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REVISION NOTES

We thank the reviewers for finding the paper interesting and for their useful revisions.
We considered each comment and suggestion provided by the editor and the two referees,
which improved the quality of the manuscript. The changes have been incorporated in the
new revised version of the manuscript, and can be easily identified in the marked
document. A point-by-point response to all the reviewer’s comments is presented here,
and the changes are referred by indicating the line numbers of the “Manuscript changes
marked” document.

1. EDITOR

The authors thank the editor for his decision on the manuscript. Regarding the specific
comments:

1) English - generally fine. However, please check it again. For example, the English
expression may need to be improved in the following sentences (in Conclusions):
"Last but not least, the used data was not acquired for hydrogeomorphic nor
engineering purposes, its usefulness and application has been proved though. The
design of multi-temporal LiDAR campaigns choosing best flight parameters for data
collection along channels would provide results that are even more accurate.

Even if the English was generally fine, the editor mentioned that it should be checked
again. The paper has been sent to an English correction professional service and a
thorough revision has been done, correcting the entire paper, figures and tables. All the
changes made by him have now been incorporated in the manuscript are. Regarding the
mentioned expression in conclusions, it has been rewritten in a more concise way (line
753-758). However, all the manuscript has been corrected by a native speaker.

2) Referencing - many references. Try to limit the number keeping in mind the typical
audience of our Journal (more "engineering™” than "geomorphologic™). Too many
references in Spanish - select only the most important ones.

Bibliography has been revised. Considering the “engineering” scope of the journal, we
reduced the number of “geomorphologic” references due to the irrelevance of some of
them (e.g. Cavalli et al 2008: “The effectiveness of airborne LiDAR data in the
recognition of channel bed morphology”). Moreover, we removed many citations in
Spanish (e.g. unpublished IGC reports), only keeping the most essential ones. In this
revision process, a total of 20 references have been deleted.

2. REVIEWER 1

The reviewer considers that the paper fits within the scope of the journal. The
commented points have been considered and incorporated, leading to a remarkable
improvement of the manuscript.

1) This paper present a procedure to estimate the error of the temporal Li-DAR data,
however, it is kind of confusing and not easy to read. Since it is one of the major
contributions of this paper, please consider to rewrite it in an independent section
and in a more logic way with a flowchart.



The new approach for error analysis corresponds to the estimation of the error for
individual DEMs. This contribution is presented in a specific subsection, “Individual
DEM error” indeed. As it is a step for the complete procedure of error analysis, we prefer
to keep it as a subsection of section 3.3. As suggested by the referee, we have modified
some parts of the text to avoid confusion and make it clearer and we have included a
flowchart (Figure 2). This new figure synthetizes all the methodological approach of
section 3.3 and makes it easier to understand it.

2) About the LiDAR data and the data in the Tables (including Table 2 and 3), they are
short of relevant references. Please include them in the References.

LiDAR data was acquired by the Cartographic and Geological Institute of Catalonia
(which are coauthors of the paper) and provided to us thanks to a special agreement
between them and the University of Barcelona. We have added in Table 1 the information
about where the data belongs to. Regarding tables 2 and 3, we have included missing
citations (FGC, 2015, IGC, 2013 and Mr. Carles Fafianas, personal communication) both
in the table footnote and in the list of references.

3) About the resolution of the DEM from The Li-DAR, it is not clearly described. Please
describe the method in more details, especially the 2009 data (there is one point in a
2m*2m in average, how do you obtain the 1m*1m DEM. More descriptions and/or
discussions (with a Table perhaps) are necessary.

The DEM was built in ArcGIS by triangulating LIiDAR ground points and then
interpolating the TIN using a linear interpolation algorithm and stablishing a 1 m grid
resolution. Regarding 2009 data, it is true that the mean ground point density (Table 1) is
lower than the DEM resolution, but it is essential to note that this is just an average value,
so some areas show much higher density (and other lower). If we apply the formula

proposed by Landridge et al. (2014), S = \/A—/n, the obtained resolution (s) for the data
used in this paper is 1.86 m. Moreover, the optimal cell size differs between data sets,
being up to 0.86 m for 2016 data. Considering that multi-temporal DEMs need to have
the same resolution in order to be subtracted, the best choice is to use a mean value for
DEM generation. 2x2 m DEMs would imply not taking advantage of a significant
quantity of point (in the case of 2011 and 2016). Therefore, we consider that the most
profitable option for DEM comparison is obtaining 1x1 m models for the three data sets.
Finally, we are aware that, for 2009, in some areas the 1 m resolution DEM includes
highly interpolated unreal surfaces. This supports the idea of quantifying the interpolation
error and discarding areas where the error is too high, as done thorough the cross section
based uncertainty analysis. The result is that sections with very low resolution show very
high error and, at the end, they are not considered for morphological budgeting
calculations. A better description and justification of 1m resolution DEM generation have
been included in the methods section of the manuscript (line 271-272 and line 277-280).
Also, we have added a new paragraph discussing the grid resolution, the problems
associated to 2009 data and how these were solved (line 596-606).

4) Since the results only possess a 68% confidence interval, it is essential to have more
descriptions and discussions on the advantages and disadvantages (including
comparison of the time and the cost) of the applied method(s). In addition, suggestions
on improved this shortcoming are necessary.



The main advantages and disadvantages of the method are presented in the discussion
(section 5.1). The 68% confidence interval is not necessarily the real reliability of the
results, it is just a threshold that we set due to our specific data characteristics (quite low
point density; see reply to point 3). Comparing this approach to other DEM comparison
procedures (classical DoD approach), it is noteworthy that the time and cost is higher.
Indeed, DoD techniques are adequate enough in flat and/or poorly vegetated areas.
However, the potential of the presented method lies on its usefulness for geomorphic
change quantification along channels (where sediment retention barriers locate)in
forested steep slopes, where a more accurate DoD thresholding is required. In such
contexts, an unthresholded DoD analysis can be used as a preliminary inspection of
geomorphic changes, whereas a detailed thresholded comparison is the best option to
avoid errors and obtain the most reliable sediment budgets. This has been more clearly
discussed in the new version of the manuscript, indicating the potential of the proposed
method and how its shortcoming are overcome (line 607-636).

5) The figures and tables might need to be modified according to the standards of
ENGEO. Please recheck their quality.

We have checked the standards of the journal. The design of the figures already fit with
author guidelines. Regarding their quality, we have submitted all the figures separately
as individual TIFF files with a 300 ppi quality. Tables, presented as editable text, have
been modified according to the standards of ENGEO, avoiding shading and vertical rules.

3. REVIEWER 2

The authors appreciate the reviewer’s opinion that the paper is of great interest and
that it is clear and well written. The referee also points out that the methodological
approach is original and results are very well presented and discussed. The minor
comments have been considered, as described below.

LINE 51 AND 58: “hyperconcentrated”, here and throughout the text. I would prefer to
refer to ‘floods with a high concentration of sediments” than using the term
“hyperconcentrated” that is strictly defined in torrential classification schemes and,
being a transitional phase between bed load transport and debris flow, it is quite difficult
to be identified.

As suggested by the reviewer, we have replaced the term “hyperconcentrated” by
“floods with a high concentration of sediments” (line 55).

LINE 66: an->and
We corrected the error in this word.

LINE 110-113: I totally agree. | would stress a little bit more the importance of point
clouds alignment maybe also citing some literature (e.g. Lallias-Tacon et al., 2014).

We have specified the importance and difficulty of the alignment of point clouds
in complex terrains and referred to the work by Lallias-Tacon et al., 2013 (line
125-127).

LINE 119-120: not only along channels but also on the hillslopes...



We have indicated that difficulties for a reliable uncertainty assessment occur in
mountain channels but also in the hillslopes (line 134-135).

LINE 172: “one-year recurrence interval”: you should state here that this is an estimate
based on recent observations (you say it later in the text).

This sentence has been modified (line 196) because the recurrence interval as not
been calculated, it is just an estimation based on observations.

LINE 180-188: is there a reason why flexible barriers where preferred to the more
conventional check dams? The latter type could be better fixed to the banks and limit
damages due to the lateral incision. Maybe a comment on hydraulic control measure
typologies could be added to discussion chapter.

The reasons for preferring flexible ring-net barriers to check dams were mainly
three. On the one hand, the most important factor was the lower environmental
impact of the measures. Flexible barriers were the most environmentaly-friendly
option because they are quite rapidly installed using a helicopter, without affecting
and degradating the hillslopes. For the construction of other conventional
structural measures, acess paths need to be created to reach the specific channel
stretches where they would be implemented. Indeed, not only one but much more
dams would need to be constructed considering the extent of the problem, so the
impact on the mountain would be remarkable. On the other hand, the economic
cost of flexible barriers is much lower. Due to the limitations on the budget, these
were the best option because a greater quantity of retention barriers than check
dams could be installed. Finally, flexible barriers have been proved an effective
hydrological correction measure in torrential channels, as they let small flow to
pass through and they only act when flows are extremely voluminous, retaining
big boulders and letting water flow downstream due to their ring-porous nature.
A comment on the suitability of flexible barriers in the studied area has been added
in the discussion (line 700-704).

LINE 243-248: It would be nice to see the mask in a figure.

The mask is indeed shown in a figure (Figure 3 in the new manuscript) and is
marked with a black line named “analysis area”.

TABLE 5 AND LINE 431-435: Why did you present the volumetric results without an
error indicating the associated uncertainty?

The error associated to the total eroded and deposited volumes has not been
indicated because it is not homogeneous in the whole extent but highly variable
from section to section. The propagated error (du) after the probabilistic
thresholding process varies between 0.12-5.4 and 0.10-5 m in 2011-2009 and
2016-2011 comparison respectively, but the median is quite low, indeed 0.9 m for
2011-2009 and 0.66 m for 2016-2011. As the variability of the error is large, the
mean error would not be representative, so we prefer not to indicate it in the
volumetric budget calculations of table 5. Nevertheless, we have added the
uncertainty ranges in the text (line 474-477) in order to give an idea of the error
associated to volumetric calculations.



OTHER CHANGES

References have been updated. Some papers were under review when the initial
manuscript was submitted to Engineering Geology, but they are now accepted and
we provide the complete citation.

The figure numbers have been modified according to the new manuscript,
considering that it now contains a newly added one.
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Abstract

Multi-temporal Pdigital Eclevation Mmodels (DEMs) obtained from airborne LiDAR
surveys are widely used to detect geomorphic changes in time and quantify sediment
budgets.: buatHowever, they have been rarely applied to study the geomorphic impact of
engineering structures in mountain_settings—eentexts. In this study, we assessed the
influence and behavior of flexible sediment retention barriers in the Portainé catchment
(Spanish Pyrenees), using three LiDAR data sets (2009, 2011 and 2016) that covered a
7-year time-period. Densely forested mountainous areas present some limitations for &
reliable DEM analysis due to spatial variabilities ef-in data precision, accuracy and
point density. A new methodological approach_for robust uncertainty analysis along
channels, based on changes in cross--sectional elevations, ehanges-is-presentedwas used
to discriminate noise from real geomorphic changes—fer—rebust—uneertainty—anabysis
alere—ehannels, in order to discriminate notse from real scomorphic changes. The
Oobtained results indicated that erosion occurs along most reaches covering a large
area, whereas deposition is localized in specific areas such as those upstream frem-—of
sediment retention barriers and at-in the mest-downstream—debris cone. Despite the
existenee-presence of fifteen-15 flexible sediment retention barriers, the channels were
presented net degradational during both fer-the-2009-2011 and 2011-2016-periods, with
2.838 and 147 m? of material exported from the basin, respectively;-correspondingto-a
net-erosion-of2:985-m>-For the same periods, the barriers retained 33% and 25% of the
total deposition_(up to 1,300 m? per barrier), respectively, but also induced lateral and
downstream incision, the latterst ene-reaching 703 m? for a single barrier. We detected
an_horizontal displacement of the net of up to 1.2 m herizental-displacement-of-the-net
in filled barriers, resulting from the-net flexion. The interference of defense-measures
with-the natural river evolution by defense measures has resulted in a complex erosion-

deposition pattern. The presented toels—and-methods show high potential for the
hydrogeomorphic study of mountain catchments, and-especially; for a high--resolution
assessment of flexible barriers or other engineering seasures-structures in remote areas.

Keywords: torrential flow, LIDAR, change detection, flexible barrier, sediment budget.


mailto:ane.victoriano@ub.edu

41

42
43
44
45
46
47
48
49
50

51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69

70
71
72
73
74
75
76
77
78
79
80

81
82

1. Introduction

Hydrometeorological events represent the most frequent natural disasters occurring
on a global scale (Munich Re, 2016), producing significant economic and human losses.
In 2015 alone, floods caused damagesan estimated economie-to eost-etbe worth US$
21.3 billion (c. EUR-€20,108 million) and claimed 3,449 lives (Guha-Sapir et al., 2016).
In mountainous envirenmentsareas, high--intensity; sediment-laden torrential floods are
the most destructive geomorphological hazards. Several areas in the Pyrenees have been
affected by these phenomena in recent years and their management continues to pose an
ongoing challenge (Batalla et al., 1999; Chevalier et al., 2013:FLorente—et-al;—2003:
Palau et al, 2017: Portilla ¢t al., 2010).

Such phenomena are highly unpredictable, often resulting from short and intense
localized;-shert-durationhigh-intensity precipitation events. The rapid accumulation of
drainage through the-steep mountain basins can then—giveriselead to high-—velocity
flows that entrain large volumes of sediment from the bed and banks. and-mayThese can
quickly evolve into hyperconecentrated-floods with a high concentration of sediments
that continue to bulk -up downstream, with potentially catastrophic consequences. Such
floeds—flows have—constderable—destruetive—power—peosingpose a severe risk to
infrastructure.-and riparian assets and a-major-threat-to-life, particularly where the floods
discharge onto the valley floor through populated fans and floodplains. Central-to-this-is
an-understandins-of-hew-l1Lithology, gradient and the pattern of drainage accumulation;
sradient-and-Hthelegy- combine to affect the distribution of stream power and sediment
transport in mountain catchments. This interaction affeetsdetermines whether the
potential-forswiteching- flow betweenbecomes a clearwater, hyperconcentrated fluid-ene
~ debris How-one as-waterflows-ecan-evelve-into-hyperconecentrated-or
debris—flews-in a single event, depending on the sediment load invelved-(Pierson and
Costa, 1987). This in turn; influences the distribution of runout across the receiving
piedmeont-fan piedmont or floodplain (Chiang—et-al;—2642:-Scheidl and Rickenmann,
2011).-Fhrougheout-the-paper; wWe _will use the term “torrential”_throughout this paper
to include all the mentioned flow types and events.

Fhe-eontrol-of-hHydrogeomophic hazards is-can be faced-dealt with using various
kinds of defense measures, depending on the characteristics of the site. Engineering
structures are considered a fast and effective way of mitigating risk-mitigation; and
among—themsinclude the recently-developed flexible debris flow barriers that are
increasingly being used—emplaced in torrential channels (Luis-Fonseca et al., 2011;
Wendeler et al., 2008). While much attention has been paid to the safe design of such
retention barriers (Ferrero et al., 2015; Volkwein et al., 2015), thestudy—of-their
geomorphic effects still requires further research, as #-hasthese directly impacthieations
on the effectiveness and stability of the structure itself. Thus, the question being-that
needs to be addressed weuld-beis how barriers actually behave and influence lardseape
geomorphological evolution.

Geomorphological risk assessments have been facilitated by the emergence of high-
resolution topographic data that haves provided new opportunities to quantify the

2
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transfer of mass and energy across landscapes (Passalacqua et al.,, 2015). The
acquisition of detailed 3D topographic data, in—particularly through airborne laser
scanning (ALS;-alse—ealled-airborne LiDAR), has fast-rapidly become established-as
routine practice for many national mapping agencies-and-it-is-used to support fleed-and
geological risk assessment. Moreover, such data are now increasingly available to the
wider public through open-access data portals, presenting unrivalled opportunities for
broad-scale research. Airborne LiDAR data haves been used te—suppert—afor a wide
range of research into natural hazards, ieluding-such as the geomorphic research on
past and/or recent active surficial processes (Abellan et al., 2016; Jabeyedoffet-al;
2042:—Roering et al., 2013). In the speecific—context—of fluvial and torrential
environments, these data have been used to provide enhanced characterization of
drainage systems and te-provide-the boundary conditions for kinematic and physical
models of fluid and sediment transport (Bailly et al., 2012; Biron et al., 2013; Cavalliet
2008 CavathandFareti; 20 Jones-et-al52007%-Notebaert et al., 2009:Fhoma-et
al52003).

