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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Spanish (e.g. unpublished IGC reports), only keeping the most essential ones.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 Fañanás, 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 LiDAR 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. I 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 (δμ) 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.  



4. 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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12 Abstract

13 Multi-temporal Ddigital Eelevation Mmodels (DEMs) obtained from airborne LiDAR 
14 surveys are widely used to detect geomorphic changes in time and quantify sediment 
15 budgets.; butHowever, they have been rarely applied to study the geomorphic impact of 
16 engineering structures in mountain settings contexts. In this study, we assessed the 
17 influence and behavior of flexible sediment retention barriers in the Portainé catchment 
18 (Spanish Pyrenees), using three LiDAR data sets (2009, 2011 and 2016) that covered a 
19 7-year time period. Densely forested mountainous areas present some limitations for a 
20 reliable DEM analysis due to spatial variabilities of in data precision, accuracy and 
21 point density. A new methodological approach for robust uncertainty analysis along 
22 channels, based on changes in cross- sectional elevations, changes is presentedwas used 
23 to discriminate noise from real geomorphic changes for robust uncertainty analysis 
24 along channels, in order to discriminate noise from real geomorphic changes. The 
25 Oobtained results indicated that erosion occurs along most reaches covering a large 
26 area, whereas deposition is localized in specific areas such as those upstream from of 
27 sediment retention barriers and at in the most downstream debris cone. Despite the 
28 existence presence of fifteen 15 flexible sediment retention barriers, the channels were 
29 presented net degradational during both for the 2009-2011 and 2011-2016 periods, with 
30 2,838 and 147 m3 of material exported from the basin, respectively, corresponding to a 
31 net erosion of 2,985 m3. For the same periods, the barriers retained 33% and 25% of the 
32 total deposition (up to 1,300 m3 per barrier), respectively, but also induced lateral and 
33 downstream incision, the latterst one reaching 703 m3 for a single barrier. We detected 
34 an horizontal displacement of the net of up to 1.2 m horizontal displacement of the net 
35 in filled barriers, resulting from the net flexion. The interference of defense measures 
36 with the natural river evolution by defense measures has resulted in a complex erosion-
37 deposition pattern. The presented tools and methods show high potential for the 
38 hydrogeomorphic study of mountain catchments, and especially, for a high- resolution 
39 assessment of flexible barriers or other engineering measures structures in remote areas. 

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

mailto:ane.victoriano@ub.edu
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41 1. Introduction

42 Hydrometeorological events represent the most frequent natural disasters occurring 
43 on a global scale (Munich Re, 2016), producing significant economic and human losses. 
44 In 2015 alone, floods caused damagesan estimated economic to cost ofbe worth US$ 
45 21.3 billion (c. EUR €20,108 million) and claimed 3,449 lives (Guha-Sapir et al., 2016). 
46 In mountainous environmentsareas, high -intensity, sediment-laden torrential floods are 
47 the most destructive geomorphological hazards. Several areas in the Pyrenees have been 
48 affected by these phenomena in recent years and their management continues to pose an 
49 ongoing challenge (Batalla et al., 1999; Chevalier et al., 2013; Lorente et al., 2003; 
50 Palau et al., 2017; Portilla et al., 2010).

51 Such phenomena are highly unpredictable, often resulting from short and intense 
52 localized, short duration, high intensity precipitation events. The rapid accumulation of 
53 drainage through the steep mountain basins can then give riselead to high- velocity 
54 flows that entrain large volumes of sediment from the bed and banks. and mayThese can 
55 quickly evolve into hyperconcentrated floods with a high concentration of sediments 
56 that continue to bulk -up downstream, with potentially catastrophic consequences. Such 
57 floods flows have considerable destructive power, posingpose a severe risk to 
58 infrastructure, and riparian assets and a major threat to life, particularly where the floods 
59 discharge onto the valley floor through populated fans and floodplains. Central to this is 
60 an understanding of how lLithology, gradient and the pattern of drainage accumulation, 
61 gradient and lithology  combine to affect the distribution of stream power and sediment 
62 transport in mountain catchments. This interaction affectsdetermines whether the 
63 potential for switching  flow betweenbecomes a clearwater, hyperconcentrated fluid one 
64 and or a debris flow one behaviour as water flows can evolve into hyperconcentrated or 
65 debris flows in a single event, depending on the sediment load involved (Pierson and 
66 Costa, 1987). This in turn, influences the distribution of runout across the receiving 
67 piedmont fan piedmont or floodplain (Chiang et al., 2012; Scheidl and Rickenmann, 
68 2011). Throughout the paper, wWe will use the term “torrential” throughout this paper 
69 to include all the mentioned flow types and events.

