the massif related to the spur.
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Flgure 9: The Vangon and Duyes valleys, seen from the south west, in their regional context
s.A = Auribeau and Haut Vancon syncline; @V = Valavoire thrust; d.M = deMélan detachment;
f.A = Ainac fault (= Monges accident); f.B = Bés fault. The half-arrows indicate the relative direction of the
compartment in which they are placed, in relation to the one next to it
(From Maurice Gidon http//www.geo-alp.com/).
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Map 25 : combination of sub catchments (Map 22) and elementary massifs (Map 23).
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The directional variograms?? give general insights on the amplitude of topography according to 4
directional axes and is additional to the previous processing of massifs (Figure 10). The ranges (correlation

length) is about 4 km along the West-East (WE) axis and 5 km on the SE-NW
width of the valley on both east and west sides of the NNE-SSW Duyes gutter

axis ; this reflect the average
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Figure 10 : directional variograms of elevations on the Duyes catchment.

As simplified 3D views, the Figure 11 illustrates the scatter plot of the catchment on the four axis used
for the directional variograms plotted in Figure 10. The EW view in Figure 11D gives a transverse landform
picturing of across the Duyes catchment. Conversely, the SN view in Figure 11B correspond more or less to

the long profile of the valley as illustrated in the previous Figure 3A.

10 Cf. the same method applied on Taiwan with SRTM DEM in Appendix 9
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Conclusions:

This set of hydrogeomorphometrical layers computed from the DTM provides insights on various
characteristics of landforms and their intricate relationships with geomorphological and geomorphological
processes that shaped them. It also appears to be a useful tool for geomorphological and hazard mapping
such as floods along the rivers and torrents, landslides on slopes, sheet and gully erosion, rock falls and
collapses from the cliff. Those maps could also contributed to a better “reading” and understanding of
landscapes during fieldworks.

It is worth mentioning that some processing in the context of the Duyes valley and probably the
French Southern Alps are truly useful with a DTM resolution of less than 25 meters and a vertical accuracy
of about one decimetre as tested on the Riou Catchment (Figure 12). For instance, the alluvial fan of the
Riou torrent is clearly depicted at 5 and even 10 meters resolution (Figure 12A’ and B’) but the pattern of
multidirectional drainage becomes fuzzy at 25 meters resolution (Figure 12C’).
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Aet A': MNT 5 métres obtenu par sous échantillonnage SEAD a partir du MNT RGEalti-IGN a 1 meétre.
B et B': MNT 10 métres (méthode SEAD a partir de RGEalti-IGN a 1 métre). NB : Résolution équivalente au MNT-Copernicus DEM EEA-10.
Cet C': MNT 25 métres (méthode SEAD a partir de RGEalti-IGN a 1 metre). NB : Résolutiion équivalente au MNT BD-Alti IGN.

Drainages dérivés du MINT :
A, Bet C:drainage monadirectionnel D8 avec seuillage du réseau en fonction du nombre de maille a I'amont.

A,BetC: dréinage multidirectionnel log(DMMP).
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Figure 12 : mono (A, B and C) and mulidirectional drainage (A’, B’ and C’) patterns according to the DTM resolution
(5 meters in Aand A’, 10 meters for B and B’, 25 meters for Cand C’) on the Riou Catchment.

(Depraetere, Deffontaines and Riazanoff, 2023)
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APPENDIXES

Appendix 1: potential energy of moving water and flash floods

Appendix 2: about “Fluvial erosion: the lesson of the torrents”

Appendix 3: technical report after the damage due to the flood of 2019

Appendix 4: water issues are simple but capricious: “too much, not enough, too dirty”
Appendix 5: chronicles of floods and landslides in the Duyes in 1774

Appendix 6: multidirectional versus monodirectional drainage from DTM

Appendix 7: geomorphological hydrograph of the Riou Catchment

Appendix 1: potential energy of moving water and flash floods

From:
Gautier Y. (1998), Inondations. In Dictionnaire des sciences de la Terre : Continents, océans, atmosphére.
Albin Michel en coédition avec Encyclopaedia Universalis, Septembre 1998, 922 pages.
(Translation in English from French partly with Deepl)

"The damage caused by flash floods is mainly due to the potential energy of moving water. One litre of water weighs
one kilogram, which may not sound much, but it's the same as saying that one cubic metre of water weighs one tonne. 55
millimetres of water over 1 square kilometre, travelling 300 metres downhill, have a potential energy equivalent to that released
by the Hiroshima bomb (1.4 x 1014 joules). Anything that reduces the concentration time of water and its infiltration (slope,
impermeability of the land, lack of vegetation, etc.) accelerates the mobility of water and its destructive potential. What's more,
the materials carried away by moving water add to its power. So it's hardly surprising that after a rainstorm, suddenly unleashed
water can sweep away vehicles, houses, bridges... like chaff." (Gautier 1998, p 3 83).

Appendix 2: about “Fluvial erosion: the lesson of the torrents”

Translated from French :
Max Derruau, Précis de GEéomorphologie, 1965. Masson &Cie, Paris, 415 pages, excerpt pages-60-63
(Translation in English from the French version partly with Deepl)

“The term erosion can have two meanings, a broad and a narrow one: a narrow one, which identifies erosion and digging,
a broad one, which means digging as a result of the digging, i.e. digging + transport of the removed materials + accumulation of
these materials.