The lincreasingly the-routine approach-touse of LiDAR data acquisition has led to
the development of multi-temporal data sets that sample the same region as a series of
timeslices. The derived Pdigital Eclevation Mmodels (DEMs) can then be differenced
sequentially to obtain DEMs of Bdifference (DoDs), which reveal not only the
horizontal, but also the vertical pattern of topographic change. Such assessments of
geomorphic changes assessment-based on DoDs gives-insightsinteprovide information

on landscape morphology and evolution{Anders—et-al—2613), as it allews-enables a
detailed study of the spatlal and temporal patterns ef-in_erosion and deposition;—an

ide =. Sequential
DEM differencing has been applied to a wide range of fluvial systems including
braided; gravel-bed rivers with high sediment loads (Brasington et al., 2000; Lane et al.,
2003), and-steep mountain channels (Cavalli et al., 2017), but-also-forthe-analysis-ofand
specific flood or debris flow events (Breien-et-al;2008: Bremer-and-Sass; 2042+ Bull et
al., 2010; Croke et al., 2013; Imaizumi-et-al5204+6Rathburn-et-al52047-Scheidl et al.,
2008).

It is essential to consider data uncertainty in-erderto avoid the misinterpretation of
the-real geomorphic changes; by distinguishing them from background noise generated
by different error-sources of error. Over the last few decades, much attention has been
paid to the assessment of DoD uncertainties that-come-fromDEM-quality-(Brasington et
al., 2003; Cavalli et al., 2017; Lane et al., 2003;-1994; Wheaton et al., 2010). The-need
for—the—estimation—of—alt has been reported that thea—minimum level of detection
(minLoD)_should be estimated te-for the detection of small elevation changes that are
probably associated te-with errors has-been-reported-(Brasington et al., 2000; Fuller et
al., 2003).

Regarding mountain environments, many-eifficultiesfor-athe reliable application of
airborne LiDAR data are-is still unsebwedhampered by many difficulties. Comparability
between data sets is a-keypoint that-beeomes-a hard task in morphologically complex
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terrains. On the one handHow ey er, there-ts-a-biasresultingfrom-dHferences—ia-1hc point

cloud georeferencing and the adjustment/alignment process_becomes-a# arduous taskin
mountain regions (Lallias-Tacon et al., 2014). On-the-other-handMoreover, elevation
accuracy and point density decrease in steep densely forested steep-areas (Cavalli et al.,
2008), leading to data sets with temporally variable characteristics among them and
spatially variable uncertainties within each-ene. Withkesn these limitations-exist, DoD-
based analyses cannot be applied—performed properly due to many areas lacking ef
source data, that-predueceresulting in merely interpolated surfaces; that are different in
each DEM. At-thispeintThus, there is a need for a methodology for LiIDAR uncertainty
assessment—analysis based on spatial variabilities along mountain channels_and
hillslopes-arises.

In this paper, we present a new methodeological-approach for the-quantifyingication
of- geomorphic changes in active and densely forested mountain catchments using
multi-temporal airborne LiDAR data. The sajer-main objective is-teof this study was to
assess the behavior, effectiveness and geomorphic influence of flexible retention
barriers. Thise—interest—and-—eontribution—ofthis research lie—on—theprovides a high-
resolution assessment of the existing engineering featuresstructures in ditficult-aceess
remote channels_that are difficult to access, as-wel-as-en-the-detection-ofidentifying the
priority areas for the maintenance and future management actionsof the barriers.

2. Study area and torrential activity

This study iwas carried out in the Portainé (5.7 km long;; average gradient, 24.7%)
and the-Reguerals (3 km long;; average gradient, 31.3%) mountain torrents of the
Pyrenees, the latter being a tributary of the former and named-referred to as Caners
downstream frem-of the confluence (Fig. 1a). The two torrents constitute the Portainé
catchment (5.72 km?), which is located in the Pallars Sobira County (Catalonia, Spain),
and they flow into the Romadriu River, which is part of the Ebro River draining into the
Mediterranean Sea. Elevation ranges between-from 2.439 m a.s.l. (the Torreta de 1’Orri
peak) and-to 950 m a.s.l. (the Vallespir hydropower dam), and the torrents merge at
1,285 m a.s.l.-Jn-the-headwaters; aA ski resort is located at the headwaters, and-anwith
its access road gees-along the hillslopes crossing the channels repeatedbyseveral times.
The basin can be divided into two sectors that differ in morphology and
hydrogeomorphic processes. The southern one corresponds to the less—vegetated
headwaters; eoinetding—withcontaining less vegetation and the ski demainresort. This
area is characterized by Ggentler slopes (10-25°) and a less entrenched drainage
network-characterize—this—area, where torrential processes are not especially relevant.
The northern sector is densely forested and shows an-intense torrential activity along the
steep (>25°) and strongly entrenched and confined torrents. These arehuman-altered
channels have been affected by human activity swth-via the implementation of a multi-
barrier system that highly—strongly influences sediment transfer processes. In theise
reaches, severe flows have occurred in the last decade and a debris cone has been
formed in the most downstream part.
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Figure 1. (a) Setting of the study area showing the main geomorphological and anthropic features. The
Portainé and the-Reguerals torrents, and-as well as the code of each sediment retention barrier, is-are also
indicated. (b) Photographs of some of the barriers showing examples of an empty (barrier 4 in June 2010),
partly filled (barrier 52 in June 2013) and completely filled (barrier 1 in June 2013) statusbarrier.

2.1.  _Geological setting and climateie-setting

The region is dominated by highly folded, fractured and weakened Cambro-
Ordovician metapelites. Glacial and periglacial processes during the Pleistocene glacial
periods gave rise to intense weathering, and-with the subsequent fluvial erosion has
resultinged in steep slopes and entrenched torrents. Apart from the bedrock, two types
of surficial deposits are—presentcrop out in the Portainé catchment.—First; One is the
colluvium, up to 10 m thick, which covers the bedrock is—eevered-along most of its
extensionbyv-an-up-to—H-m-thick-cothrtum-slone-most-ofHts-extenston.-Second._The
other are the torrential deposits are-found in the valley bottoms;—which that have been
formed by the deposition of different sediment-laden flows. Both are unconsolidated
materials that can be easily eroded and transported, as well as the bedrock (Ortufio et al.,
2017).
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The climate of the study area is Alpine Mediterranean, with a mean annual rainfall
of 800 mm and 5-7°C—-a mean annual temperature of 5-7°C (Meteocat, 2008).
Maximum precipitation in terms of intensity and frequency is—reeerdedoccurs in_the
spring and summer, mainly as convective storms. It is-netewerthyshould be noted that
the—orography controls the generation of convective cells at the top of the drainage
basins (Trapero et al., 2013), intleeneing-affecting the local meteorological conditions.

2.2.  _Hydrogeomorphic hazards and flexible barriers

Fluvio-torrential processes are very intense in the Portainé and the—Reguerals
torrents;—andthe-torrential-flow ince-a-sienificant-hazard—to-this—eatchment. These
eventsTorrential flows, which include some well-known debris flows, produce

considerable economic damages to infrastructures and facilities_in the catchment,
especially due to the obstruction of the access road that-cenneets—withto the ski resort.
Since 2009, €5:,800-,000 €-have been invested in road works and €510.-.000 €-in
mitigation measures sinee2009-(Pinyol et al., 2017). Dendrogeomorphological studies
have proved the occurrence of at least ten previeus-events from 1969/1970 to 2009/2010
(recurrence interval of 4.5 years), based on the dating of damage indicators on riverbank
trees in different geomorphic positions (Génova et al., underreviewaccepted; Victoriano
et al., n—press2018). The-torrential activity has intensified since 2006, showing—a-one-
yearrecurrence-intervalwith extraordinary flows occurring almost yearly. Thise increase
oin the occurrence of torrential events has been related-linked to the-anthropic ehanges
activities in the ski resort area.: mainly to the loss of vegetation cover; decreasing the
infiltration capacity, and to the construction of artificial drainage channels te—for
gathering the runoff, all of these together producing higher peak discharges (de—las
Heras;—20+6:—Furdada et al.,, 2017). The largest recorded debris flow occurred in
September 2008 (prior to the available LiDAR data) and its volume was estimated =
the-field-to be 26,000 m? (Portilla et al., 2010), with an averaged erosion rate of 2.12
m3/m (Abancé and Hiirlimann, 2014).

In—order+To reduce the impacts of the torrential events, mid-term hydrological
correctiveen measures have been earried-eutimplemented (Luis-Fonseca et al., 2011),
consisting ofs placing VX-160 flexible ring-net barriers along the channels (Fig. 1b).
These aim is-to retain part of the transported material and te-induce a stepped river
profile to reduce the-flow energy and, therefore, aveid-prevent erosion. Since 2009,
fifteen—15 barriers have been placed in the Portainé catchment, eleven—of-themll in
Portainé and seven4 in Reguerals (Fig. 1a). Due to the large sediment loads invelved
duringthat are associated with extraordinary events, the barriers were quickly filled,

even after a single event. Currently, torrential events still occur, leading to progressively
more entrenched ravines and posing a risk to the effectiveness and stability of the
barriers.

3. Methods

3.1. Documentary data
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We searched for documentary data on recent torrential events and compiled all the
available data on their effects and-impaets-on infrastructures. The main data sources
were the technical reports of the Institut Geologic de Catalunya (1GC) and Ferrocarrils

de la Generalitat de Catalunya (FGCO)HEGC—andJCGC 2016, 201516 20134;

2043b,20H52040a,2040b5-2008) (e.g.. FGC and ICGC, 2015:; IGC, 2013), as well as
other scientific works (Palau et al., 2017; Victoriano et al., #+press2018). The relative

magnitude of the events was established according to their repercussion on
infrastructures (number of obstructed road crosses and filled barriers) and
geomorphological processes (incision, sediment transport and accumulation). Regarding
anthropic activitiesens, the emplacement dates and place—locations of the sediment
retention barriers (Fig. 1a) wereas established thanks to the information provided by Mr.
Carles Fafianas (Department of Environment, Government of Catalonia)-and-recorded
phenomena—were—compted—from—differentHGCE—reports. 10 1L e iormation. a0

complete database was prepared with all this information.

3.2, _LiDAR data acquisition and processing

Sequential data sets were collected in August 2009, August-September 2011 and
August-September 2016, using a Cessna Caravan 208B aircraft equipped with a Leica
ALSS50-II topographic LiDAR sensor, owned by the Institut Cartografic i Geologic de
Catalunya (ICGC). The LiDAR flight parameters and data specifications are shown in
Table 1. The minimum pulse density per strip (nominal point density) was 0.5 points/m?
and the vertical accuracy of the LiDAR system was—had a root mean square error
(RMSE) < 15 cm-roet-mean-square-error(RMSE). The resulting point densities for the
ebtained-2009, 2011 and 2016 data sets surveys-were 0.96, 2.14 and 2.77 points/m?,
respectively. The accuracy of the data was calculated by comparing LiDAR and ground
GPS elevations, and was estimated for-the-three-data-sets-to be; (expressed as RMSE); <
5 cm #-for flat and-non-vegetated areas, < 15 cm #n-for slightly steep and forested areas,

and < 50 cm #n-for steep and-densely forested areas.

Table 1. LiDAR flight parameters and point cloud data specifications ef-from the 2009, 2011 and 2016
surveys (data from ICGC).

2009 2011 2016
Average flight altitude 2250 m 2440 m 2712 m
Scan angle 48° 40° 313°
Scan frequency 21.5Hz 25 Hz 244 Hz
Pulse rate 89200 Hz 84400 Hz 77100 Hz
Nominal point density 0.5 pt/m? 0.5 pt/m? 0.5 pt/m?

Total point density (for entire datasets) 0.96 pt/m? 2.14 pt/m? 2.77 pt/m?

Ground point density (for analysis area) 0.29 pt/m? 0.93 pt/m? 1.32 pt/m?

A data quality assurance and control process (QA/QC) was performed for each
yeardata set. First, the-point clouds wereas distributed in blocks measuring 2 km x 2 km
bleeks—n—erder—to check data completeness and point density. Second, points were
georeferenced (X, y and z coordinates) and projected in UTM (Zone 31N) in the

7
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ERTS89 reference system from the aircraft trajectory calculation, using GPS data of the
flight and GNSS data from control points of the CatNet network. Elevations were
georeferenced to the EGMO08D595 geoide and were—accurately adjusted. taking into
account overlapping zones of different flight strips, but also comparing the LiDAR
point cloud with the altitudes of the points located in flat control areas that have been
previously measured in the field with GPS. This adjustment reduces the-systematic
elevation errors. Third, LiDAR topographic points were filtered—and—classified as
ground, vegetation or noise, using automatic filtering reutines-based on the algorithms
of the TerraScan software (Terrasolid, 2016). Moreover, a-manual point editing was
done-performed by experts for an exhaustive verification of real terrain points, paying
special attention to barriers, road-torrent intersections, valley bottoms and lateral
landslide margins. Finally, a pre-analysis of the resulting data sets (e.g.. 3D
visualization and segmentation of the files) was performed using the CloudCompare
(Girardeau-Montaut, 2015) and ArcGIS (ESRI, 2014) software. This allowed
verifiyeding that the obtained point clouds provided a-good coverage of the study area
and an a priori adequate average point density for data comparability and DEM
generation.

High-resolution bare-earth DEMs were obtained for 2009, 2011 and 2016 by

filtering vegetation and noise points. First, Fer-each—year—greund-points—point clouds
were compiled into athree LAS data sets. For each year, ground points were triangulated

and interpolated using the linear interpolation algorithm in ArcGIS (ESRI, 2014), and
thenbefore being rasterized into a 1--m regular grid ef-with a determined extent using

maﬂguui-aﬂeﬂ—aﬂd—subseqﬁent—hﬂear—m%%pelaﬁeﬂ—(Wheaton et al., 2010) The gﬂd

density;—and-the-linear 1nterp01at10n algorlthm was used because it pr0V1ded the most
reliable steep terrain surface for the study area. The grid resolution or cell size was
determined according to the averaged point spacing and density of the three data sets, as
the same resolution is needed for adequate DEM comparison and subtraction (see

Section 5.1).

Considering the objectives of the study, a polygon was manually delineated as an
analysis area, coinciding with the part of the valley bottom where fluvio-torrential
processes act to changeing the morphology of the channel, that is, the riverbed. Their
limits correspond to the lateral slope change; and therefore, only includes the smooth
riverbed (<_30°), excluding lateral banks. The three DEMs were clipped using this
polygon to obtain isolated DEMs of the speeific-analysis area.

3.3.  _Uncertainty analysis and geomorphic change detection

Several sources of error seurees—(e.g.. device errors, meteorological conditions,
vegetation cover, point density, data filtering processes; and interpolation techniques)
affect data and-DEM-quality and DEM accuracy (Scheidl et al., 2008). Data and DEM

comparability needs—to—be—assessed—by—quantifyine uneertaintiess—whieh—is
pomtimportant for an-adegquateaccurate geomorphic interpretation.
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The approach adopted for this study is summarized in Figure 2In—thePeortainé
catchment;—aA previous visual analysis_of point clouds was performed i—erder—te
assessto evaluate whether their distribution and density ef-the-three-point-eclouds-were
good enough to perform a conventional DoD analysis. Given the limitations related to
densely-vegetated-steep-areas-that-dense vegetation, such as areas that lack efpoints, we
prepese-performed a cross--sectional method for a spatially variable uncertainty analysis
in mountain torrents that better localizes and implements error thresholds errersourees
n-order-to-threshold-and-quantify-so that the actual geomorphic change is quantified
only whenre it can be reliably assessed. The—approach—adepted—tor—thisstudy—is
summarized--Fiowre-2-and--for- analysisc-it-has-This-appreach-had-The crror
analysis had three main steps: individual DEM error quantification:; error propagation
for multi-temporal data comparison;; and probabilistic thresholding of uncertainty at a
user-defined confidence interval.