70 The control of hHydrogeomophic hazards is can be faced dealt with using various 
71 kinds of defense measures, depending on the characteristics of the site. Engineering 
72 structures are considered a fast and effective way of mitigating risk mitigation, and 
73 among them,include the recently-developed flexible debris flow barriers that are 
74 increasingly being used emplaced in torrential channels (Luis-Fonseca et al., 2011; 
75 Wendeler et al., 2008). While much attention has been paid to the safe design of such 
76 retention barriers (Ferrero et al., 2015; Volkwein et al., 2015), the study of their 
77 geomorphic effects still requires further research, as it hasthese directly impactlications 
78 on the effectiveness and stability of the structure itself. Thus, the question being that 
79 needs to be addressed would beis how barriers actually behave and influence landscape 
80 geomorphological evolution. 

81 Geomorphological risk assessments have been facilitated by the emergence of high- 
82 resolution topographic data that haves provided new opportunities to quantify the 
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83 transfer of mass and energy across landscapes (Passalacqua et al., 2015).  The 
84 acquisition of detailed 3D topographic data, in particularly through airborne laser 
85 scanning (ALS, also called airborne LiDAR), has fast rapidly become established as 
86 routine practice for many national mapping agencies and it is used to support flood and 
87 geological risk assessment.  Moreover, such data are now increasingly available to the 
88 wider public through open-access data portals, presenting unrivalled opportunities for 
89 broad-scale research. Airborne LiDAR data haves been used to support afor a wide 
90 range of research into natural hazards, including such as the geomorphic research on 
91 past and/or recent active surficial processes (Abellan et al., 2016; Jaboyedoff et al., 
92 2012; Roering et al., 2013). In the specific context of fluvial and torrential 
93 environments, these data have been used to provide enhanced characterization of 
94 drainage systems and to provide the boundary conditions for kinematic and physical 
95 models of fluid and sediment transport (Bailly et al., 2012; Biron et al., 2013; Cavalli et 
96 al., 2008; Cavalli and Tarolli, 2011; Jones et al., 2007; Notebaert et al., 2009; Thoma et 
97 al., 2005). 

98 The Iincreasingly the routine approach touse of LiDAR data acquisition has led to 
99 the development of multi-temporal data sets that sample the same region as a series of 

100 timeslices. The derived Ddigital Eelevation Mmodels (DEMs) can then be differenced 
101 sequentially to obtain DEMs of Ddifference (DoDs), which reveal not only the 
102 horizontal, but also the vertical pattern of topographic change. Such assessments of 
103 geomorphic changes assessment based on DoDs gives insights intoprovide information 
104 on landscape morphology and evolution (Anders et al., 2013), as it allows enables a 
105 detailed study of the spatial and temporal patterns of in erosion and deposition, and 
106 alsoas well as the net changes from morphological sediment budgeting. Sequential 
107 DEM differencing has been applied to a wide range of fluvial systems, including 
108 braided, gravel-bed rivers with high sediment loads (Brasington et al., 2000; Lane et al., 
109 2003), and steep mountain channels (Cavalli et al., 2017), but also for the analysis ofand 
110 specific flood or debris flow events (Breien et al., 2008; Bremer and Sass, 2012; Bull et 
111 al., 2010; Croke et al., 2013; Imaizumi et al., 2016; Rathburn et al., 2017; Scheidl et al., 
112 2008).

113 It is essential to consider data uncertainty in order to avoid the misinterpretation of 
114 the real geomorphic changes, by distinguishing them from background noise generated 
115 by different error sources of error. Over the last few decades, much attention has been 
116 paid to the assessment of DoD uncertainties that come from DEM quality (Brasington et 
117 al., 2003; Cavalli et al., 2017; Lane et al., 2003, 1994; Wheaton et al., 2010). The need 
118 for the estimation of aIt has been reported that thea minimum level of detection 
119 (minLoD) should be estimated to for the detection of small elevation changes that are 
120 probably associated to with errors has been reported (Brasington et al., 2000; Fuller et 
121 al., 2003). 

122 Regarding mountain environments, many difficulties for athe reliable application of 
123 airborne LiDAR data are is still unsolvedhampered by many difficulties. Comparability 
124 between data sets is a key point that becomes a hard task in morphologically complex 
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125 terrains. On the one handHowever, there is a bias resulting from differences in the point 
126 cloud georeferencing and the adjustment/alignment process becomes an arduous taskin 
127 mountain regions (Lallias-Tacon et al., 2014). On the other handMoreover, elevation 
128 accuracy and point density decrease in steep densely forested steep areas (Cavalli et al., 
129 2008), leading to data sets with temporally variable characteristics among them and 
130 spatially variable uncertainties within each one. Withhen these limitations exist, DoD-
131 based analyses cannot be applied performed properly due to many areas lacking of 
132 source data, that produceresulting in merely interpolated surfaces, that are different in 
133 each DEM. At this pointThus, there is a need for a methodology for LiDAR uncertainty 
134 assessment analysis based on spatial variabilities along mountain channels and 
135 hillslopes arises. 

136 In this paper, we present a new methodological approach for the quantifyingication 
137 of  geomorphic changes in active and densely forested mountain catchments using 
138 multi-temporal airborne LiDAR data. The major main objective is toof this study was to 
139 assess the behavior, effectiveness and geomorphic influence of flexible retention 
140 barriers. Thise interest and contribution of this research lie on theprovides a high-
141 resolution assessment of the existing engineering featuresstructures in difficult-access 
142 remote channels that are difficult to access, as well as on the detection ofidentifying the 
143 priority areas for the maintenance and future management actionsof the barriers.