The visible mark of erosion in the broad sense is the "hillshape".

The torrents are watercourses with spasmodic regime, with strong slope and which work in materials easy to scour. It is
therefore abusive to call the Rhone a torrent, since, although its slope is steep, its regime is the most regular of the four major
French rivers. On the other hand, the Manival, near Grenoble, and the Riou Bourdou, a tributary of the Ubaye (Southern Alps),
are typical torrents. The first one is less active than in the past; there are even extinct torrents, vestiges of a more humid or
spasmodic ancient climate and no longer functioning today. On the other hand, the Riou Bourdou is a perfectly active torrent.

The torrents are natural laboratories for the study of fluvial erosion; they meet, indeed, all the conditions for this erosion
to be maximal since they dig brutally, all the more so as the materials of their basin are scourable; and they transport and deposit
in proportion to their digging capacity. The torrents are particularly well known by the work that Surell devoted to them in 1841
and which became classic. The dangers that they constitute as well for the pastures as for the inhabited sites are rightly famous.
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A "complete" torrent is divided into three parts:
- the reception basin, which constitutes the upper course ;
- the flow channel, which corresponds to the middle course;
- the alluvial cone, or lower zone.

On the map, a torrential basin thus appears as a sort of diabolo, with the central part corresponding to the flow channel
between the upper basin and the alluvial fan, both of which are dilated, but the catchment basin, or flow channel, can be very
small.

The catchment area is the zone where, by concentration of water, the torrent is formed, each stream digs there, scouring
the friable ground during each rainfall, moving back its source, causing landslides, mudflows; the result of all these actions is an
enlargement which goes hand in hand with the deepening: the digging wins over the other modes of fluvial work, and the torrent
is loaded with a mass of torn off materials: it becomes a muddy river with fast speed.

The flow channel is the bed of this river; erosion and accumulation go hand in hand, because the flood current sometimes
abandons blocks or fine materials which accumulate between the blocks, sometimes digs in depth and laterally, undermining its
banks. All in all, it is the transport that dominates, but the breaks in slope are frequent, and each flat section corresponds to an
abandonment of materials constituting what has been called a siding of fluvial erosion.

The alluvial fan is built where the torrent arrives in the main valley where it ends its course. The main valley is usually of
low transverse slope: in most mountain ranges it is a trough valley with a flat bottom. Thus the slope of the torrent was suddenly
slowed down and the speed of the water was suddenly slowed down. Unable to transport the materials carried until then and
which required a very great energy, the torrent deposited them. By depositing them, it has raised its bed, which has allowed it to
increase its slope in the section considered and to increase its speed to become more and more capable of transporting its load
of materials to the collecting river. The rise must logically increase until it gives this downstream section a longitudinal slope equal
to that of the flow channel so that the material capable of being transported in the channel can also be transported on the cone.
But, by rising, the torrent dominates the adjacent regions and, at the slightest flood, it will leave its bed to occupy another in a
lower position; this bed in turn will rise, and the torrent will occupy another, and so on. Thus is formed a cone or, as the authors
of English language say, a "fan" whose top is at the outlet of the flow channel in the master valley. The torrent oscillates on the
cone and makes its vicinity all the more dangerous as the villages seek the cone for its fertility. Sometimes it is dammed up, but
the floods can burst the dam and * determine another bed; most often the course is fixed not in the axis of the flow channel, but
following a lateral generatrix.

The slopes of the cones generally exceed 5%, they are particularly feared by builders and road users. In the Isere valley,
downstream of Grenoble, the railroad line passes under a tunnel cone. The cones can push the main watercourse against the
opposite side of the valley; thus, the Rhone in Valais meanders between cones that press it successively against the right wall,
then against the left wall of the trough in which it flows. Two alluvial fans that meet can even block the main valley and determine
the formation of a lake, like the lake, now dried up, of Bourg-d'Oisans, in the French Alps.

Torrentiality has been linked to deforestation, and it has been concluded that reforestation would "extinguish" torrents.
In fact, afforestation restricts scouring wherever it is possible, but many torrents have their origin in areas above the forest, and
reforestation cannot have there, reason of torrentiality. When the rock is particularly scourable (Marne, gypsum), the slope steep,
the climate with violent showers separated by long periods of drought during which the vegetation cover degrades, the
reforestation is precarious, especially near the upper limit of altitude of the trees, and the torrents can develop considerably
(frequent cases in the French Alps of the South).

If reforestation is not an infallible remedy, one can at least correct the bed of the torrents so as to limit their ravages; the
surest method consists in slowing down the speed of the torrent, thus limiting its digging power, by cutting the bed, in the flow
channel and even in the catchment basin, by transverse dams which divide it into calm reaches cut by small waterfalls. Upstream
of each dam, landing beaches are formed, and it can be estimated that the correction is complete if each of these beaches ends
at the foot of the upstream structure. But the beach located behind the first dam encountered by the watercourse is not long in
being raised by accumulation of torrential materials until its longitudinal slope becomes sufficiently steep so that the speed of
the corresponding torrent is great enough to ensure the transit as in the past to the beach located immediately downstream,
which will also be raised, and so on. The correction of the flow channel is therefore never definitive.