DATA ANALYSIS RESULTS
i Visual inspection % 5
LAS point clouds | Point cloud comparison ‘
Linear
interpolation
Y Subtraction
> | Unthresholded DoD |

mmLOD
DIEES AE t-student

Y
e Propagation
o + I
Analysis area 68% CI
SD IE probability ———— | Thresholded DoD

Reaches

Cross sections Sediment budgets

Figure 2. Flowchart showing the methodological approach applied-used in this study for multi-temporal

airborne LiDAR data analysis.

Individual DEM error quantification

DEM uncertainty (0Zpgy,) is defined as the difference in elevation between the-true
elevation-ef-areal terrain points and its-their spatially-paired DEM cells (Wheaton et al.,
2010). The quantification of 0Zpg), requires a-good knowledge of the specific data set
and its error sources. Regarding—mMountain catchments;-they are commonly forested
and show steep gradients that proveke-lead to variabilitiesle in precision, accuracy and
point densities-at-each-data—set. A specific DEM uncertainty analysis eensidering-that
considers theese different-errers-uncertainties and their spatial variability is required in
such contexts. In this study, we quantifiedy two error sources: (i) aerotriangulation
error; (AE) and (i1) interpolation error (1E).

The aerotriangulation—error(AE) 1s the spatial deviation between topographic
surveys, namely the errors in the X, Y and Z directions after the-aerotriangulation
adjustment (Hsieh et al., 2016). This error is the consequence of the constraints of both;
LiDAR measurements reproducibility; and the georeferencing process;. whiehThis

9
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produces a bias that can be detected when comparing data sets acquired at different
flight times. #The AE shows a spatially uniform distribution throughout an entire data
set and wais estimated by comparing multi-temporal data at-from stable areas where no

changes are expected (i.e., roads);-ebtaining—a—mean—single—valuefor 2009, 20H—and
20-1-6-DEMs,

First, we earried-eutundertook a DEM-to-DEM comparison (2011-2009, 2016-2011
and 2016-2009) along the road by subtracting sew-old DEMs to-from eld-new ones-i-a
eell-by-eel—basis; and calculatinged the standard deviation of elevation differences
(between data sets acquired in different flight times) ion a cell-by-cell basis. Theese
standard-deviations for each pair of DEMs were a measure of precision,-an€ their mean
indicatinged the minimum level of detection (.,;,,LoD) for each DEM comparisons. The
values were averaged to obtain the mean ,;,LoD, as follows:

minkoD =2, 0AZ (1)

where 6AZ being-is the mean standard deviation of the elevation difference between
new and old DEMs for each DEM-to-DEM comparison (2011-2009, 2016-2011 and
2016-2009); and n beine-the number of comparisons (3 in our case study).

Second, considering—thatsince the ;LoD obtained from EgQ. 1 indicatesd the
combination of the individual aeretriangulation—errorsAEs of each—two eof-data sets
(propagated error), it can be expressed with the following equation:

minLOD = \/(AEnew)z + (AEold)z 2)

where AE,., and AE,; —are the aerotriangulatien—errersAEs of the newer and older

DEMs, respectively. —-in-each-compared-—pair—Assuming that the bias is constant and
spatially uniform for the entire-whole data sets, both values were considered as-equal

(AE,.,, = AE, ;= AFE) and EqQ. 2 was transformed into:

2
minLOD

AE = 3)

where AE was calculated as a unique value for the three DEMs.

The interpolation—errer<IE) is a signifieant-remarkable errer—source_of error in

mountain areas, where DEM surfaces are built from spatially variable point densities.
Therefore, multi-temporal comparisons incorporate a different interpolation—errorlE
from each DEM, leading to geomorphic changes that are not real, but a result of the
subtraction of unreal interpolated surfaces. i i

Concernlng the studled torrents, %h%m{efpel-aﬁeﬂ—eﬁer—vaﬂes—aleﬂg—th%eham%l
acecording-to-the-in=situ-point densitiesy_varyies along the channels according to the-in
situ characteristics; and therefore, the IE is spatially variable within each DEM (2009,

2011 and 2016). In-erder+tTo assess this uncertainty, a 1D analysis of cross--sectional
elevation differences was performed along the channels. We created cross sections

10
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every meter and intersected them with the manually delineated polygon (analysis area),
obtaining 8.125 sections (5,267 in the Portainé torrent and 2.858 in the Reguerals
torrent) with 1--m spacing and variable width (Fig. 32). DEM cell statistics (e.g.. mean
elevation, standard deviation and the; number of points) were calculated along each
section for each year (2009, 2011 and 2016). Assuming a trapezoid-shaped channel with
a regular riverbed (smooth and nearly flat), we considered the interpelation—errorlE
value at an specific cross section to being equal to the-its mean standard deviation of
elevation-ealenlatedfor-eachinstanee, as given by the following equation:

1
IE = \/EZ:; 1(Zcell - Zmean)2 “)

where /E wais estimated as a different value for each cross section and year.: n being-is
the number of cells at each cross section, and Z..; and Z,,,.,, being-are the elevation of
each cell and the average elevation of the cells, respectively.

== Portainé torrent
Cross sections
Contour lines

I:l Analysis area

Slope (°)

B c-0)

B (10-20)

[ 1(20-30)

I (30-401

-0

Section Zacas (m)
Number  Width 2009 2011 2016 2011-2009 2016-2011

4794 1005 111334 111262 11304 072 0.42
4803 945 110928 110955 110994 027

Figure 23. Illustration of a specific stretch of the Portainé torrent with-showing the locations of the cross

sections used for the spatially variable uncertainty analysis. The analysis area corresponds to abrupt

lateral slope changes. The table in the lower part of the figure shows the characteristics and mean
elevations i of two _example sections from multi-temporal DEMs (white
lines).

Both errors obtained from EgQ. 3 (aerotriangulation—error;:—AE) and EgQ. 4
(interpelation—error:—IE) were combined to obtain DEM uncertainty (dZpgy) at each

cross section as follows:
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8Zpgm =~/(AE)* + (IE)* &)

Propagated-eError propagation
The multi-temporal comparison of two DEMs te-deteet-geomerphiechangesneeds

to account for the combination erprepagatien—of the elevation errors of each surface.
This consists of deriving the quantity of the-tweboth DEM errors following the simple
error propagation theory that treats inputs as independent (Taylor, 1997). As proposed
by Brasington et al. (2003). the propagated error (i) was determined as follows:

Su= \/ (8Z pEmnew)” + (8ZpEmola)” (6)

where 0Zpgymew and 0Zpgy0iq being-are the individual errors in the more recent (DEM,g4
for 2011-2009 and DEMy;¢ for 2016-2011) and older (DEM;gp9 for 2011-2009 and
DEM,¢;; for 2016-2011) surfaces. respectively. In our case, the du values were
calculated for each cross section and for-each censidered-pair of DEMs considered. This
allewed-enabled the subsequent accurate assessment of local elevation changes.

Probabilistic thresholding

The significance of uncertainties_(Jdu) in predicted elevation changes (AZ) can be
assessed in two main ways:: using a simple ,;,LoD; or by probabilistic thresholding at a
user-defined confidence interval (Wheaton et al., 2010). The aim of this step is to
discard noiseferror from signals; and thereferethus, only consider those that we are
confident about as-being real geomorphic changes (AZ,c.)-those-that-we-are-contfident
about, by-excluding the changes occurring within determined error ranges. If spatial
variabilities are aceeuntedconsidered, as in the present study, probabilistic thresholding
is the most accurate method (Brasington et al., 2003; Lane et al., 2003). The probability
of changes te-being real are—is calculated using the-Student’s ¢-distribution, which
consists #+-0f calculating the t-score (7) of each cross section as follows:

|AZZ ppnew — ZpEMoldl

t= ; )

u

whieh-This equation assesses the significance of the changes, expressed as the absolute
elevation difference between new and old DEMs (|AZ|=|Zpey new - ZpEwm oidl)> bY
comparing it to the propagated error (Ju).

T-distribution aHewed-to-ebtainenables the determination of the probability (p) of
AZ to-being real ion a section-by-section basis. Censidering-Given that we assumed &
flatthe riverbed to be flat along the cross sections, but elevation—ariationsin-elevations

vary—may naturally—eeceur—along—eross—seetions, the—probabilistic thresholding was
applied at a specific confidence interval of 68% (p < 0.32) to obtain AZ,;.

Foleowing—all-the—mentioned—approaches;—sSections were excluded with—if their
probability of the changes te-being real hicherwas greater than 0.32-were-exeluded. and
rReliable volumetric elevation changes for the 2009--t6-2011 and 2011--t6-2016 periods

12
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were obtained by multiplying AZ,., (from the 2011-2009 and 2016-2011 subtractions)
by-with the width of each cross section (distance between the cross sections is 1 m).
This method led to an-errerredueedthe quantification of multi-temperal-assessment-of

the-geomorphic activity with fewer errors-that-alewed-establishingsediment-budgets
and-geomorphie—ehanges, especially in the reaches where these-associated-to—with-the

emplacement-of the-sediment retention barriers_are emplaced.
4. Results

4.1. Chronology of torrential events and flexible barriers

gLight torrential events of different magnitude, and-differing—in-behaviour and
sediment load occurred in the 2009-2016 LiDAR temporal window. Five of them
obstructed the access road and six ef-them-damaged the sediment retention barriers,
which had to be repaired in some cases. Table 2 cempiles-presents the information of
the torrential events recorded in the Portainé catchment and their effects on the barriers.
We-report-thattThe most intense event occurred in July 2010 and the less-least intense
one in May 2016.

Table 2. Compilation-List of the events, including event-date, magnitude and effects (torrent-obstrueted
road-crosses-and-affected-barriersinformation obtained from FGC and ICGC (2015) and IGC (2013).

Event Effects and damages
Date Magnitude Torrent Road crosses Barriers
2010/07/22 Most significant ~ Portainé 2 7 filled
Reguerals 2 damaged
2010/08/12 Major Portainé 2 0 filled
Reguerals 5 damaged
2011/08/05 Minor Portainé 0 2 filled
Reguerals 1 damaged
2013/07/23 Major Portainé 3 3 filled
Reguerals 3 damaged
2014/08/20 Minor ? 0 -
2014/08/30 Medium Portainé 1 5 damaged
2015/08/21 Medium Portainé 1 5 damaged
2016/05/09 Less significant ? 0 -

The fifteen—15 flexible ring-net barriers withef similar characteristics were
emplaced along the middle reach of the channels in—erder—to retain sediment and
produce a stepped-the profile to reduce riverbed incision (Fig. 1). These structures are 4-
6 m high and 12-24 m wide, and-their retention capacity varyingies with the specific
local slope and channel width. As shown in tTable 3, the barriers differ ein size and
were constructed i-at three different datestimes:: nine between the end of 2009 and the
beginning of 2010 (stage 1):; four in 2012 (stage 2) and two in 2014 (stage 3). They at
were all filled during different torrential events, except for the ones frem-emplaced in
2014;—stH that remain empty; and another one that was artificially filled after its
installation.
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Table 3. Sediment retention barriers on the Portainé and the-Reguerals torrents_(information provided by
Mr. C. Fafands, pers. com.).

Elevation Height Width

Barrier code Date Torrent (m as..) (m) (m) Filling event
0 2009 Caners 1090 4 13.5 2010/07/22

1 2010 Portainé 1308 4 16.8 2010/07/22

2 2009 Portainé 1355 5 13.5 2010/07/22

3 2009 Portainé 1380 5 11.5 2011/08/05

4 2010 Portainé 1405 4 13.5 2010/07/22

5 2009 Portainé 1470 5 20 2010/07/22

6 2010 Reguerals 1490 4 27 2010/07/22

7 2010 Reguerals 1510 4 26 2011/08/05
8 2009 Portainé 1710 6 19.5 2010/07/22
11 2012 Portainé 1345 5.5 16.5 2012 (anthropic)
51 2012 Portainé 1525 4.5 25 2013/07/23
52 2012 Portainé 1555 4.8 27.1 2013/07/23
53 2012 Portainé 1575 5.1 15.1 2013/07/23
A 2014 Reguerals 1615 5 19.2 -

B 2014 Reguerals 1570 6 17.5 -

4.2. Geomorphic €changes

3D visualization of airborne LiDAR points allewed-enabled us to observe clear
geomorphic changes related to anthropic structures. Deposition and erosion wereas
observed upstream_and downstream frem—of the barriers, and—erosion
downstreamrespectively (Fig. 43). In some of the barriers from-installed in stage 1, a
change in the top-highest position of the barrier was identified frem-thewhen comparing
2011 and 2016 LiDAR data (Fig. 34a), produced by resultingfrom-the ring -net flexion
due-tocaused by the retained load. The horizontal displacement of the net ean-could be
estimated in-thesefor the barriers showing-enoughwith sufficient LIDAR points for an
accurate measurement. In our study, this phenemenon-was detectable-and-measuredable
in 5five barriers (see the results at the end of this section), accounting for an average
horizontal displacement of 0.7 m (1.1 m in the example shown in Fig. 34a). In-eases
where-the-sedimentretentionlor the barriers—was installed in stage 2, riverbed incision

iwas detected in—the20HH-2009-ELiDAR-eomparisenfrom 2009 to 2011 (pre-barrier),

indicating a-natural erosive dynamics (Fig. 34b).
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Figure 34. Longitudinal sections of two specific stretches of the Portainé torrent showing 2009, 2011 and
2016 ground points (see Fig. 1a for the location of the barriers). (a) Barrier 4, constructed in 2010 and
filled in the July 2010 event, illustrating the change of-in the barrier position due to the-net flexion-ef-the
net. (b) Barrier 53, constructed in 2012 and filled in the July 2013 event.

As a preliminary approach, the spatial distribution of the geomorphic changes for
raw (unthresholded) 2011-2009 (Fig. 54a) and 2016-2011 (Fig. 54b) comparisons
allows-us-to-identifiedy the erosive or depositional nature of the stream stretches, the
magnitude of the changes and their relationship with the-anthropic structures. Erosion
iwas the most generalized-common phenomenon along valley bottoms. The material
eroded alongside the torrents iwas mostly transported during high-discharge flows,
sometimes leading to the development of debris flows (and the opposite when
deposited). However, there awere also other areas where erosion iwas locally enhanced,
such as downstream frem-of the barriers or road intersections. Depositional geomorphic
processes occurred at places where the slope decreaseds or as—a-consequence—ofwere
affeeted-by-anthropic structures_located. The Mmain areas of accumulation areas-awere
the debris cone formed in the most downstream reach (corresponding to the Caners
torrent) and areas upstream frem—of the sediment retention barriers and road
intersections.
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Figure 45. Geomorphic net change in storage terms (unthresholded) along the longitudinal profile of the
Portainé torrent, from the road intersection at 1,700 m a.s.l. to the confluence with the Reguerals torrent.
The bottom of the profile illustrates the magnitude of the changes. The location of the anthropic structures
is indicated by writing-the newly emplaced-(filled-between 2011 and 2016) and previously (filled-between
2009 and 2011) emplaced barriers shown in upper er-and lower cases. respectively. (a) Changes between
2009 and 2011. (b) Changes between 2011 and 2016.