This precariousness has worried hydraulic engineers, since the correction of torrents can only delay, not prevent, the
transit of materials to the lakes of hydroelectric dams. For the correction to be definitive, it would be necessary that the structure
blocking the canal could be raised indefinitely. To achieve this indefinite rise, the idea was to replace the classic dam wall with a
screen, or retention net, placed across the bed and anchored both in the bed and on the sides. The material stopped by the net is
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immobilized and, therefore, becomes very difficult to mobilize. As soon as an element is fixed, a second element coming up against
the first one is immobilized in its turn, and so on, without intervention of the net resistance. In this way, a cumulative landing
process was achieved, independent of the resistance of the artificial obstacle, and its retaining cable was found to be relaxed. The
net only served as a starting point for a chain reaction.

On the alluvial cone, to avoid the torrent's divagations, it is dammed up in order to fix its bed, but care is taken to keep a
sufficient distance between the two dykes for the flow of the biggest floods.

The torrent makes it possible to pose most of the problems relating to fluvial erosion and to grasp some of the mechanisms
of the work of the rivers: problem of the assumption of responsibility of the materials which erosion provides, of the modalities
of the transport of these materials and their deposit. As noted by Surell:

"The waters subjected to follow at first the relief of an uneven ground destroyed little has little, the irregularities of the
slope... Here, they gnawed; there they exhaussed... The result of all these actions was to create a new curve, which is better suited
than the primitive profile of the ground to the flow of water."

Thus is approached the concept of profile of equilibrium. Concerning the torrents, Surell also posed the problem of the
relations of the slope and the load with the divagations of the watercourse; in other words, that of the relations of the profile and
the layout. So many problems that we must now address.”

Appendix 3: technical report after the damage due to the flood of 2019

From:
Talancieux J., Vinai L., (2020).
Les Duyes et ses principaux affluents :
visite pour analyse des enjeux hydromorphologique dans la vallée des Duyes et entretien de ripisylve.
Rapport de visite du bassin versant des Duyes du Syndicat Mixte Asse Bléone.
(SMAB) Digne. 37 pages. (Reference [26])

General context of this report from the technical services of the SMAB: it gives an account of the dynamics of
hydrogeomorphological processes in the main bed of the Duyes and some of its tributaries. It clearly highlights the renewed
incision of the Duyes river due to a loss of sediment load resulting from reforestation and the natural extension of forest cover
as a result of agricultural abandonment of marginal land as observed by the hydrologist Luc Descroix (IRD) since the early nineties
(cf. [10] [11]). The following report from 2020 on the Duyes valley mentions the "absence of morphogenic flooding" with the
exception of the autumn 2019 flood and the revegetation of banks and alluvial banks.

"The bed of the Duyes :

The morphological trends observed bear witness to the impoverishment of the inflows from the main tributaries, closure
of the bed by vegetation, channelling of the watercourse, incision in the bed materials, disconnection of a large part of the active
band, and the absence of morphogenic flooding over a very long period. As a result of the long-term reforestation of the region,
the sediment deficit seems irremediable. The trend towards incision is likely to continue, possibly until lateral erosion is able to
reopen an active strip, at the mercy of very large floods. In addition, the strong morphogenic floods at the end of 2019 allowed
the river to reopen slightly. However, incision remains marked upstream of Le Chevalet.

The vegetated landings upstream of the Planas bridge have stabilised to a significant extent, and grubbing operations can
be carried out in these areas to maintain an active bed. Downstream of Le Chevalet, the aim of the operations will be to maintain
an active bed and therefore the transit of the alluvial load of the watercourse.

At the Thoard bridge, downstream of the confluence with the Combes ravine, the bed of the Duyes is tending to channelise
due to an increase in gradient and a small area at the bottom of the valley. The management objective for this section is to
maintain an open bed so that the river can have as large an expansion field as possible during floods. In addition, some grubbing
work will be carried out to maintain the non-vegetated landings and to allow the alluvial cone to re-establish itself at the
confluence with the Combes ravine.

Downstream of the confluence of the ravin des Combes at Barras, this reach of the Duyes has a large area of divagation.
However, it has been greatly reduced by the vegetation on the landfills. In addition, the floods of 2019 have created numerous
logjams that have largely blocked the bed of the Duyes. This sector is beginning to show signs of incision due to the channelling
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of the main bed. The management plan for this sector is to significantly reopen the bed of the Duyes by numerous grubbing
operations over the entire section. The main works will take place between the confluence of the Combes ravine and downstream
of Les Bourres, as well as upstream of Barras.

From Barras to the confluence with the Bléone, the lower valley shows little evidence of incision. The sediment load at the
bottom of the bed is still very high. However, there has been a reduction in the active strip of the watercourse, characterised by
a widening of the riparian vegetation on each bank. Management of this section must maintain the active strip by maintaining
the riparian vegetation, or even by grubbing out the narrowest areas. At the very least, large trees at the foot of the banks should
be treated preventively to avoid the formation of logjams during future floods.

Torrents and ravines:

Reported as "very active" during a study in 1987, the Bramefan torrent still carries solid matter, but it is no longer as active

as it was 30 years ago. This is due to the vegetation on its slopes (the main areas of input) and its banks, which greatly limit solid
transport in the bed of the watercourse.

Torrent de Bramefan

1 Le gué en aval du pont et a I'amont du méandre
2 Sapement des dépots colluviaux dans le méandre

3 Lit de lariviére a I'aval du méandre avec présence
de gros blocs rocheux

At the confluence of the Riou Blanc torrent with the Duyes in the Hautes Duyes commune, its alluvial cone is now
completely stabilized by vegetation. There are no traces of scouring linked to the December 2019 floods, although it was indicated
as being very active in 1987.

The bed of the Ravin du Chevalet between the ford and the boulder fall appears to have been raised. The boulders have
probably blocked the load upstream. The Patouilles tributary continues to show signs of strong activity. It is the main supplier of
alluvial materials to the bed of the Duyes for the Haute Vallée. The works planned are to maintain an active bed between the
Patouilles bridge and the confluence with the Duyes, including grubbing of the alluvial cone with a view to recovery, intervention
at the level of the 3 rockfalls in order to re-establish solid transport downstream and limit the deepening of the bed upstream and
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to the right of the Tuiliéere culvert, and finally management of the confluence by grubbing of the alluvial cone to enable the
transport of alluvial deposits.

The Riou torrent, which was also "very active" in 1987, shows that the landings have been slowed down by the crossing
structures (in line with their purpose) and by the vegetation. This low level of solid transport activity is reflected in a very
significant deficit at the confluence (incision of more than 2 m). This ravine contributes very little alluvial material to the bed of
the Duyes and does not allow any alluvial recharge of the Duyes bed.

The Ravin des Combes: Activity maintained today, however, as the alluvial cone is vegetated and occupied by a field on
the left bank, the sediment load does not circulate optimally to the Duyes' live bed. Vegetation management interventions
favouring solid transport, including grubbing up the confluence with the Duyes with a view to reclaiming the material
accumulated on the alluvial cone and creating a preferential channel with a view to favouring the movement of sediment.

Ravin des Combes: Activity maintained today, however, as the alluvial cone is vegetated and occupied by a field on the
left bank, the sediment load is unable to flow optimally down to the Duyes. Vegetation management measures to promote solid
transport include grubbing up the confluence with the Duyes to recover the material accumulated on the alluvial cone and
creating a preferential channel to promote solid transport to the confluence and limit sediment deposits on riverside plots.

The Saint-Pierre ravine, a torrent indicated as "very active" in 1987. It is less active today, with a major blockage at the
OH ford: two 1000mm nozzles blocking sediment. In addition, the asphalt covering the ford is regularly washed away by floods,
polluting the river. The significant reduction in solid transport is also linked to the blockage of the RD3 bridge over the Claus
ravine, and to a deficit in the input from the slopes (reforestation). Traces of incision can be seen at the confluence downstream
of this ford (bank protection wall with exposed foundations). Vegetation maintenance work to limit the tipping of trees caused
by bed incision in the vicinity of structures (bridge, wall, culvert).

Ravin de Vauvanes: Torrent indicated as "active" in 1987 and still active today. Upstream of the RD17, the flow channel
was reopened by mechanical shovel during a flood in March 2018. A channel approximately 1 to 2 m deep and 2.5 m wide was
created. In January 2019, the area that had been recalibrated showed a marked incision. This sector has now been partially
recharged by an ice jam. Downstream of this logjam, the Vaunaveés still has a canyon profile, with banks over 2.5 m high, up to
the crossing of the wall upstream of the RD17. Downstream of the RD17 bridge, the riverbed has been reworked during recent
floods. There is a succession of deposits and overcreasing of the bed, up to the final cone where the deposit is massive on the left-
hand side. The vegetation has blocked large quantities of sediment. The water has created a channel on the right bank of the
cone to join the Duyes. The work recommended is an intervention to manage the vegetation and encourage solid transport. The
main objective is to enable alluvial materials to be transported to the bed of the Duyes. At present, this is complicated by extensive
vegetation in the middle of the bed. The aim of the works will be to reopen the confluence of the Vaunavés with the Duyes by
grubbing up the alluvial cone and creating a preferential channel in the lower part, in order to direct the flow to the Duyes and
encourage the evacuation of sediments. Secondly, in order to ensure that the materials are transported properly from the top of
the basin to the confluence, a one-off operation will be carried out in line with the logjam upstream of the RD17. The logjam will
be removed and a preferential channel created by earthworks.

Ravin de Saze: this torrent was not considered active in 1987. This ravine brings in a lot of material that is blocked by the
OH under the road. Dredging and bunding are in progress. The recommended work involves recharging the sediment in the Duyes
by reusing the materials stored in the embankments.

Ravine des Pelots: the bed is well stabilised where it crosses the RD17, and there is no trace of bottom movement on this
bed (moss-like vegetation on the stones). It seems that the overflows (water and sediment) may be upstream of the road. This
tributary does not appear to contribute any sediment to the Duyes.

Ravin de la Frache: Indicated as "very active" in 1987 because its slope is conducive to significant sediment transport. It is
still connected to the Duyes, although the confluence indicates a step of around 0.6 m between the two beds. Work recommended
and, where appropriate, included in future campaigns

Ravin de Beaudun: Torrent indicated as "active" in the 1987 study. It retains the characteristics of an active bed, despite
the vegetation on its alluvial cone. Traces of numerous dredging operations and the formation of embankments are visible at the
RD17 structure. These operations appear to have had a significant impact on the longitudinal profile upstream and downstream
(channel erosion). The irrigation pipe at the confluence is a major block to sediment transit. There is a risk that it will break during
future floods. The recommended work is to maintain the vegetation in order to keep the ravine's bed active.