Geomorphic changes were then—thresholded by means—of-the spatially variable

uncertainty analysis. Table 4 shows the uncertainty analysis and the volumetric
geomorphic changes considered real that were obtained for two example cross sections

A ninLoD of 0.1 m was calculated, leading to an AE of 0.07 m aeretriangulation-error
for the entire data sets. The interpolation-errerlE, calculated from the standard deviation

16



474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494

495
496
497
498

499

500
501
502
503
504
505
506
507
508
509
510
511

of the mean elevations of each cross section, reached 0.5 m in some areas. du values
showed—a large spatial wvariability, ranging betweenfrom 0.1—m andto 5.4 m:
buthowever, the median iswas 0.9 m and 0.66 m for 2011-2009 and 2016-2011,

respectlvelv (see examples in Table 4) %Eh%eﬁer—eembmaﬁen—ééZQEm-and—suhseqaen{
h bProbabilities of

geomorphlc changes to-being real (p) were—Many—ef—t—hem—shewed—p < 0.32_in many
sections (68% confidence interval) and were considered real changes (AZ,., ), whereas

geomorphlc changes shewmgfwnh p > (0.32 were dlscarded—"l:abkL4—shews—the

At : W : a5 : This thresholding
analysis considerably reduced the number of cross sections te-bethat were considered
and influenced the final results on geomorphic changes-results. Fhe-thresholding—was
performed-in-each-seetion-Indeed, for201HH-2009-and-2016-201H-and-57% and 74% of
the data were discarded respeetively—for 2011-2009 and 2016-2011 sediment budget
calculations, respectively. Hewewver; Nonetheless, thosee sections recording—with
changes assumed to be real showed a-high reliability;-se-the and were therefore used for
geomorphic quantification—was—based—en—them.—Definitely; tThe uncertainty analysis
resulted in a smaller guantity—amount of, but more reliable data (see Section 5.1).
Indeed;—mMost active zones, such as the areas surrounding the flexible barriers, were
anever—not discarded due to their high magnitude, proving the effectiveness of the
methodology at-in these areas.

Table 4. Results of the spatlally Varlable uncertainty analys1s for two example sections (see thelr 10cat10n
in Fig.ure 32).-The-three-me ¢ ¢ S sl ee =
seiables—salenlaed T v¥01umes of the geomorph1c change were only ebt&meekcalculated for
thresholded real elevation changes;-whereas-disearded-ones-are-excluded-in-volumetric-calenlations.

Section DEM error Propagated error Probabilistic thresholding Volume (m?)
Ne Width (m) 0Zpem (M) S (m) t p Real AZ (m)
2009 2011 2016 11-09 16-11 11-09  le-11  11-09  16-11  11-09 16-11  11-09  16-11
4794 10.15 0.78 1.04 048 1.3 1.14 0.55 0.36 0.29 0.36 -0.72 - -7.32
4803 9.45 058 029 024 0.65 0.38 0.41 1.03 0.34 0.15 - 0.39 - 3.67

For the whole analysis area, the mean magnitude of change, obtained from eress
seetion—averaged vertical changes in the cross sections, iwas about 1 m (0.90 m for
erosion and 1.02 m for deposition), but—the—number—ofwith more erosive sections
surpasses—theoccurring than depositional ones. -Sediment budgets were calculated for
each period of time between the LiDAR flights. The 2011-2009 comparison indicated a
total volume of erosion and deposition of 22,042 m? and 19.204 m?, respectively,
indicating a net degradational sediment—budget—of -2.838 m? in two years. The
gQuantification of the 2016-2011 changes also gave a negative sediment budget, but the
magnitude was much lower. Indeed, 8.308 m? of eroded material and 8,161 m? of
deposition led-teyielded a total volumetric net change of -147 m? in five years. Theose
results represent-suggest an tendency for entrenchment tendeney-(erosion > deposition)
of-in the studied mountain torrents, with a—significant sediment output from the
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catchment towards the Romadriu River. However, the period between 2009 and 2011
was much more active than that after 2011, as higher volumes were mobilized (both
eroded and deposited).

Budget segregation is a very useful precess—toway of characterizinge the spatial
distribution and magnitude of the-geomorphic processes, and-therefore; leading to a
better understanding of the fluvio-torrential dynamics ef—in the study area. We
recalculated the 2011-2009 and 2016-2011 sediment budgets by dividing the channels
into reaches according to different morphological (torrents), geomorphological
(catchment sectors) or anthropic (e-g-reaches between road intersections) factors. The
Rresults are shown in Table 5. The Portainé torrent iwas more active than the Reguerals
torrent, as—thewith —magnitude—and—extension—of—geomorphic changes of greater
magnitude and extension-are-larger, especially for erosion. This explains the narrower
and more entrenched morphology of the Portainé torrent, which was also clearly
identified in the field. The catchment can be divided into three different sectors with

different slopes: the upper reach (location of the Port-Ainé ski station):; the middle
reach (development-efcontains entrenched channels and the emplacement-of-barriers)
and the lower reach (existenee-ofcontains a debris cone in the most downstream part).
The upper-middle and middle-lower H#its-boundaries geographically correspond to the
division of the N-S sectors and te-the road that crosses the stream at the Montenartrod
bBridge. respectively (Fig. 1a). From 2009 to 2011, the-erosion mostly occurred in the
middle reach, andwith the material deposited in the lower reach. NenethelessHowever,
the 2011-—t0-2016 period recorded significant accumulations in the middle reach,
whereas-with erosion dominatinged in the lower part. This can be partly explained by
the erosive nature of torrential events.: wWhile high--magnitude events (including
debris flows) occurred between 2009 and 2011, producing significant erosion along the
channels, the number of events recorded from 2011 to 2016 wasere much lower, leading
to proportionately more deposition. The Rreaches between the road intersections
showed a more complex erosion-deposition pattern with temporally wvarying-variable
tendencies, which is—the-resulted efrom the high-large influence of the number—ef
existing-barriers occurring in such short stretches.

Table 5. Segregation of the sediment budgets obtained from the 2011-2009 and 2016-2011 DEM
subtractioncomparisons. For each reach, we calculated the net volumetric change and indicated the-its

erosional/degradational (erange-background)-or depositional/aggradational (green-baeckgreound)-tendency.

Criteria Reach description Time period Erosion Deposition Change Dynamics
(md) (m%) (m?)

Torrent Portainé (Po) 2011-2009 -11,629 6,936 -4,693 Degradation
(abbr.) 2016-2011 4,477 3,497 -980 Degradation
Reguerals (Re) 2011-2009 -4,708 2,167 -2,541 Degradation
2016-2011 -1,618 2,156 538 Aggradation
Caners (Ca) 2011-2009 -5,705 10,101 4,396 Aggradation
2016-2011 2213 2,508 295 Aggradation
Catchment Upper (low) 2011-2009 2,441 822 -1,619 Degradation
sector 2016-2011 1,139 568 -572  Degradation
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(gradient) Middle (high) 2011-2009 -19,128 13,023 -6,105 Degradation

2016-2011 -6,112 7,473 1,362 Aggradation

Lower (medium) 2011-2009 _473 5359 4,886 Aggradation

2016-2011 -1,057 120 -937 Degradation

Road Po (2360-1965 m) 2011-2009 -1,764 775 -989 Degradation
Z'I‘l::; s‘;f::’“ 2016-2011 -1,096 541 554 Degradation
altitude) Po (1965-1700 m) 2011-2009 -1,684 2,015 331  Aggradation
2016-2011 -642 438 -204 Degradation

Po (1700-1450 m) 2011-2009 -4191 2,039 2,152 Degradation

2016-2011 -1,419 1,731 312 Aggradation

Re (2225-1665 m) 2011-2009 -399 222 -178 Degradation

2016-2011 -180 145 -34 Degradation

Re (1665-1465 m) 2011-2009 -1506 1,450 -55  Degradation

2016-2011 =767 1,107 339 Aggradation

Ca (1465-1035 m) 2011-2009 -12,025 7,344 -4,681 Degradation

2016-2011 3,147 4,078 931 Aggradation

Ca (1035-950 m) 2011-2009 -473 5359 4886  Aggradation

2016-2011 -1,057 120 -937 Degradation

NET SEDIMENT BUDGET 2011-2009 22,042 19,204 2,838  Degradation
2016-2011 -8,308 8,161 -147 Degradation

The most significant deposition occurred at the Ssediment retention barriers, are-the
mest-significant- deposition-areas-andwhich played an underlying role in the geomorphic
changes recorded along the torrents by modifying their natural evolution. Accumulation
upstream from—of these structures was quantified frem—by probabilistic thresholding.
The real retained material per barrier rangeds from 146 m? to up-te-1,311 m? and the
total retention of the fifteen-15 barriers iwas 8,278 m3. Table 6 includespresents the
speeifie-volumes accumulated at each barrier and the horizontal displacement of the net
where it could be measured. The geomorphic changes of the barriers are discussed in
section 5.3.

Table 6. Relationship between dimensions, the calculated volume of filled barriers and the magnitude of
the net flexion. The bBarriers are listed in their order along the in-a-downstream direction-and-these

. : : al1.000.1m o i bac] .

Barrier = Height Width  Torrent Elevation Volume  Horizontal net
code (m) (m) (m a.s.l.) (m?) displacement (m)
8 6 19.5 Portainé 1710 1302 0.3

53 5.1 15.1 Portainé 1575 303 -

52 4.8 27.1 Portainé 1555 1044 -

51 4.5 25 Portainé 1525 146 -

7 4 26 Reguerals 1510 441 0.5

6 4 27 Reguerals 1490 534 0.4

5 5 20 Portainé 1470 559 ?

4 4 13.5 Portainé 1405 589 1.1
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11.5 Portainé 1380 ? 1.2

13.5 Portainé 1355 282 ?
11 5.5 16.5 Portainé 1345 535 -
16.8 Portainé 1308 1230 ?
0 4 13.5 Caners 1090 1311 ?

Another main deposition area in the 2011-2009 comparison iwas the debris cone,
where 4,904 m? of material was-accumulated. From 2011 to 2016, erosion prevailed in
the cone, leading to a net degradation of -896 m3-degradational sediment-budget.

5. Discussion

5.1.  Strengths and limitations of airborne LiDAR data in mountain areas

The analysis and—ecomparisen—of airborne LiDAR data sheows—underbyng
apphieationscan be applied into the study of hydrogeomorphologically active mountains

contexts. One of the main advantages is the detection of temporal morphological
changes that are zindistinguishable in aerial photographs, due to its huge potential for
precisely and accurately assessing landscape changes;—as by easily identifying erosion
and deposition zones—ean—be—easiby—identitied. Moreover, airborne LiDAR allows
ebtainingenables the procurement of extensive data sets that covering large sectors of
the terrain in_a short time, which is—cannot be achieved with ground-based high-
resolution topographic techniques such as terrestrial laser scanning or theodolite
measurements. The acquisition of LiDAR data is also useful in remote areas where it is
difficult to conduct field surveys-can-hardbybe-ecarried-out, such as heavily entrenched
stretches of steep mountain rivers.

Adrberne-EiDARThese kind of data also has alse-some limitations that need to be
considered when assessing the reliability of the data, mainly concerning its accuracy
and resolution (Slatton et al., 2007). A 15-—cm measurement error in point altitude
(vertical accuracy) is typically reported by LIDAR manufacturers. The altimetric error is
higher in mountain areas characterized—bywith dense vegetation and steep variable

gradients. For instance, a vertical accuracyies of <30-em{(Fseng-et-al;2043)-and 0.25

cm (Biren—et—al5—2043) hasve been gqueted—reported for flat—and—forested areas
respeetively(Biron et al., 2013). For the data used in this study, an RMSE < 15 cm

RMSE-iwas repertedobtained, which ean-decreased to 5 cm in flat areas; and was is-<
50 cm in steep forested areas. These errors are within the accepted range of values.
Point density is another vital factor for evaluating LiDAR data (Rupnik et al., 2015) and
can be problematic in mountain areas, as dense vegetation hinders the laser beam from
reaching the terrain, giving raise to lower groundpeint—densities—andloweress-
resolution DEMs. Cavalli and Marchi (2008) weosk—withreported a ground data density
of 2.5 points/m? that decreaseds to 0.25 points/m? under a dense forest canopy. Fhis
studyWe tookakes into account this handieap—limitation by earrying—eout—a—speeifie
manually filtering efthe 2009, 2011 and 2016 point clouds, exclusively paying attention
to the analysis area. Thisat-editing—precess considerably minimized the classification
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errors and allewed-ebtainingproduced a higher average ground point density for the
analysis area (Table 1).

Regarding the 2009 data, the obtained mean ground point density (Table 1) was
lower than the DEM resolution. Using the equation proposed by Landridge et al. (2014),
S=V(A/n), the obtained optimal grid resolution (S) for the 2009 data set was 1.86 m and
up to 0.86 m for the 2016 data set. As multi-temporal DEMs need to have the same
resolution in order to be subtracted, a mean value should be used for DEM generation.
A 2-m grid resolution would not take advantage of a significant number of points (in the
case of the 2011 and 2016 data sets). Therefore, we generated 1x1-m DEMs for the
three data sets. Since some areas from the 2009 model may include highly interpolated
unreal surfaces, we analyzed uncertainty in detail, based on the quantification of IEs.
This revealed that cross sections with a very low resolution showed a high number of

errors and were therefore excluded from morphological budget calculations.

As mountain streams with torrential activity tend to record geomorphic processes
with a significant magnitude of change (or signal), in—these—contexts—typieally—the
elevation change iwas higher than the error (AZ>dp) and thus,-se 2D analyses of DoDs
could be performed. Whileereas conventional DoD analysies are-adeguate-eneughcan be
reliably conducted for flat andareas with peerlylittle vegetationed-areas,Nevertheless;
when-dense-vegetation-covers-thesteep-slopes;-it-eauses it can lead to large interpolation
errors ean-remainingthat-are unidentified for steep slopes with dense vegetation-#+-Beb
analyses, leadingtogenerating errors and unreal topographic changessediment-budget

calenlations-in-problematic-areas. We overcame Fthis problem was-selved-in-this-study
by means—of-theperforming a detailed section-by-section 1D analysis for uncertainty

estimation along the channels that allewed-to-excluded data within a determined error
range (6p) and probability (confidence interval). Even-its-hicher time and cost compared
toAlthough this approach took longer and was more expensive than conventional DoD
analyses, TFthe—presented—approachit demonstrateds the usefulness—utility of the

combination-efcombining aeretriangwlation-AEs and interpelation—errorslEs for reliable
DoD thresholding, morphological budgeting and geomorphic interpretation_along

mountain steep channels. The first limitation of the designed appreach-method iwas the
assumption efregularthat the cross sections are regulars—which, as they are likely to be
irregular in a dynamic erosive system. We evercame-suchaddressed this drawback by
restricting our analysis area-to the smooth riverbed and applying a 68% confidence
interval, instead of the commonly used 95% value. Sueh-aThis confidence interval alse
Ih}s—appfeaeh—alse—dlscards the data 1dent1ﬁed to be msufﬁmentlv reliable for

COmQal’lSOl’l W

b%eemp&fed—ameﬂg—%hem, leadmg to a probable underestimation of the
degradational/aggradational effects. Hence, we—makethe final calculations useding

lessfewer, but more reliable data instead of cesnsidering-a higher amount of data that
invelvesincluded more errors. More data is-were discarded when thresholding the 2011-
2009 comparison than-fer-thecompared to the 2016-2011 one (see section 4.2), which-is
due-toas the uncertainty elevatien—-being-was mostly greater for the first period_(most
probably due to the lower resolution of the 2009 data set). Factors eentreting-affecting
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the percentage of sections that-are-dismissed-excluded from analysis are-were mainly
point density and the magnitude of the signal. High--magnitude geomorphic changes are

v ore never discarded, © oo deteeting-the-mest-sieniticant seomorphie-effeets:such

as those related-toassociated with the barriers.

5.2.  _Interpretation of geomorphic changes and catchment dynamics

The Ggeomorphic changes detected, quantified and segregated from multi-temporal
LiDAR data provided valuable information fer-the-study—ef-theabout recent torrential
processes o+-in the Portainé catchment. The main limitation of morphological budgeting
in fluvial environments is the compensation of long-term scouring (erosion) and filling
(deposition) thereugh—by extraordinary events. In our study—ease, the mobilized
sediment volume was higher in the two-year period from 2009 to 2011 than in the
subsequent—5five—years_period from 2011 wuntilto 2016 (Table 5). Therefore, the
analyzsed torrents were considerably more active between 2009 and 2011 as recorded
they produced larger geomorphic changes, and-with the effects of the fluvio-torrential
activity still continuing, but decreasingeé later on;-even-ifstill-continued. The dynamics
observed for the two_time periods ef-time-can be explained beth-by both: (a) the
different magnitudes of the torrential events; and consequently variations in the eroded
and deposited volumes of material, and (b) the consequences—effects of the sediment
retention barriers changing the flow dynamics, resulting in mainly upstream deposition
and downstream and lateral erosion;-changing the-flow-dynamies. Hwe-eonsiderDuring
the LiDAR temporal window, eight high--discharge flows are-reflectedoccurred (Table
2) and also-the-emplacementand-effects—of-all the barriers were emplaced (Table 3).
Regarding the 2011-2009 subtractiencomparison, three events occurred (two in 2010
and one in 2011); that filledine nine barriers. The 2016-2011 comparison shows the
effects of five events (one in 2013, two in 2014, one in 2015 and one in 2016) and four
more sediment retention barriers.