51



Ravin de Beaudun: Torrent described as "active" in the 1987 study. It retains the characteristics of an active bed, despite
the vegetation on its alluvial cone. Traces of numerous dredging operations and the formation of embankments are visible at the
RD17 structure. These operations appear to have had a significant impact on the longitudinal profile upstream and downstream
(channel erosion). The irrigation pipe at the confluence is a major block to sediment transit. There is a risk that it will break during
future floods. The recommended work is to maintain the vegetation in order to keep the ravine's bed active.

Ravin de la Barradine: Torrent indicated as "active" in the 1987 study. It shows significant sediment transport activity,
controlled by the clearing associated with the maintenance of the OH under the road. The bed is blocked by vegetation at the
confluence. The recommended work involves maintaining the vegetation in order to keep the gully bed active, and will be carried
out in the lower part of the gully, without any earthworks. If necessary, the bed should be reopened downstream to encourage
sediment transport.”

Appendix 4: water issues are simple but capricious: “too much, not enough, too dirty”

From:
Excerpt from a not published paper :
C. Depraetere, 2024 ?.

« Exploitation hydro-géomorphométrique des MNT haute résolution de I'lGN :
Le cas des ‘chemins de I'eau’ dans la vallée des Duyes (Alpes de Haute Provence) ».
Revue semestrielle « Dynamiques environnementales », Université d’Orléans
(Translation in English from French, partly with Deepl)

“The expression “too much, not enough, too dirty” comes from the professor of agrohydrology Roland Shulze from the
university of Natal (1982) : “too much” means floods, landslides, gully erosion, damage on roads and bridges, and crop
devastations, “Not enough” relates drought and crop depletions, “too dirty” refers that either there are too much sediment
deposit or the water is polluted.

In summer 2022 in Southern Alps, the drought was very severe and the public fountains of Thoard stop flowing. What this
year 2023 be like? "Too much water, perhaps, not enough may be! Historical chronicles show that it is in the shoulder seasons
that these excesses are most frequent, with catastrophic floods causing tremendous damage to farmland and buildings at the
whim of the torrents and the antics of the rivers. In the archives of Mrs Alice Cavanna [cf. appendix 5], a resident of Thoard,
there are several transcriptions of events in the 18th century recounted by the Bailly, consuls and other mayors of the time; They
mention "continuous rains", mention that the underground waters also caused many "collapses", "landslides", "openings",
"crevasses", and even evoke "strange inconceivable revolutions", as the following extracts indicate in the face of the "disasters"
of 1774:

As these are purely factual reports, the authors limit themselves to mentioning that the "continuous rains" that lasted
until 10 April 1774 were accompanied by "two earthquake tremors" on 8 April, without mentioning any causal link. One
hypothesis is that deep seepage into the bedrock after several days of heavy rain helped to lubricate the fault planes, causing
tremors that further destabilised the slopes. The reports do not specify whether the "earth tremors" occurred before or after 8
April. However, they do make it clear that the numerous "landslides" were linked to "groundwater that had no way out", in
addition to the damage to buildings and farmland caused by high water and flooding. In 1782, there was still mention of "the
ravages and flooding of the D'Esduyes river" and "the eruption of the Duyes valley" (AC p.140-141). In 1784, in a report on
"repairs to the river Duyes", damage was reported to have occurred in the Les Bourres district on the right bank of the Duyes, 1
km south of Thoard and close to the confluence of the Ravin de Saint-Pierre. It is important to place these observations in the
historical and environmental context of the time.

These events took place against a backdrop of a "full world", as all the land in the valley was farmed by a dense rural
population spreaded throughout the villages and hamlets, as was the case until the middle of the 19th century. It has been
established that the forest cover and even the “garrigues” were much less extensive then than they are today, as can be seen
from photographs taken at the end of the 19th century. Emmanuel Leroy-Ladurie (2011) refers to the fact that "the French
Revolution and the climate is a much-discussed theme" and that "no serious historian would dare to claim that bad weather
conditions were responsible for the outbreak of the French Revolution", while pointing out that the climatic context that
preceded 1789 may have encouraged revolutionary events by creating a fruit crisis. The author of "L'histoire du climat depuis
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I'an mille" uses the term "climat", which is not found in the chronicles mentioned above; this remark suggests that this abstract
notion of an average year in terms of rainfall and temperature was not anchored in the minds of the time, familiar as they
were with the vagaries of the skies and the antics of the rivers, what our contemporaries call climatic hazards. For a historian of
mentalities, without going into the reasons for this development here, a comparison with our own time shows that, on the
contrary, the average climatic year has become dominant, with any deviation being seen as an anomaly. This tendency is
conducive to a sometimes overly "catastrophist" and journalistic vision of the moods of celestial manna.