Despite-Although small rainstorms may move some sediment along the channels, its
volume is negligible.; and—+tThe recorded geomorphic changes are-mainly the-result
offrom extraordinary torrential events, especially high--magnitude debris flows and
floods. This is evidenced from the grain size observations ein the field, withwhere
boulders-a& predominaterce—of-boulders. When quantifying the geomorphic processes
associated with extraordinary events, erosion is typically underestimated when the areas
eroded during the peak discharge are covered by-with deposited material (Fuller et al.,
2003).; seThus, some erosion is undetectable in multi-temporal DEM comparisons. The
torrential flows_that occurred from 2009 to 2016 showed very different magnitudes and
sediment loads, from well-developed debris flows (e.g.. July 2010; Luis-Fonseca et al.,
2011) to debris floods (e.g.. May 2016; eyewitnesse accounts). The 2011-2009
geomorphic changes included those affected by the largest event, but-alseas well as
another major and minor one. The 2016-2011 comparison recerd-included the effects of

one major, three minor and the less—signiticantsmallest event. The higher—magnitude

events with a higher magnitude are reflected in the clearly degradational 2011-2009 net

budget and i1-the aggradation of the cone, which ean-be-related-toare associated with the
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two major events oceurred-inof 2010. From 2011 to 2016, geomorphic processes in this
area awere mainly erosive due to the lack of high-magnitude torrential flows, as—well-as
to-the retention of material behind the nets and the effect of the “hungry waters” ahead.
The effect-of the-barriers, steppeding-the slope and decreasing flow velocity; may-might
have also hawve-reduced the potential effects of the events along the channels, especially
for minor floods.

The dynamics of the torrents awere mainly degradational, fittine-consistent with the
apparent-erosive tendency of the increasingly entrenched channels. Most of the natural
(not human-altered) reaches awere erosional, whereas deposition ecencentrates
enoccurred in specific areas, mainly #-at the sediment retention barriers and the debris
cone (Fig. 54). Indeed, 33% and 25% of the total volumes of deposition from 2011-
2009 and 2016-2011, respectively, corresponded to the material retained upstream from
of the barriers, whereas the debris cone accounteds for the-26% of the deposited volume
between 2009 and 2011. Moreover, total erosion volumes way—might have been
underestimated because of the exclusion of erosive cross sections where the geomorphic
change was lower than the error (AZ < dp). Indeed, 53% and 51% of the discarded
sections were erosional for the 2011-2009 and 2016-2011 periedscomparisons,
respectively. All these results suggest a generalized incision tendency of the torrents,
with local accumulations. As summer convective storms still occur and produce
torrential events, such dynamics is-are expected to remain-en-timecontinue.

5.3.  _Assessment of the flexible sediment retention barriers

Flexible barriers are the preferred choice for hydrological correction in mountain

areas. Their main advantages over conventional check dams are their lower economic

cost and environmental impact, especially as their installation is quite quick and easy,
using a helicopter (Mr. C. Fafianas, pers. com.). Furthermore, they only retain high-
magnitude debris flows, letting low-magnitude flows go through below the net.
However, Fhe—sediment retention barriers have—a—direet—impaect—that—highly
influeneestrongly affect channel evolution.-Onee-filled; tThey modify the longitudinal
profile of the torrents when they are filled, as the slope changes both upstream and
downstream from-of the net (Fig. 43). DefinitivelyThus, the barriers alter the flow and
produce a complex erosion-deposition dynamics that can be assessed in detail, as shown
in this study.

Flexible barriers are filled during extraordinary events, leading to significant
deposition volumes. Theyir design-charaeteristiesreperthave been reported to present an
individual retention capacity of 1,400-2,000 m? forthe-study-case-(Fafianas-Aguilera et
al., 2009). However, we quantified considerably smaller deposition volumes behind the
barriers (146-1,311 m?), suggesting that the real retained volume may be lower than
expected. Indeed, the retained volume may—depend-enmight be affected by the local
morphology of the torrent (gradient and width) and the partieular-size of the barrier
(height and width). Given the dynamic nature of the barriers, acting loads are presumed
to deform the ring- net when material is retained. The flexion of the barriers was
detected and measured in some barriers, giving valuable information on their behaviour.
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Table 6 compies—provides the dimensions of the barriers, the estimated retained
volumes and the magnitude of net flexion.

Once filled, they barriers induce erosive effects downstream because the waterflow
falls as a waterfall, progressively eroding the riverbed. In some adjacent slopes,
localized incision has occurred due to the lateral deviation of the flow when passing
over the deposit (Fig. 65a). Such lateral incisions may—produce—themight partially or
completely emptying—of the barriers. but—alseHowever, when erosion exposes the

anchors, endangers-the stability-efbarriers_become less stable and se-thatthus, require

repairing and further maintenance is-+equired-(Fig. 65b). -We identified and quantified
erosion downstream efsome-barriers-and obtained eroded volumes of 46-703 m3. These
data are of paramount interest for prioritizing the management and maintenance of the
barriers.

Bedrock &

Boulders .
Net 0
Anchors

Figure 56. Lateral erosion and anchor exposure at barrier 53 (November 2015). (a) Photograph of the
barrier and the accumulated material in—downstream—direction. (b) Zoomed pieture—photograph and
drawing of the main features, showing the lateral “hole” with_the anchors exposed;-implying-a-potential
hazard-for that might reduce the stability of the barrier.

6. Conclusions

This paper-study presents an high-resolution assessment of the geomorphic impact
of flexible barriers in torrential channels, including upstream filling and self-induced
downstream and lateral erosion that can make barriers unstable, by-means-efusing a new
LiDAR-based geomorphic approach for improved sediment budgets.

The method censiders-takes into account spatial variabilities ef-in data and errors
along the channels through-by applying a cross--sectional elevation analysis in-erderto
better discretize geomorphic changes. We peint—outpropose this approach as—asn
alterpative—n—for studying torrents anyin densely vegetated and—steep mountains
torrents, where—which produce significant interpolation errors for standard DoD

analysesmetheds-incorporate-siembicant-mterpolation-errors,

resolttion-assessment-of-ensineerine-structares--remote-areas-——The main applications
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for monitoring flexible sediment retention barriers include the: (i) estimation of barrier
behaviour, effects and consequences; (ii) remote revision and inspection for a#n
appropriate maintenance; (iii) detection of problematic spots and highly erosive reaches;
and (iv) selection of priority areas for the installation of new barriers.

LiDAR data analyzed in this study was useful for hydrogeomorphic research, even if it

was not originally acquired for that purpose.Fhe—desigh—of—multi-temporal HIDAR

campaigns eChoosing best-optimal flight parameters for data eeHeetion-alongchannels
acquisition in abrupt landscapes would provide results—that—are-even more accurate

DEMs. Given the-its increasing aecguisition—and-availability,—ef airborne LiDAR data;

definitively-these-data are emerginges as very-usefala potential tool for monitoring areas
that are hard to inspect in the field. In this sense, the presented approach arises—as—a

potential-toolfor-high-resolution—assessment can be applied to assessing ef-structural

correctiveenr measures in mountain catchments and has—an—underlying

wmphieationprovide information for deeiston-making—abeut—future_ decisions on

management strategies.
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A new LiDAR-based approach to assess defense structures in torrents is proposed.
Geomorphic effects of floods, altered by sediment retention barriers, were
measured.

Deposition behind barriers, downstream and lateral erosion, and net flexion were
detected.

This analysis is a potential tool for monitoring engineering structures in remote

mountain areas.
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Abstract

Multi-temporal digital elevation models (DEMs) obtained from airborne LiDAR surveys
are widely used to detect geomorphic changes in time and quantify sediment budgets.
However, they have been rarely applied to study the geomorphic impact of engineering
structures in mountain settings. In this study, we assessed the influence and behavior of
flexible sediment retention barriers in the Portainé catchment (Spanish Pyrenees), using
three LiDAR data sets (2009, 2011 and 2016) that covered a 7-year period. Densely
forested mountainous areas present some limitations for reliable DEM analysis due to
spatial variabilities in data precision, accuracy and point density. A new methodological
approach for robust uncertainty analysis along channels, based on changes in cross-
sectional elevations, was used to discriminate noise from real geomorphic changes. The
obtained results indicated that erosion occurs along most reaches covering a large area,
whereas deposition is localized in specific areas such as those upstream of sediment
retention barriers and in the debris cone. Despite the presence of 15 flexible sediment
retention barriers, the channels presented net degradation during both 2009-2011 and
2011-2016, with 2,838 and 147 m? of material exported from the basin, respectively. For
the same periods, the barriers retained 33% and 25% of the total deposition (up to 1,300
m? per barrier), respectively, but also induced lateral and downstream incision, the latter
reaching 703 m? for a single barrier. We detected a horizontal displacement of the net of
up to 1.2 m in filled barriers, resulting from net flexion. The interference of the natural
river evolution by defense measures has resulted in a complex erosion-deposition pattern.
The presented methods show high potential for the hydrogeomorphic study of mountain
catchments, especially for a high-resolution assessment of flexible barriers or other
engineering structures in remote areas.

Keywords: torrential flow, LIDAR, change detection, flexible barrier, sediment budget.
1. Introduction

Hydrometeorological events represent the most frequent natural disasters occurring
on a global scale (Munich Re, 2016), producing significant economic and human losses.
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In 2015 alone, floods caused damages estimated to be worth US$ 21.3 billion (c. €20,108
million) and claimed 3,449 lives (Guha-Sapir et al., 2016). In mountainous areas, high-
intensity sediment-laden torrential floods are the most destructive geomorphological
hazards. Several areas in the Pyrenees have been affected by these phenomena in recent
years and their management continues to pose an ongoing challenge (Batalla et al., 1999;
Chevalier et al., 2013).

Such phenomena are highly unpredictable, often resulting from short and intense
localized precipitation events. The rapid accumulation of drainage through steep
mountain basins can lead to high-velocity flows that entrain large volumes of sediment
from the bed and banks. These can quickly evolve into floods with a high concentration
of sediments that continue to bulk up downstream, with potentially catastrophic
consequences. Such flows pose a severe risk to infrastructure, riparian assets and life,
particularly where the floods discharge onto the valley floor through populated fans and
floodplains. Lithology, gradient and the pattern of drainage accumulation combine to
affect the distribution of stream power and sediment transport in mountain catchments.
This interaction determines whether the flow becomes a clearwater, hyperconcentrated
or a debris one in a single event, depending on the sediment load (Pierson and Costa,
1987). This in turn influences the distribution of runout across the receiving fan piedmont
or floodplain (Scheidl and Rickenmann, 2011). We will use the term “torrential”
throughout this paper to include all the mentioned flow types and events.

Hydrogeomophic hazards can be dealt with using various kinds of defense measures,
depending on the characteristics of the site. Engineering structures are considered a fast
and effective way of mitigating risk and include the recently-developed flexible debris
flow barriers that are increasingly being emplaced in torrential channels (Luis-Fonseca et
al., 2011; Wendeler et al., 2008). While much attention has been paid to the safe design
of such retention barriers (Ferrero et al., 2015; Volkwein et al., 2015), their geomorphic
effects still require further research, as these directly impact on the effectiveness and
stability of the structure itself. Thus, the question that needs to be addressed is how
barriers actually behave and influence geomorphological evolution.

Geomorphological risk assessments have been facilitated by the emergence of high-
resolution topographic data that have provided new opportunities to quantify the transfer
of mass and energy across landscapes (Passalacqua et al., 2015). The acquisition of
detailed 3D topographic data, particularly through airborne laser scanning (airborne
LiDAR), has rapidly become routine practice for many national mapping agencies to
support geological risk assessment. Moreover, such data are now increasingly available
to the wider public through open-access data portals, presenting unrivalled opportunities
for broad-scale research. Airborne LiDAR data have been used for a wide range of
research into natural hazards, such as the geomorphic research on past and/or recent active
surficial processes (Abellan et al., 2016; Roering et al., 2013). In fluvial and torrential
environments, these data have been used to provide enhanced characterization of drainage
systems and the boundary conditions for kinematic and physical models of fluid and
sediment transport (Bailly et al., 2012; Biron et al., 2013; Notebaert et al., 2009).
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The increasingly routine use of LIDAR data acquisition has led to the development of
multi-temporal data sets that sample the same region as a series of timeslices. The derived
digital elevation models (DEMs) can then be differenced sequentially to obtain DEMs of
difference (DoDs), which reveal not only the horizontal, but also the vertical pattern of
topographic change. Such assessments of geomorphic changes based on DoDs provide
information on landscape morphology and evolution, as it enables a detailed study of the
spatial and temporal patterns in erosion and deposition. Sequential DEM differencing has
been applied to a wide range of fluvial systems, including braided gravel-bed rivers with
high sediment loads (Brasington et al., 2000; Lane et al., 2003), steep mountain channels
(Cavalli et al., 2017), and specific flood or debris flow events (Bull et al., 2010; Croke et
al., 2013; Scheidl et al., 2008).

It is essential to consider data uncertainty to avoid the misinterpretation of real
geomorphic changes by distinguishing them from background noise generated by
different sources of error. Over the last few decades, much attention has been paid to the
assessment of DoD uncertainties (Brasington et al., 2003; Cavalli et al., 2017; Lane et al.,
2003; Wheaton et al., 2010). It has been reported that a minimum level of detection
(minLoD) should be estimated for the detection of small elevation changes that are
probably associated with errors (Brasington et al., 2000; Fuller et al., 2003).

Regarding mountain environments, the reliable application of airborne LiDAR data
is still hampered by many difficulties. Comparability between data sets is a hard task in
morphologically complex terrains. However, point cloud georeferencing and the
adjustment/alignment process become arduous in mountain regions (Lallias-Tacon et al.,
2014). Moreover, elevation accuracy and point density decrease in steep densely forested
areas (Cavalli et al., 2008), leading to data sets with temporally variable characteristics
among them and spatially variable uncertainties within each. With these limitations,
DoD-based analyses cannot be performed properly due to many areas lacking source data,
resulting in merely interpolated surfaces that are different in each DEM. Thus, there is a
need for a methodology for LiDAR uncertainty analysis based on spatial variabilities
along mountain channels and hillslopes.

In this paper, we present a new approach for quantifying geomorphic changes in
active and densely forested mountain catchments using multi-temporal airborne LiDAR
data. The main objective of this study was to assess the behavior, effectiveness and
geomorphic influence of flexible retention barriers. This research provides a high-
resolution assessment of the existing engineering structures in remote channels that are
difficult to access, identifying the priority areas for the maintenance and future
management of the barriers.