To come back to the transformation of landscapes and terroirs following the rural exodus and agricultural decline, not to
mention the haemorrhage of the First World War in the farming world (more than 52 names on the Thoard war memorial! In
Haute Provence, this rural decline was accompanied by a policy of Restoration of Mountain Land (RTM) carried out since the
end of the 19th century; as the soil was better protected, this progressively favoured infiltration, reduced run-off and reduced
erosion on the slopes. However, this has less beneficial effects (Descroix, Gauthier and Olivry (2002)):

- Greater infiltration favours solifluction and other landslides, which 18th-century chroniclers called "collapses",
"crumbles" or "upheavals";

- The reduction in the solid load in watercourses causes rivers to become entrenched in their beds, which ultimately
leads to the undermining of dykes and bridge pillars, the destabilisation of banks and the lowering of alluvial water
tables;

The re-vegetation of mountain soils could only be gradual, and its effects on the hydrological and sedimentary balance
even more so. Referring to the catastrophic floods that hit Mediterranean France between 1924 and 1933, the hydrologist and
potamologist Maurice Pardé described the power of the torrents as follows: "The riviérettes, the most puny streams, the gullies
of our Mediterranean countryside can carry insane flows" (Pardé, 1934, p. 675). This regreening is transforming the harsh
landscapes of yesteryear into a "new Eden", as Jean Giono poetically wrote in his book "L'homme qui plantait des arbres"
(1953)*. The action takes place in the French Sourhern Alps during the first half of the 20th century, where it takes on a "neo-
Edenist" aspect that is already in tune with our modern times. Having observed the situation since 1974, the author himself has
noted that year after year the old roubines (gullies in Provencal) have been recolonised by vegetation, particularly in the
commune of Roubine-sur-Galabre, near Thoard. This is an example of the long-term evolution of landscapes and rural societies.

Although the buffering role of vegetation and soil reconstitution is real, the risk remains because the power of the water
should not be underestimated; we will mention here the comparison made by the hydrologist Yves Gautier between a heavy
downpour causing flash floods and the power ... of the atomic bombs of Hiroshima and Nagaski (See table down below). Taking
his example and applying it to the Riou basin, we arrive at a power greater than the cumulative power of the two bombs for a
50 mm rainfall in one hour.

Hypothése | Averse®* |Superficie | Dénivelé| Terajoule
Lieu P(mm) | (S)km? | AZ(m) |Py(TI=10"))
Gautier (1998) 55 1 300 140
Bassin du Riou 50 2,44 330 200
Hiroshima 70
Nagasaki 84
* Pluie efficace correspondant & la lame ruisselée en 1 heure

The energy of floods compared with the Hiroshima and Nagasaki atomic bombs
(From Gautier, 1998, p.383, cf. appendix 1).
(For the Riou, the estimation comes from simulation in appendix 7)

Does this mean that Thoarders are living at the foot of a 'hydrological bomb'? In a sense, yes; to use Maurice Pardé's
aforementioned flowery expression, the villagers know that the Riou “rivulet" (“riviérette”) is prone to wild swerves, particularly
in the shoulder seasons; the technical services are well aware of this if you consider the size of the culvert passing under the
bridge at the entrance to the village.

1 This book was magnificently adapted in an animated film of the same name by Frédéric Back (1987).
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As a matter of principle, however, it is important to avoid indulging in unrepentant sensationalism tinged with doom and
gloom, and thereby adding fuel to the fire of journalists or other communicators. What's more, the potential energy of the mass
of precipitated water, converted into kinetic and mechanical energy, is dissipated to an extent of more than 90% due to the
resistance of the ground to run-off and the slowing of the flow caused by the vegetation, particularly the riparian vegetation.”

Appendix 5: chronicles of floods and landslides in the Duyes in 1774
From:
Personal archives of Ms Alice Cavanna (AC)
(Available at the bibliothéque municipale de Thoard with help of Dr Michel Giraud)
(Translation in English from French partly with Deepl)

These chronicles come from retranscription of archives dating back from the XVIII*™" century by Ms Alive Cavanna, an
inhabitant of Thoard (Down below, some samples of the original transcription) . The original documents are in French as written
at that time. Therefore, some words and expressions are outmoded even outdated. The present translation in English tries to
simplify and clarify the original text. The following excerpts only refers to the “disasters” in the vicinity of Thoard and the Riou

torrent.
“Report on the disaster in Thoard, May 1774” (AC pages 13-14)

“The mayor and the consuls of Thoard have informed us that the continuous rain that fell from the first of April to the
tenth, combined with the two earthquakes on the eighth, caused landslides, openings and cracks in almost all parts of their
territory, which is steep and difficult and cut by rivers and ravines, destroying several country houses and considerable estates
and making the royal road from Thoard to Digne impassable.”

“The disasters continued and, in several parts of the region, the abundance of water from the Riou torrent brought the
massifs and walls that had been ordered by the gentlemen of the Province to preserve the village to within an inch of their lives.”