2. Study area and torrential activity

This study was carried out in the Portainé (5.7 km long; average gradient, 24.7%) and
Reguerals (3 km long; average gradient, 31.3%) mountain torrents of the Pyrenees, the
latter being a tributary of the former and referred to as Caners downstream of the
confluence (Fig. 1a). The two torrents constitute the Portainé catchment (5.72 km?),
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which is located in the Pallars Sobira County (Catalonia, Spain), and they flow into the
Romadriu River, which is part of the Ebro River draining into the Mediterranean Sea.
Elevation ranges from 2,439 m a.s.l. (the Torreta de I’Orri peak) to 950 m a.s.l. (the
Vallespir hydropower dam), and the torrents merge at 1,285 m a.s.l. A ski resort is located
at the headwaters, with its access road along the hillslopes crossing the channels several
times. The basin can be divided into two sectors that differ in morphology and
hydrogeomorphic processes. The southern one corresponds to the headwaters containing
less vegetation and the ski resort. This area is characterized by gentler slopes (10-25°) and
a less entrenched drainage network, where torrential processes are not especially relevant.
The northern sector is densely forested and shows intense torrential activity along the
steep (>25°) and strongly entrenched and confined torrents. These channels have been
affected by human activity via the implementation of a multi-barrier system that strongly
influences sediment transfer processes. In these reaches, severe flows have occurred in
the last decade and a debris cone has formed in the most downstream part.
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Figure 1. (a) Setting of the study area showing the main geomorphological and anthropic features. The
Portainé and Reguerals torrents, as well as the code of each sediment retention barrier, are also indicated.
(b) Photographs of some of the barriers showing examples of an empty (barrier 4 in June 2010), partly filled
(barrier 52 in June 2013) and completely filled (barrier 1 in June 2013) barrier.
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2.1. Geological setting and climate

The region is dominated by highly folded, fractured and weakened Cambro-
Ordovician metapelites. Glacial and periglacial processes during the Pleistocene glacial
periods gave rise to intense weathering, with the subsequent fluvial erosion resulting in
steep slopes and entrenched torrents. Apart from the bedrock, two types of surficial
deposits crop out in the Portainé catchment. One is the colluvium, up to 10 m thick, which
covers the bedrock along most of its extension. The other are the torrential deposits found
in the valley bottoms that have been formed by the deposition of different sediment-laden
flows. Both are unconsolidated materials that can be easily eroded and transported, as
well as the bedrock (Ortuiio et al., 2017).

The climate of the study area is Alpine Mediterranean, with a mean annual rainfall of
800 mm and a mean annual temperature of 5-7°C (Meteocat, 2008). Maximum
precipitation in terms of intensity and frequency occurs in the spring and summer, mainly
as convective storms. It should be noted that orography controls the generation of
convective cells at the top of the drainage basins (Trapero et al., 2013), affecting the local
meteorological conditions.

2.2.  Hydrogeomorphic hazards and flexible barriers

Fluvio-torrential processes are very intense in the Portainé and Reguerals torrents.
Torrential flows, which include some well-known debris flows, produce considerable
economic damages to infrastructures and facilities in the catchment, especially due to the
obstruction of the access road to the ski resort. Since 2009, €5,800,000 have been invested
in road works and €510,000 in mitigation measures (Pinyol et al, 2017).
Dendrogeomorphological studies have proved the occurrence of at least ten events from
1969/1970 to 2009/2010 (recurrence interval of 4.5 years), based on the dating of damage
indicators on riverbank trees in different geomorphic positions (Génova et al., accepted;
Victoriano et al., 2018). Torrential activity has intensified since 2006, with extraordinary
flows occurring almost yearly. This increase in the occurrence of torrential events has
been linked to anthropic activities in the ski resort area, mainly to the loss of vegetation
cover decreasing infiltration capacity, and to the construction of artificial drainage
channels for gathering the runoff, all of these together producing higher peak discharges
(Furdada et al., 2017). The largest recorded debris flow occurred in September 2008
(prior to the available LIDAR data) and its volume was estimated to be 26,000 m? (Portilla
et al., 2010), with an average erosion rate of 2.12 m3/m (Abancé and Hiirlimann, 2014).

To reduce the impact of the torrential events, mid-term hydrological corrective
measures have been implemented (Luis-Fonseca et al., 2011), consisting of placing VX-
160 flexible ring-net barriers along the channels (Fig. 1b). These aim to retain part of the
transported material and induce a stepped river profile to reduce flow energy and,
therefore, prevent erosion. Since 2009, 15 barriers have been placed in the Portainé
catchment, 11 in Portainé and 4 in Reguerals (Fig. 1a). Due to the large sediment loads
that are associated with extraordinary events, the barriers were quickly filled, even after
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a single event. Currently, torrential events still occur, leading to progressively more
entrenched ravines and posing a risk to the effectiveness and stability of the barriers.

3. Methods

3.1. Documentary data

We searched for documentary data on recent torrential events and compiled all the
available data on their effects on infrastructures. The main data sources were the technical
reports of the Institut Geologic de Catalunya (1IGC) and Ferrocarrils de la Generalitat de
Catalunya (FGC) (e.g., FGC and ICGC, 2015; IGC, 2013), as well as other scientific
works (Palau et al., 2017; Victoriano et al., 2018). The relative magnitude of the events
was established according to their repercussion on infrastructures (number of obstructed
road crosses and filled barriers) and geomorphological processes (incision, sediment
transport and accumulation). Regarding anthropic activities, the emplacement dates and
locations of the sediment retention barriers (Fig. 1a) were established thanks to the
information provided by Mr. Carles Fananas (Department of Environment, Government
of Catalonia). A complete database was prepared with all this information.

3.2.  LiDAR data acquisition and processing

Sequential data sets were collected in August 2009, August-September 2011 and
August-September 2016, using a Cessna Caravan 208B aircraft equipped with a Leica
ALSS50-II topographic LiDAR sensor, owned by the Institut Cartografic i Geologic de
Catalunya (ICGC). The LiDAR flight parameters and data specifications are shown in
Table 1. The minimum pulse density per strip (nominal point density) was 0.5 points/m?
and the vertical accuracy of the LIDAR system had a root mean square error (RMSE) <
15 cm. The resulting point densities for the 2009, 2011 and 2016 data sets were 0.96, 2.14
and 2.77 points/m?, respectively. The accuracy of the data was calculated by comparing
LiDAR and ground GPS elevations, and was estimated to be (expressed as RMSE) < 5
cm for flat non-vegetated areas, < 15 cm for slightly steep and forested areas, and < 50
cm for steep densely forested areas.

Table 1. LiDAR flight parameters and point cloud data specifications from the 2009, 2011 and 2016
surveys (data from ICGC).

2009 2011 2016
Average flight altitude 2250 m 2440 m 2712 m
Scan angle 48° 40° 313°
Scan frequency 21.5Hz 25 Hz 24.4 Hz
Pulse rate 89200 Hz 84400 Hz 77100 Hz
Nominal point density 0.5 pt/m? 0.5 pt/m? 0.5 pt/m?

Total point density (for entire datasets) 0.96 pt/m? 2.14 pt/m? 2.77 pt/m?
Ground point density (for analysis area) 0.29 pt/m? 0.93 pt/m? 1.32 pt/m?

A data quality assurance and control process (QA/QC) was performed for each data
set. First, point clouds were distributed in blocks measuring 2 km x 2 km to check data

6
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completeness and point density. Second, points were georeferenced (x, y and z
coordinates) and projected in UTM (Zone 31N) in the ERTS89 reference system from the
aircraft trajectory calculation, using GPS data of the flight and GNSS data from control
points of the CatNet network. Elevations were georeferenced to the EGMO08DS595 geoid
and accurately adjusted, taking into account overlapping zones of different flight strips,
but also comparing the LiDAR point cloud with the altitudes of the points located in flat
control areas that have been previously measured in the field with GPS. This adjustment
reduces systematic elevation errors. Third, LIDAR topographic points were classified as
ground, vegetation or noise, using automatic filtering based on the algorithms of the
TerraScan software (Terrasolid, 2016). Moreover, manual point editing was performed
by experts for an exhaustive verification of real terrain points, paying special attention to
barriers, road-torrent intersections, valley bottoms and lateral landslide margins. Finally,
a pre-analysis of the resulting data sets (e.g., 3D visualization and segmentation of the
files) was performed using the CloudCompare (Girardeau-Montaut, 2015) and ArcGIS
(ESRI, 2014) software. This verified that the obtained point clouds provided good
coverage of the study area and an a priori adequate average point density for data
comparability and DEM generation.

High-resolution bare-earth DEMs were obtained for 2009, 2011 and 2016 by filtering
vegetation and noise points. First, point clouds were compiled into three LAS data sets.
For each year, ground points were triangulated and interpolated using the linear
interpolation algorithm in ArcGIS (ESRI, 2014), before being rasterized into a 1-m
regular grid with a determined extent (Wheaton et al., 2010). The linear interpolation
algorithm was used because it provided the most reliable steep terrain surface for the
study area. The grid resolution or cell size was determined according to the averaged point
spacing and density of the three data sets, as the same resolution is needed for adequate
DEM comparison and subtraction (see Section 5.1).

Considering the objectives of the study, a polygon was manually delineated as an
analysis area, coinciding with the part of the valley bottom where fluvio-torrential
processes act to change the morphology of the channel, that is, the riverbed. Their limits
correspond to the lateral slope change and therefore, only includes the smooth riverbed
(< 30°), excluding lateral banks. The three DEMs were clipped using this polygon to
obtain isolated DEMs of the analysis area.

3.3. Uncertainty analysis and geomorphic change detection

Several sources of error (e.g., device errors, meteorological conditions, vegetation
cover, point density, data filtering processes and interpolation techniques) affect data
quality and DEM accuracy (Scheidl et al., 2008). Data and DEM comparability is
important for accurate geomorphic interpretation.

The approach adopted for this study is summarized in Figure 2A previous visual
analysis of point clouds was performed to evaluate whether their distribution and density
were good enough to perform a conventional DoD analysis. Given the limitations related
to dense vegetation, such as areas that lack points, we performed a cross-sectional method
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for a spatially variable uncertainty analysis in mountain torrents that better localizes and
implements error thresholds so that the actual geomorphic change is quantified only when
it can be reliably assessed. The error analysis had three main steps: individual DEM error
quantification; error propagation for multi-temporal data comparison; and probabilistic
thresholding of uncertainty at a user-defined confidence interval.
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Reaches

Cross sections

Sediment budgets

Figure 2. Flowchart showing the methodological approach used in this study for multi-temporal airborne

LiDAR data analysis.

Individual DEM error quantification

DEM uncertainty (6Zpgy,) 1s defined as the difference in elevation between real terrain
points and their spatially-paired DEM cells (Wheaton et al., 2010). The quantification of
0Zpey requires good knowledge of the specific data set and its error sources. Mountain
catchments are commonly forested and show steep gradients that lead to variabilities in
precision, accuracy and point densities. A specific DEM uncertainty analysis that
considers these uncertainties and their spatial variability is required in such contexts. In
this study, we quantified two error sources: (i) aerotriangulation error (AE) and (ii)
interpolation error (IE).

The AE is the spatial deviation between topographic surveys, namely the errors in the
X, Y and Z directions after aerotriangulation adjustment (Hsieh et al., 2016). This error
is the consequence of the constraints of both LiIDAR measurement reproducibility and the
georeferencing process. This produces a bias that can be detected when comparing data
sets acquired at different flight times. The AE shows a spatially uniform distribution
throughout an entire data set and is estimated by comparing multi-temporal data from
stable areas where no changes are expected (i.e., roads).

First, we undertook a DEM-to-DEM comparison (2011-2009, 2016-2011 and 2016-
2009) along the road by subtracting old DEMs from new ones and calculating the standard
deviation of elevation differences (between data sets acquired in different flight times) on
a cell-by-cell basis. These deviations for each pair of DEMs were a measure of precision,
their mean indicating the minimum level of detection (,LoD) for each DEM
comparison. The values were averaged to obtain the mean ,;,L.oD, as follows:
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1
minLoD = X7 0AZ (1)

where 6AZ is the mean standard deviation of the elevation difference between new and
old DEMs for each DEM-to-DEM comparison (2011-2009, 2016-2011 and 2016-2009)
and n the number of comparisons (3 in our case study).

Second, since the ;LoD obtained from Eq. 1 indicates the combination of the
individual AEs of two data sets (propagated error), it can be expressed with the following
equation:

minLOD = \/(AEneW)Z + (AEold)Z 2)

where AE,,, and AE,; are the AEs of the newer and older DEMs, respectively. Assuming
that the bias is constant and spatially uniform for the whole data sets, both values were
considered equal (4E,., = AE,; = AE) and Eq. 2 was transformed into:

2
minLOD

2

AE = (3)

where AE was calculated as a unique value for the three DEMs.

The IE is a remarkable source of error in mountain areas, where DEM surfaces are
built from spatially variable point densities. Therefore, multi-temporal comparisons
incorporate a different IE from each DEM, leading to geomorphic changes that are not
real, but a result of the subtraction of unreal interpolated surfaces. Concerning the studied
torrents, point densities vary along the channels according to in sifu characteristics and
therefore, the IE is spatially variable within each DEM (2009, 2011 and 2016). To assess
this uncertainty, a 1D analysis of cross-sectional elevation differences was performed
along the channels. We created cross sections every meter and intersected them with the
manually delineated polygon (analysis area), obtaining 8,125 sections (5,267 in the
Portainé torrent and 2,858 in the Reguerals torrent) with 1-m spacing and variable width
(Fig. 3). DEM cell statistics (e.g., mean elevation, standard deviation and the number of
points) were calculated along each section for each year (2009, 2011 and 2016).
Assuming a trapezoid-shaped channel with a regular riverbed (smooth and nearly flat),
we considered the IE value at a specific cross section to be equal to its mean standard
deviation of elevation, as given by the following equation:

1
IE = \/ﬁzil: 1(Zcell - Zmean)2 4)

where /F is estimated as a different value for each cross section and year, » is the number
of cells at each cross section, and Z,.; and Z,,.,, are the elevation of each cell and the
average elevation of the cells, respectively.

Both errors obtained from Eq. 3 (AE) and Eq. 4 (IE) were combined to obtain DEM
uncertainty (0Zpgy,) at each cross section as follows:

8Zpgm =~/(AE)? + (IE)* (5
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Figure 3. Illustration of a specific stretch of the Portainé torrent showing the locations of the cross sections
used for the spatially variable uncertainty analysis. The analysis area corresponds to abrupt lateral slope
changes. The table in the lower part of the figure shows the characteristics and mean elevations of two

example sections from multi-temporal DEMs (white lines).

Error propagation

The multi-temporal comparison of two DEMs needs to account for the combination
of the elevation errors of each surface. This consists of deriving the quantity of both DEM
errors following the simple error propagation theory that treats inputs as independent
(Taylor, 1997). As proposed by Brasington et al. (2003), the propagated error (du) was
determined as follows:

Su = \/ (6Zpgmnew)” + (8ZpEmotad)” (6)

where 0Zpeymew and 0Zpgyiq are the individual errors in the more recent (DEM,q;; for
2011-2009 and DEM;¢6 for 2016-2011) and older (DEM;g9 for 2011-2009 and DEM;¢;
for 2016-2011) surfaces, respectively. In our case, the du values were calculated for each
cross section and each pair of DEMs considered. This enabled the subsequent accurate
assessment of local elevation changes.

Probabilistic thresholding

The significance of uncertainties (du) in predicted elevation changes (AZ) can be
assessed in two main ways: using a simple ;LoD or by probabilistic thresholding at a
user-defined confidence interval (Wheaton et al., 2010). The aim of this step is to discard
noise from signals and thus, only consider those that we are confident about being real

10
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geomorphic changes (AZ,.,), excluding the changes occurring within determined error
ranges. If spatial variabilities are considered, as in the present study, probabilistic
thresholding is the most accurate method (Brasington et al., 2003; Lane et al., 2003). The
probability of changes being real is calculated using Student’s ¢-distribution, which
consists of calculating the t-score (¢) of each cross section as follows:

t=" (7)

This equation assesses the significance of the changes, expressed as the absolute elevation
difference between new and old DEMs (|AZ|=|Zpgwrs new - ZpEM o1d]), By comparing it to
the propagated error (Jp).

T-distribution enables the determination of the probability (p) of AZ being real on a
section-by-section basis. Given that we assumed the riverbed to be flat along the cross
sections, but elevations vary naturally, probabilistic thresholding was applied at a specific
confidence interval of 68% (p < 0.32) to obtain AZ,,.

Sections were excluded if their probability of the changes being real was greater than
0.32. Reliable volumetric elevation changes for the 2009-2011 and 2011-2016 periods
were obtained by multiplying AZ,.,; (from the 2011-2009 and 2016-2011 subtractions)
with the width of each cross section (distance between the cross sections is 1 m). This
method led to the quantification of geomorphic activity with fewer errors, especially in
the reaches where sediment retention barriers are emplaced.

4. Results

4.1. Chronology of torrential events and flexible barriers

Eight torrential events of different magnitude, behavior and sediment load occurred
in the 2009-2016 LiDAR temporal window. Five of them obstructed the access road and
six damaged the sediment retention barriers, which had to be repaired in some cases.
Table 2 presents the information of the torrential events recorded in the Portainé
catchment and their effects on the barriers. The most intense event occurred in July 2010
and the least intense one in May 2016.

Table 2. List of the events, including date, magnitude and effects (information obtained from FGC and
ICGC (2015) and IGC (2013).

Event Effects and damages
Date Magnitude Torrent Road crosses Barriers

2010/07/22 Most significant ~ Portainé 2 7 filled
Reguerals 2 damaged

2010/08/12 Major Portainé 2 0 filled
Reguerals 5 damaged

2011/08/05 Minor Portainé 0 2 filled
Reguerals 1 damaged

2013/07/23 Major Portainé 3 3 filled
Reguerals 3 damaged

2014/08/20 Minor ? 0 -

11
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2014/08/30 Medium Portainé 1 5 damaged
2015/08/21 Medium Portainé 1 5 damaged
2016/05/09 Less significant ? 0 -

The 15 flexible ring-net barriers with similar characteristics were emplaced along the
middle reach of the channels to retain sediment and produce a stepped profile to reduce
riverbed incision (Fig. 1). These structures are 4-6 m high and 12-24 m wide, their
retention capacity varying with the specific local slope and channel width. As shown in
Table 3, the barriers differ in size and were constructed at three different times: nine
between the end of 2009 and the beginning of 2010 (stage 1); four in 2012 (stage 2) and
two in 2014 (stage 3). They were all filled during different torrential events, except for
the ones emplaced in 2014 that remain empty and another one that was artificially filled
after installation.

Table 3. Sediment retention barriers on the Portainé and Reguerals torrents (information provided by Mr.
C. Fafianas, pers. com.).

Barrier Date Torrent Elevation  Height Width Filling event
code (m a.s.l.) (m) (m)

0 2009 Caners 1090 4 13.5 2010/07/22

1 2010 Portainé 1308 4 16.8 2010/07/22
2 2009 Portainé 1355 5 13.5 2010/07/22

3 2009 Portainé 1380 5 11.5 2011/08/05

4 2010 Portainé 1405 4 13.5 2010/07/22

5 2009 Portainé 1470 5 20 2010/07/22

6 2010 Reguerals 1490 4 27 2010/07/22

7 2010 Reguerals 1510 4 26 2011/08/05
8 2009 Portainé 1710 6 19.5 2010/07/22
11 2012 Portainé 1345 55 16.5 2012 (anthropic)
51 2012 Portainé 1525 4.5 25 2013/07/23
52 2012 Portainé 1555 4.8 27.1 2013/07/23
53 2012 Portainé 1575 5.1 15.1 2013/07/23
A 2014 Reguerals 1615 5 19.2 -

B 2014 Reguerals 1570 6 17.5 -

4.2. Geomorphic changes

3D visualization of airborne LiDAR points enabled us to observe clear geomorphic
changes related to anthropic structures. Deposition and erosion were observed upstream
and downstream of the barriers, respectively (Fig. 4). In some of the barriers installed in
stage 1, a change in the highest position of the barrier was identified when comparing
2011 and 2016 LiDAR data (Fig. 4a), produced by the ring net flexion caused by the
retained load. The horizontal displacement of the net could be estimated for the barriers
with sufficient LIDAR points for accurate measurement. In our study, this was measured
in five barriers (see the results at the end of this section), accounting for an average

12
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horizontal displacement of 0.7 m (1.1 m in the example shown in Fig. 4a). For the barriers
installed in stage 2, riverbed incision was detected from 2009 to 2011 (pre-barrier),
indicating natural erosive dynamics (Fig. 4b).
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Figure 4. Longitudinal sections of two specific stretches of the Portainé torrent showing 2009, 2011 and
2016 ground points (see Fig. 1a for the location of the barriers). (a) Barrier 4, constructed in 2010 and filled
in the July 2010 event, illustrating the change in the barrier position due to net flexion. (b) Barrier 53,

constructed in 2012 and filled in the July 2013 event.

As a preliminary approach, the spatial distribution of the geomorphic changes for raw
(unthresholded) 2011-2009 (Fig. 5a) and 2016-2011 (Fig. 5b) comparisons identified the
erosive or depositional nature of the stream stretches, the magnitude of the changes and
their relationship with anthropic structures. Erosion was the most common phenomenon
along valley bottoms. The material eroded alongside the torrents was mostly transported
during high-discharge flows, sometimes leading to the development of debris flows (and
the opposite when deposited). However, there were also other areas where erosion was
locally enhanced, such as downstream of the barriers or road intersections. Depositional
geomorphic processes occurred at places where the slope decreased or anthropic
structures located. The main areas of accumulation were the debris cone formed in the
most downstream reach (corresponding to the Caners torrent) and areas upstream of the
sediment retention barriers and road intersections.
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Figure 5. Geomorphic net change in storage terms (unthresholded) along the longitudinal profile of the
Portainé torrent, from the road intersection at 1,700 m a.s.l. to the confluence with the Reguerals torrent.
The bottom of the profile illustrates the magnitude of the changes. The location of the anthropic structures
is indicated by the newly (between 2011 and 2016) and previously (between 2009 and 2011) emplaced
barriers shown in upper and lower cases, respectively. (a) Changes between 2009 and 2011. (b) Changes
between 2011 and 2016.

Geomorphic changes were thresholded by the spatially variable uncertainty analysis.
Table 4 shows the uncertainty analysis and the volumetric geomorphic changes
considered real that were obtained for two example cross sections A ;LoD of 0.1 m was
calculated, leading to an AE of 0.07 m for the entire data sets. The IE, calculated from
the standard deviation of the mean elevations of each cross section, reached 0.5 m in some
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areas. du values showed large spatial variability, ranging from 0.1 to 5.4 m; however, the
median was 0.9 m and 0.66 m for 2011-2009 and 2016-2011, respectively (see examples
in Table 4). Probabilities of geomorphic changes being real (p) were < 0.32 in many
sections (68% confidence interval) and were considered real changes (AZ,..), whereas
geomorphic changes with p > 0.32 were discarded.. This thresholding analysis
considerably reduced the number of cross sections that were considered and influenced
the final results on geomorphic changes. Indeed, 57% and 74% of the data were discarded
for 2011-2009 and 2016-2011 sediment budget calculations, respectively. Nonetheless,
those sections with changes assumed to be real showed high reliability and were therefore
used for geomorphic quantification. The uncertainty analysis resulted in a smaller amount
of, but more reliable data (see Section 5.1). Most active zones, such as the areas
surrounding the flexible barriers, were not discarded due to their high magnitude, proving
the effectiveness of the methodology in these areas.

Table 4. Results of the spatially variable uncertainty analysis for two example sections (see their location
in Fig. 3). The volumes of the geomorphic change were only calculated for thresholded real elevation
changes.

Section DEM error Propagated error Probabilistic thresholding Volume (m?)
Ne Width (m) 0Zpem (M) S (m) t p Real AZ (m)
2009 2011 2016 11-09 16-11 11-09 le-11  11-09  16-11  11-09 16-11  11-09  16-11
4794 10.15 0.78 1.04 048 1.3 1.14 0.55 0.36 0.29 0.36 -0.72 - -7.32
4803 9.45 058 029 024 0.65 0.38 0.41 1.03 0.34 0.15 - 0.39 - 3.67

For the whole analysis area, the mean magnitude of change, obtained from average
vertical changes in the cross sections, was about 1 m (0.90 m for erosion and 1.02 m for
deposition), with more erosive sections occurring than depositional ones. Sediment
budgets were calculated for each period of time between the LiDAR flights. The 2011-
2009 comparison indicated a total volume of erosion and deposition of 22,042 m? and
19,204 m?, respectively, indicating a net degradation of -2,838 m?® in two years.
Quantification of the 2016-2011 changes also gave a negative sediment budget, but the
magnitude was much lower. Indeed, 8,308 m? of eroded material and 8,161 m? of
deposition yielded a total volumetric net change of -147 m?3 in five years. These results
suggest a tendency for entrenchment (erosion > deposition) in the studied mountain
torrents, with significant sediment output from the catchment towards the Romadriu
River. However, the period between 2009 and 2011 was much more active than that after
2011, as higher volumes were mobilized (both eroded and deposited).

Budget segregation is a very useful way of characterizing the spatial distribution and
magnitude of geomorphic processes, therefore leading to a better understanding of the
fluvio-torrential dynamics in the study area. We recalculated the 2011-2009 and 2016-
2011 sediment budgets by dividing the channels into reaches according to different
morphological (torrents), geomorphological (catchment sectors) or anthropic (reaches
between road intersections) factors. The results are shown in Table 5. The Portainé torrent
was more active than the Reguerals torrent, with geomorphic changes of greater
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magnitude and extension, especially for erosion. This explains the narrower and more
entrenched morphology of the Portainé torrent, which was also clearly identified in the
field. The catchment can be divided into three different sectors with different slopes: the
upper reach (location of the Port-Ainé ski station); the middle reach (contains entrenched
channels and the barriers) and the lower reach (contains a debris cone in the most
downstream part). The upper-middle and middle-lower boundaries geographically
correspond to the division of the N-S sectors and the road that crosses the stream at the
Montenartr6 Bridge, respectively (Fig. 1a). From 2009 to 2011, erosion mostly occurred
in the middle reach, with the material deposited in the lower reach. However, the 2011-
2016 period recorded significant accumulations in the middle reach, with erosion
dominating in the lower part. This can be partly explained by the erosive nature of
torrential events. While high-magnitude events (including debris flows) occurred between
2009 and 2011, producing significant erosion along the channels, the number of events
recorded from 2011 to 2016 was much lower, leading to proportionately more deposition.
The reaches between the road intersections showed a more complex erosion-deposition
pattern with temporally variable tendencies, which resulted from the large influence of
the barriers occurring in such short stretches.

Table 5. Segregation of the sediment budgets obtained from the 2011-2009 and 2016-2011 DEM
comparisons. For each reach, we calculated the net volumetric change and indicated its
erosional/degradational or depositional/aggradational tendency.

Criteria Reach description Time period Erosion Deposition Change Dynamics
(m%) (m’) (m*)

Torrent Portainé (Po) 2011-2009 -11,629 6,936 -4,693  Degradation
(abbr.) 2016-2011 4477 3,497 980  Degradation
Reguerals (Re) 2011-2009 -4,708 2,167 -2,541 Degradation
2016-2011 -1,618 2,156 538  Aggradation
Caners (Ca) 2011-2009 -5,705 10,101 4396  Aggradation
2016-2011 2213 2,508 295  Aggradation
Catchment Upper (low) 2011-2009 2,441 822 -1,619  Degradation
z:::iem) 2016-2011 1,139 568 572 Degradation
Middle (high) 2011-2009 -19,128 13,023 -6,105  Degradation
2016-2011 -6,112 7,473 1,362  Aggradation
Lower (medium) 2011-2009 -473 5359 4,886  Aggradation
2016-2011 -1,057 120 -937 Degradation
Road Po (2360-1965 m) 2011-2009 -1,764 775 989  Degradation
;l;::;sﬁ:lon 2016-2011 -1,096 541 554  Degradation
altitude) Po (1965-1700 m) 2011-2009 -1,684 2,015 331  Aggradation
2016-2011 -642 438 -204 Degradation
Po (1700-1450 m) 2011-2009 4191 2,039 2,152 Degradation
2016-2011 -1,419 1,731 312 Aggradation
Re (2225-1665 m) 2011-2009 -399 222 -178  Degradation
2016-2011 -180 145 -34  Degradation
Re (1665-1465 m) 2011-2009 -1506 1,450 -55 Degradation
2016-2011 -767 1,107 339 Aggradation

16



457

458
459
460
461
462
463
464
465

466
467

468

469
470
471

472

473

474
475
476

Ca (1465-1035 m) 2011-2009 12,025 7,344 -4,681  Degradation

2016-2011 3,147 4,078 931  Aggradation

Ca (1035-950 m) 2011-2009 -473 5,359 4886  Aggradation

2016-2011 -1,057 120 -937 Degradation

NET SEDIMENT BUDGET 2011-2009 22,042 19.204 2,838  Degradation
2016-2011 -8,308 8,161 -147 Degradation

The most significant deposition occurred at the sediment retention barriers, which
played an underlying role in the geomorphic changes recorded along the torrents by
modifying their natural evolution. Accumulation upstream of these structures was
quantified by probabilistic thresholding. The real retained material per barrier ranged
from 146 m> to 1,311 m3 and the total retention of the 15 barriers was 8,278 m3. Table 6
presents the volumes accumulated at each barrier and the horizontal displacement of the
net where it could be measured. The geomorphic changes of the barriers are discussed in
section 5.3.

Table 6. Relationship between dimensions, the calculated volume of filled barriers and the magnitude of
the net flexion. The barriers are listed in their order along the downstream direction.

Barrier  Height Width  Torrent Elevation  Volume  Horizontal net
code (m) (m) (m a.s.l.) (m3) displacement (m)
8 6 19.5 Portainé 1710 1302 0.3

53 5.1 15.1 Portainé 1575 303 -

52 4.8 27.1 Portainé 1555 1044 -

51 4.5 25 Portainé 1525 146 -

7 4 26 Reguerals 1510 441 0.5

6 4 27 Reguerals 1490 534 0.4

5 5 20 Portainé 1470 559 ?

4 4 13.5 Portainé 1405 589 1.1

3 5 11.5 Portainé 1380 ? 1.2

2 5 13.5 Portainé 1355 282 ?

11 5.5 16.5 Portainé 1345 535 -

1 4 16.8 Portainé 1308 1230 ?

0 4 13.5 Caners 1090 1311 ?

Another main deposition area in the 2011-2009 comparison was the debris cone,
where 4,904 m? of material accumulated. From 2011 to 2016, erosion prevailed in the
cone, leading to a net degradation of -896 m?.

5. Discussion

5.1.  Strengths and limitations of airborne LiDAR data in mountain areas

The analysis of airborne LiDAR data can be applied to the study of
hydrogeomorphologically active mountains. One of the main advantages is the detection
of temporal morphological changes that are indistinguishable in aerial photographs, due

17



477
478
479
480
481
482
483

484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499

500
501
502
503
504
505
506
507
508
509
510

511
512
513
514
515
516
517
518

to its huge potential for precisely and accurately assessing landscape changes by easily
identifying erosion and deposition zones. Moreover, airborne LiDAR enables the
procurement of extensive data sets that cover large sectors of the terrain in a short time,
which cannot be achieved with ground-based high-resolution topographic techniques
such as terrestrial laser scanning or theodolite measurements. The acquisition of LiDAR
data is also useful in remote areas where it is difficult to conduct field surveys, such as
heavily entrenched stretches of steep mountain rivers.

These kind of data also has some limitations that need to be considered when
assessing the reliability of the data, mainly concerning its accuracy and resolution (Slatton
et al., 2007). A 15-cm measurement error in point altitude (vertical accuracy) is typically
reported by LIDAR manufacturers. The altimetric error is higher in mountain areas with
dense vegetation and steep variable gradients. For instance, a vertical accuracy of 0.25
cm has been reported for forested areas (Biron et al., 2013). For the data used in this
study, an RMSE < 15 cm was obtained, which decreased to 5 cm in flat areas and was <
50 cm in steep forested areas. These errors are within the accepted range of values. Point
density is another vital factor for evaluating LiDAR data (Rupnik et al., 2015) and can be
problematic in mountain areas, as dense vegetation hinders the laser beam from reaching
the terrain, giving rise to lower -resolution DEMs. Cavalli and Marchi (2008) reported a
ground data density of 2.5 points/m? that decreased to 0.25 points/m? under a dense forest
canopy. We took into account this limitation by manually filtering the 2009, 2011 and
2016 point clouds, exclusively paying attention to the analysis area. This considerably
minimized the classification errors and produced a higher average ground point density
for the analysis area (Table 1).