Report on the disaster in Thoard, May 1774 (AC pages 13-14)
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« Disaster in Thoard in May 1774: site report » (AC pages 136-137)
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Appendix 6: multidirectional versus monodirectional drainage from DTM

Excerpt from Habilitation a Diriger des Recherches (HDR):
C. Depraetere, 2013 : « Introduction a ’hydrogéomorphométrie :
Etude des relations entre le modelé des formes de terrain et les processus hydrologiques dans des contextes insulaires »
. Dossier pour I’Habilitation a Diriger des Recherches (HDR), Ecole Doctorale de 'université Paris-Diderot.
(Translation in English from French partly with Deepl)

A major limitation of the D8 monodirectional drainage method is that, by definition, it cannot include
diffluences, as it is the case in deltas, anastomosed channels or alluvial fans. The need for an alternative in
the form of a multidirectional drainage model to deal with these cases is obvious. The first method of this
type came from hydrology (Beven and Kirkby [15] [1] [2]) and was later on used as an Index of Potential Soil
Water Saturation!?, noted as lpsws ([17][18]). Many variants were then developed: the Multiple Flow
direction, the Kinematic routing algorithm, the DEM Network and The D-Infinity algorithm. For Instance,
downstream drainage with the D-Infinity method can only be bi-directional. For Kinematic routing, the
algorithm takes into account the kinetic energy of upstream flows to define the downstream flow, which
tends to reduce excessively random divagations.

The “Beven and Kirkby”method, also known as TOPMODEL method, and its variants share two basic
assumptions about sub-surface percolation within porous and permeable soils:

- It is proportional to the drained surface Ln(a) in the sense of multidirectional drainage
weighted for each direction according to the difference in level. This is an estimation of the
amount of water flowing through a specific point with multidirectional percolation in soil or
other permeable superficial formations;

- It is inversely proportional to the local slope Tan (B). Lower the slope gradient, higher the
probability to have soil saturation;

This can be formulated like this: lpsws = Log(a)/Tan(p)

The method in this document refers only to the parameter a without B because the purpose is the
multidirectional sub-surface flow mapping (i.e. Map 20 and Map 21) for hydrogeomorphological
applications and not for the parametrization of potential saturation of soil (or “source area”) required by
distributed and physical based hydrological modelling like TOPMODEL and its variant. The values given by
the DRAMP method correspond to an Index of potential sub surface flow (ISSF) rather than an Index of
potential soil sater saturation (lpsws) mentioned previously.

As seen previously, the drainage network with the monodirectionnal algorithm is quite easy to sketch
on a map as for instance on small subset of elevations as given in Figure 13A with its D8 octodirectional
steepest descent from one of the “source” meshes for instance M(3,4) with an elevation of 105 (Figure 13B).
If 100 mm of rainfall in this meshed flows on the surface (Surface totally impervious or “oilcloth”
hypothesis), then all the water will pass through meshes M(2,3) and M(3,2) down to the “outlet” mesh
M(4,1) which collect also 100 mm of surface flow coming from the “source” mesh M(3,4).

The computation and mapping of a representing the pattern of subsurface pathways for the same
“source” mesh is more intricate as shown in Figure 13C. Depending of local topography in the 8 surrounding
meshes (Shifting 3x3 meshes window), the amount or probability of water percolating downstream will be
proportional to the gradient (Tangent value). In this case, the hypothesis is that all rainfall will infiltrate in
soils and superficial permeable formation (So to say, the “sponge” hypothesis). Taking the same
monodirectional flow line as Figure 13B with the same amount of rain in the “source” mesh M(3,4), only 16

21n French, indice de saturation potentielle en eau des sols
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mm will percolate down to the “outlet” mesh M(4,1) as detailed in Figure 14. The rest of sub surface coming
from the “source” (84 mm) will follow multiple percolation pathway and only a part of it will reach the
“outlet” mesh.

Topography Monodirectional drainage Multidirectional drainage
(Elevations) B (Steepest descent D8 =»-) (Parameter o of Beven)
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Figure 13 : example of monodirectional and mulitidirectional drainage lines from one mesh.
A./ Elevations on a subset of 5x5 meshes.
B./ Monodirectional lineD8 from the “Source” Mesh M(3,4) elevation 105 (“oilcloth” hypothesis)”
C./ Multidirectional percolation lines from the “source” Mesh M(3,4)) (“sponge” hypothesis).

Meshes M(X,Y) Probability of percolation
from M(3,4) to M(4,1) via M(2,3) and M(3,2)
4 Resolution p* Tangent (AZ)* b, Shihig Probability ***
10 11,4 100,0
99 | 92 | 75 0,42 1,30 2,12 3,7 | 11,4 | 186 M(3,4)
106 | 105 | 97 0,00 0,80 0,0 7,0 to M(2,3)
3 53 |8 | 90 3,68|2,00]|1,06 Ezl 17,693 P1= 0,323
n Tan %
10 2,92 100,0
92 |106|105| |o0,00|0,00(0,00] | 0,0 | 0,0 | 0,0 M(2,3)
2 60 | 53 | 85 0,00 0,00| | 0,0 0,0 to M(3,2)
55 | 45 | 23 0,000,80]2,12 0,0 | 27,4 lrX3 p2= 0,726
L n Tan %
10 2,26 100,0
1 16.2mm : :
53 |85 | 90 0,00|0,00|0,00| | 0,0 | 0,0 | 0,0 M(3,2)
f 45| 23 | 61 0,00 0,00 0,0 0,0 to M(4,1)
>~ 60 | 16 | 1 0,000,70| 1,56 0,0 | 31,0 P3= 0,690
X_’ 2 3 4 Probability of percolation from M(3,4) to M(4,1) ---> P1xP2xP3=| 0,162
. : . n < Shifting 3x3 _l_!_
“ W is the resolution of the DTM, AZ the difference of elevation, Tangent is AZ/u  or AZ/(J/2.11) on the diagonales —»| meshes ,u[ | J2q |
window | [
** In this exemple, % is equivalent to 100 mm of rainfall.
“** Probability is equal to percentage divided by 100.