Regarding the 2009 data, the obtained mean ground point density (Table 1) was lower
than the DEM resolution. Using the equation proposed by Landridge et al. (2014),
S=V(A/n), the obtained optimal grid resolution (S) for the 2009 data set was 1.86 m and
up to 0.86 m for the 2016 data set. As multi-temporal DEMs need to have the same
resolution in order to be subtracted, a mean value should be used for DEM generation. A
2-m grid resolution would not take advantage of a significant number of points (in the
case of the 2011 and 2016 data sets). Therefore, we generated 1x1-m DEMs for the three
data sets. Since some areas from the 2009 model may include highly interpolated unreal
surfaces, we analyzed uncertainty in detail, based on the quantification of IEs. This
revealed that cross sections with a very low resolution showed a high number of errors
and were therefore excluded from morphological budget calculations.

As mountain streams with torrential activity tend to record geomorphic processes with
a significant magnitude of change (or signal), the elevation change was higher than the
error (AZ>dp) and thus, 2D analyses of DoDs could be performed. While conventional
DoD analysis can be reliably conducted for flat areas with little vegetation, it can lead to
large interpolation errors remaining unidentified for steep slopes with dense vegetation,
generating errors and unreal topographic changes. We overcame this problem by
performing a detailed section-by-section 1D analysis for uncertainty estimation along the
channels that excluded data within a determined error range (dp) and probability
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(confidence interval). Although this approach took longer and was more expensive than
conventional DoD analyses, it demonstrated the utility of combining AEs and IEs for
reliable DoD thresholding, morphological budgeting and geomorphic interpretation along
mountain steep channels. The first limitation of the designed method was the assumption
that the cross sections are regular, as they are likely to be irregular in a dynamic erosive
system. We addressed this drawback by restricting our analysis to the smooth riverbed
and applying a 68% confidence interval, instead of the commonly used 95% value. This
confidence interval discards the data identified to be insufficiently reliable for comparison
, leading to a probable underestimation of the degradational/aggradational effects. Hence,
the final calculations used fewer, but more reliable data instead of a higher amount of data
that included more errors. More data were discarded when thresholding the 2011-2009
comparison compared to the 2016-2011 one (see section 4.2), as the uncertainty was
mostly greater for the first period (most probably due to the lower resolution of the 2009
data set). Factors affecting the percentage of sections excluded from analysis were mainly
point density and the magnitude of the signal. High-magnitude geomorphic changes were
never discarded, such as those associated with the barriers.

5.2, Interpretation of geomorphic changes and catchment dynamics

The geomorphic changes detected, quantified and segregated from multi-temporal
LiDAR data provided valuable information about recent torrential processes in the
Portainé catchment. The main limitation of morphological budgeting in fluvial
environments is the compensation of long-term scouring (erosion) and filling (deposition)
by extraordinary events. In our study, the mobilized sediment volume was higher in the
two-year period from 2009 to 2011 than in the five—year period from 2011 to 2016 (Table
5). Therefore, the analyzed torrents were considerably more active between 2009 and
2011 as they produced larger geomorphic changes, with the effects of the fluvio-torrential
activity still continuing, but decreasing later on. The dynamics observed for the two time
periods can be explained by both: (a) the different magnitudes of the torrential events and
consequently variations in the eroded and deposited volumes of material, and (b) the
effects of the sediment retention barriers changing the flow dynamics, resulting in mainly
upstream deposition and downstream and lateral erosion. During the LiDAR temporal
window, eight high-discharge flows occurred (Table 2) and all the barriers were emplaced
(Table 3). Regarding the 2011-2009 comparison, three events occurred (two in 2010 and
one in 2011) that filled nine barriers. The 2016-2011 comparison shows the effects of five
events (one in 2013, two in 2014, one in 2015 and one in 2016) and four more sediment
retention barriers.

Although small rainstorms may move some sediment along the channels, its volume
is negligible. The recorded geomorphic changes mainly result from extraordinary
torrential events, especially high-magnitude debris flows and floods. This is evidenced
from the grain size observations in the field, where boulders predominate. When
quantifying the geomorphic processes associated with extraordinary events, erosion is
typically underestimated when the areas eroded during the peak discharge are covered
with deposited material (Fuller et al., 2003). Thus, some erosion is undetectable in multi-
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temporal DEM comparisons. The torrential flows that occurred from 2009 to 2016
showed very different magnitudes and sediment loads, from well-developed debris flows
(e.g., July 2010; Luis-Fonseca et al., 2011) to debris floods (e.g., May 2016; eyewitness
accounts). The 2011-2009 geomorphic changes included those affected by the largest
event, as well as another major and minor one. The 2016-2011 comparison included the
effects of one major, three minor and the smallest event. The events with a higher
magnitude are reflected in the clearly degradational 2011-2009 net budget and the
aggradation of the cone, which are associated with the two major events of 2010. From
2011 to 2016, geomorphic processes in this area were mainly erosive due to the lack of
high-magnitude torrential flows, the retention of material behind the nets and the effect
of the “hungry waters” ahead. The barriers, stepped slope and decreasing flow velocity
might have also reduced the potential effects of the events along the channels, especially
for minor floods.

The dynamics of the torrents were mainly degradational, consistent with the erosive
tendency of the increasingly entrenched channels. Most of the natural (not human-altered)
reaches were erosional, whereas deposition occurred in specific areas, mainly at the
sediment retention barriers and the debris cone (Fig. 5). Indeed, 33% and 25% of the total
volumes of deposition from 2011-2009 and 2016-2011, respectively, corresponded to the
material retained upstream of the barriers, whereas the debris cone accounted for 26% of
the deposited volume between 2009 and 2011. Moreover, total erosion volumes might
have been underestimated because of the exclusion of erosive cross sections where the
geomorphic change was lower than the error (AZ < 6p). Indeed, 53% and 51% of the
discarded sections were erosional for the 2011-2009 and 2016-2011 comparisons,
respectively. All these results suggest a generalized incision tendency of the torrents, with
local accumulations. As summer convective storms still occur and produce torrential
events, such dynamics are expected to continue.

5.3.  Assessment of the flexible sediment retention barriers

Flexible barriers are the preferred choice for hydrological correction in mountain
areas. Their main advantages over conventional check dams are their lower economic
cost and environmental impact, especially as their installation is quite quick and easy,
using a helicopter (Mr. C. Fafanas, pers. com.). Furthermore, they only retain high-
magnitude debris flows, letting low-magnitude flows go through below the net. However,
sediment retention barriers strongly affect channel evolution. They modify the
longitudinal profile of the torrents when they are filled, as the slope changes both
upstream and downstream of the net (Fig. 4). Thus, the barriers alter the flow and produce
a complex erosion-deposition dynamic that can be assessed in detail, as shown in this
study.

Flexible barriers are filled during extraordinary events, leading to significant
deposition volumes. They have been reported to present an individual retention capacity
of 1,400-2,000 m? (Fafianas-Aguilera et al., 2009). However, we quantified considerably
smaller deposition volumes behind the barriers (146-1,311 m?®), suggesting that the real
retained volume may be lower than expected. Indeed, the retained volume might be
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affected by the local morphology of the torrent (gradient and width) and the size of the
barrier (height and width). Given the dynamic nature of the barriers, acting loads are
presumed to deform the ring net when material is retained. The flexion of the barriers was
detected and measured in some barriers, giving valuable information on their behavior.
Table 6 provides the dimensions of the barriers, the estimated retained volumes and the
magnitude of net flexion.

Once filled, the barriers induce erosive effects downstream because the flow falls as
a waterfall, progressively eroding the riverbed. In some adjacent slopes, localized incision
has occurred due to the lateral deviation of the flow when passing over the deposit (Fig.
6a). Such lateral incisions might partially or completely empty the barriers. However,
when erosion exposes the anchors, the barriers become less stable and thus, require repair
and further maintenance (Fig. 6b). We identified and quantified erosion downstream and
obtained eroded volumes of 46-703 m3. These data are of paramount interest for
prioritizing the management and maintenance of the barriers.

' Bedrock &t

Boulders 4
Net %
Anchors g#

Figure 6. Lateral erosion and anchor exposure at barrier 53 (November 2015). (a) Photograph of the barrier

and the accumulated material downstream. (b) Zoomed photograph and drawing of the main features,

showing the lateral “hole” with the anchor exposed that might reduce the stability of the barrier.
6. Conclusions

This study presents a high-resolution assessment of the geomorphic impact of flexible
barriers in torrential channels, including upstream filling and downstream and lateral
erosion that can make barriers unstable, using a new LiDAR-based geomorphic approach
for improved sediment budgets. The method takes into account spatial variabilities in data
and errors along the channels by applying a cross-sectional elevation analysis to better
discretize geomorphic changes. We propose this approach for studying torrents in densely
vegetated steep mountains, which produce significant interpolation errors for standard
DoD analyses.

The main applications for monitoring flexible sediment retention barriers include the:
(1) estimation of barrier behavior, effects and consequences; (ii) remote revision and
inspection for appropriate maintenance; (iii) detection of problematic spots and highly
erosive reaches; and (iv) selection of priority areas for the installation of new barriers.
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The LiDAR data analyzed in this study was useful for hydrogeomorphic research,
even if it was not originally acquired for that purpose. Choosing optimal flight parameters
for data acquisition in abrupt landscapes would provide even more accurate DEMs. Given
its increasing availability, airborne LiDAR data are emerging as a potential tool for
monitoring areas that are hard to inspect in the field. In this sense, the presented approach
can be applied to assess structural corrective measures in mountain catchments and
provide information for future decisions on management strategies.
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Table 1. LiDAR flight parameters and point cloud data specifications from the 2009, 2011 and 2016
surveys (data from ICGC).

2009 2011 2016
Average flight altitude 2250 m 2440 m 2712 m
Scan angle 48° 40° 313°
Scan frequency 21.5Hz 25 Hz 244 Hz
Pulse rate 89200 Hz 84400 Hz 77100 Hz
Nominal point density 0.5 pt/m? 0.5 pt/m? 0.5 pt/m?

Total point density (for entire datasets) 0.96 pt/m? 2.14 pt/m? 2.77 pt/m?
Ground point density (for analysis area) 0.29 pt/m? 0.93 pt/m? 1.32 pt/m?




Table 2. List of the events, including date, magnitude and effects (information obtained from FGC and
ICGC (2015) and IGC (2013).

Event Effects and damages
Date Magnitude Torrent Road crosses Barriers
2010/07/22 Most significant  Portainé 2 7 filled
Reguerals 2 damaged
2010/08/12 Major Portainé 2 0 filled
Reguerals 5 damaged
2011/08/05 Minor Portainé 0 2 filled
Reguerals 1 damaged
2013/07/23 Major Portainé 3 3 filled
Reguerals 3 damaged
2014/08/20 Minor ? 0 -
2014/08/30 Medium Portainé 1 5 damaged
2015/08/21 Medium Portainé 1 5 damaged
2016/05/09 Less significant ? 0 -




Table 3. Sediment retention barriers on the Portainé and Reguerals torrents (information provided by Mr.
C. Fananaés, pers. com.).

Barrier Date Torrent Elevation  Height Width Filling event
code (m a.s.l.) (m) (m)

0 2009 Caners 1090 4 13.5 2010/07/22

1 2010 Portainé 1308 4 16.8 2010/07/22

2 2009 Portainé 1355 5 13.5 2010/07/22

3 2009 Portainé 1380 5 11.5 2011/08/05

4 2010 Portainé 1405 4 13.5 2010/07/22

5 2009 Portainé 1470 5 20 2010/07/22

6 2010 Reguerals 1490 4 27 2010/07/22

7 2010 Reguerals 1510 4 26 2011/08/05
8 2009 Portainé 1710 6 19.5 2010/07/22
11 2012 Portainé 1345 5.5 16.5 2012 (anthropic)
51 2012 Portainé 1525 4.5 25 2013/07/23
52 2012 Portainé 1555 4.8 27.1 2013/07/23
53 2012 Portainé 1575 5.1 15.1 2013/07/23
A 2014 Reguerals 1615 5 19.2 -

B 2014 Reguerals 1570 6 17.5 -




Table 4. Results of the spatially variable uncertainty analysis for two example sections (see their location
in Fig. 3). The volumes of the geomorphic change were only calculated for thresholded real elevation

changes.
Section DEM error Propagated error Probabilistic thresholding Volume (m?)
Ne¢ Width (m) 8Zpem (M) S (m) t p Real AZ (m)
2009 2011 2016 11-09 16-11 11-09 le-11  11-09  16-11  11-09 16-11  11-09  16-11
4794 10.15 0.78 1.04 048 1.3 1.14 0.55 0.36 0.29 0.36 -0.72 - -7.32 -
4803 9.45 058 029 024 0.65 0.38 0.41 1.03 0.34 0.15 - 0.39 - 3.67




Table 5. Segregation of the sediment budgets obtained from the 2011-2009 and 2016-2011 DEM
comparisons. For each reach, we calculated the net volumetric change and indicated its
erosional/degradational or depositional/aggradational tendency.

Criteria Reach description Time period Erosion Deposition Change Dynamics
(m%) (m%) (m%)
Torrent Portainé (Po) 2011-2009 11,629 6,936 -4,693  Degradation
(abbr.) 2016-2011 4,477 3,497 980  Degradation
Reguerals (Re) 2011-2009 -4,708 2,167 2,541  Degradation
2016-2011 -1,618 2,156 538 Aggradation
Caners (Ca) 2011-2009 -5,705 10,101 4,396 Aggradation
2016-2011 2213 2,508 295  Aggradation
Catchment Upper (low) 2011-2009 2,441 822 -1,619  Degradation
:;:::;ient) 2016-2011 -1,139 568 572 Degradation
Middle (high) 2011-2009 -19,128 13,023 -6,105  Degradation
2016-2011 6,112 7,473 1,362  Aggradation
Lower (medium) 2011-2009 -473 5359 4,886  Aggradation
2016-2011 -1,057 120 937  Degradation
Road Po (2360-1965 m) 2011-2009 -1,764 775 989 Degradation
;’I‘I:::ii:;"“ 2016-2011 -1,096 541 554  Degradation
altitude) Po (1965-1700 m) 2011-2009 -1,684 2,015 331  Aggradation
2016-2011 -642 438 -204 Degradation
Po (1700-1450 m) 2011-2009 4191 2,039 2,152 Degradation
2016-2011 -1,419 1,731 312 Aggradation
Re (2225-1665 m) 2011-2009 -399 222 -178 Degradation
2016-2011 -180 145 -34 Degradation
Re (1665-1465 m) 2011-2009 -1506 1,450 -55 Degradation
2016-2011 =767 1,107 339 Aggradation
Ca (1465-1035 m) 2011-2009 12,025 7,344 -4,681  Degradation
2016-2011 -3,147 4,078 931  Aggradation
Ca (1035-950 m) 2011-2009 -473 5,359 4886  Aggradation
2016-2011 -1,057 120 -937 Degradation
NET SEDIMENT BUDGET 2011-2009 22,042 19,204 2,838 Degradation

2016-2011 -8,308 8,161 -147 Degradation




Table 6. Relationship between dimensions, the calculated volume of filled barriers and the magnitude of
the net flexion. The barriers are listed in their order along the downstream direction.

Barrier = Height Width  Torrent Elevation Volume  Horizontal net
code (m) (m) (m a.s.l) (m?) displacement (m)
8 6 19.5 Portainé 1710 1302 0.3

53 5.1 15.1 Portainé 1575 303 -

52 4.8 27.1 Portainé 1555 1044 -

51 4.5 25 Portainé 1525 146 -

7 4 26 Reguerals 1510 441 0.5

6 4 27 Reguerals 1490 534 0.4

5 5 20 Portainé 1470 559 ?

4 4 13.5 Portainé 1405 589 1.1

3 5 11.5 Portainé 1380 ? 1.2

2 5 13.5 Portainé 1355 282 ?

11 55 16.5 Portainé 1345 535 -

1 4 16.8 Portainé 1308 1230 ?

0 4 13.5 Caners 1090 1311 ?