Figure 14 : example of probabilistic sub-surface percolation of 100 mm of infiltrated rainfall
on one of the multidirectional drainage lines flowing from mesh M(3,4)
down to the outlet on mesh M(4,1) via the meshes M(2,3) and M(3,2).

Nota bene: The DRAMP!3 method as used in this document computes the number of upstream multi
directional lines passing through and not the cumulative amount of water as explain in Figure 14.

13 DRAMP : DRAinage Multidirectionnel Probabiste
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What'’s the hell with multidirectional sub superficial percolation methods?

Apart from hydrogeomorphological mapping, these methods could help in the process of modelling pollutant in
soils and superficial pervious geomorphological formations. One example is about the percolation of some radioactive
particles after the blast of the Fukushima nuclear power station in March 2011. In the context of the project “Improving
models for predicting dispersion and assessing the impact of radionuclides in the environment”*, one objective was to
model the redistribution of radionuclides, in particular caesium 137, over the catchment areas affected by the plume
of radioactivity. Field measurements in 2014 suggested that these specific radionuclides could be trapped
(“adsorption”) by the clay layers associated with the crop and rice fields at the bottom of the valleys, while their
concentration had fallen sharply on the slopes. An upgrade of the DRAMP combined with TOPMODEL could help in
the process of modelling the radionuclides percolation within soil apart from solution transport by surface runoff and
rivers. To test this, we had a sample of the 1-metre LIDAR DEM produced by the Japanese authorities following the
events. Due to the complexity of the geology and the tectonic of this region, it was necessary to implement the basic
outline of the sub surface percolation routing with complementary field measurements about the dynamic of water in
various geomorphological contexts.
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60 - 100
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|_| 600 -1000
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> 3000
— 37,4°N
[FFEModelé du relief Zone interdite Zone test
11 % (Pente + Estompage) (Cs137>1000 kBgim?) (4,8x4,8 km)
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'S— by z»,?‘ occidental | | intermédiaire | <o littorale
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* AMORAD : Amélioration des modéle de preévisi
(projet ANR-11-RSNR-0002), 2014.
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Appendix 7: geomorphological hydrograph of the Riou Catchment

Excerpt from an unpublished paper:
C. Depraetere, 2024. « Exploitation hydro-géomorphométrique des MNT haute résolution de I'lGN :
Le cas des ‘chemins de I'eau’ dans la vallée des Duyes (Alpes de Haute Provence) ».
Revue semestrielle « Dynamiques environnementales », Université d’Orléans
(Translation in English from French partly with Deepl)

The methods for unit geomorphological hydrograph* (UGH, [22][23][4][24]) used on catchment basins where no gauging
and no precipitation data are available. This is the case of the Riou Catchment. Despite their limitations, they gives an estimate
on the main characteristic of hydrograph: the lag time to the peak of storm flow and the peak flow in m3/s. The hypothesis of
uniform rainfalls for intense storm is tolerable for small catchment like the Riou. Assuming a storm of 200 mm in one hour and
a water runoff of 25% (50 mm/h) all over the catchment, the resulting hydrograph would have a time lag of about one hour and
a peak flow of 15 m3/s.
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Figure 15 : Unit Geomorphological hydrograph (UGH) of the Riou catchment A./ Two UGHs of the Riou with a Dirac
rainfall pulse (1 mm) with the two methods TOPASE and FTM.
B./ Convolution and combination of the HGUs with a rainfall event such as a storm of one hour duration
with a rainfall intensity of 200 mm/h with 25% of surface water runoff.

1 In French, Hydrogramme géomorphologique unitaire (HGU).
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Apppendix 9: relief of Taiwan (from SRTM DEM 3 arc second, about 90 meters resolution)

No comment yet.
100 km ‘

ro

+120°E

Map 26 : Relief map of Taiwan (from 3 arc second SRTM DEM, resolution about 90 meters)
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« rivers » network and catchment basins tessellation.

=

+120°E

Length of

"river'"” course
Classes
Q (km) (Number)
— 1 000 - 1850 (1753)
800-1000 (3133)
—— 300- 600 (6714)
100- 300 (18827)
30- 100 (13882)
| Refers to the length of talweg

Area of

catchment basin

CI(::ts.’e)s (Number)

B 3150-3300 (1)
2940-3150 (1)
2520-2730 (1)
1890-2100 (1)
1680-1890 (1)
] 1470-1680 (3)
1050-1280 (1)
840-1050 (2)
630- 840 (2)
420- 630 (8)
210- 420 (12)

0- 210 (249)

o o o

Map 27 : « rivers » and catchment basins
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Massives tessellation:
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Map 28 : elementary massives tessellation
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Map 29 : massives tesselation from order 0 (Elementary massives, cf. Map 26 ) to 7 on Formosa.
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Directional variogram of elevation on Formose Scatter plot of elevation on the WE and SN axis
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Figure 16 : directional variograms along the four axis SN, SWNE, WE and SENW
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