144 2. Study area and torrential activity

145 This study iwas carried out in the Portainé (5.7 km long;, average gradient, 24.7%) 
146 and the Reguerals (3 km long;, average gradient, 31.3%) mountain torrents of the 
147 Pyrenees, the latter being a tributary of the former and named referred to as Caners 
148 downstream from of the confluence (Fig. 1a). The two torrents constitute the Portainé 
149 catchment (5.72 km2), which is located in the Pallars Sobirà County (Catalonia, Spain), 
150 and they flow into the Romadriu River, which is part of the Ebro River draining into the 
151 Mediterranean Sea. Elevation ranges between from 2,439 m a.s.l. (the Torreta de l’Orri 
152 peak) and to 950 m a.s.l. (the Vallespir hydropower dam), and the torrents merge at 
153 1,285 m a.s.l. In the headwaters, aA ski resort is located at the headwaters, and anwith 
154 its access road goes along the hillslopes crossing the channels repeatedlyseveral times. 
155 The basin can be divided into two sectors that differ in morphology and 
156 hydrogeomorphic processes. The southern one corresponds to the less vegetated 
157 headwaters, coinciding withcontaining less vegetation and the ski domainresort. This 
158 area is characterized by Ggentler slopes (10-25º) and a less entrenched drainage 
159 network characterize this area, where torrential processes are not especially relevant. 
160 The northern sector is densely forested and shows an intense torrential activity along the 
161 steep (>25º) and strongly entrenched and confined torrents. These are human-altered 
162 channels have been affected by human activity with via the implementation of a multi-
163 barrier system that highly strongly influences sediment transfer processes. In theise 
164 reaches, severe flows have occurred in the last decade and a debris cone has been 
165 formed in the most downstream part. 
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166 2.1.  Geological setting and climateic setting

167 The region is dominated by highly folded, fractured and weakened Cambro-
168 Ordovician metapelites. Glacial and periglacial processes during the Pleistocene glacial 
169 periods gave rise to intense weathering, and with the subsequent fluvial erosion has 
170 resultinged in steep slopes and entrenched torrents. Apart from the bedrock, two types 
171 of surficial deposits are presentcrop out in the Portainé catchment. First, One is the 
172 colluvium, up to 10 m thick, which covers the bedrock is covered along most of its 
173 extensionby an up to 10 m thick colluvium along most of its extension. Second, The 
174 other are the torrential deposits are found in the valley bottoms, which that have been 
175 formed by the deposition of different sediment-laden flows. Both are unconsolidated 
176 materials that can be easily eroded and transported, as well as the bedrock (Ortuño et al., 
177 2017).

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

184 2.2.  Hydrogeomorphic hazards and flexible barriers

185 Fluvio-torrential processes are very intense in the Portainé and the Reguerals 
186 torrents, andthe torrential flows posinge a significant hazard to this catchment. These 
187 eventsTorrential flows, which include some well-known debris flows, produce 
188 considerable economic damages to infrastructures and facilities in the catchment, 
189 especially due to the obstruction of the access road that connects withto the ski resort. 
190 Since 2009, €5.,800.,000 € have been invested in road works and €510,.000 € in 
191 mitigation measures since 2009 (Pinyol et al., 2017). Dendrogeomorphological studies 
192 have proved the occurrence of at least ten previous events from 1969/1970 to 2009/2010 
193 (recurrence interval of 4.5 years), based on the dating of damage indicators on riverbank 
194 trees in different geomorphic positions (Génova et al., under reviewaccepted; Victoriano 
195 et al., in press2018). The torrential activity has intensified since 2006, showing a one-
196 year recurrence intervalwith extraordinary flows occurring almost yearly. Thise increase 
197 oin the occurrence of torrential events has been related linked to the anthropic changes 
198 activities in the ski resort area,; mainly to the loss of vegetation cover, decreasing the 
199 infiltration capacity, and to the construction of artificial drainage channels to for 
200 gathering the runoff, all of these together producing higher peak discharges (de las 
201 Heras, 2016; Furdada et al., 2017).  The largest recorded debris flow occurred in 
202 September 2008 (prior to the available LiDAR data) and its volume was estimated in 
203 the field to be 26,000 m3 (Portilla et al., 2010), with an averaged erosion rate of 2.12 
204 m3/m (Abancó and Hürlimann, 2014). 

205 In order tTo reduce the impacts of the torrential events, mid-term hydrological 
206 correctiveon measures have been carried outimplemented (Luis-Fonseca et al., 2011), 
207 consisting ofn placing VX-160 flexible ring-net barriers along the channels (Fig. 1b). 
208 These aim is to retain part of the transported material and to induce a stepped river 
209 profile to reduce the flow energy and, therefore, avoid prevent erosion. Since 2009, 
210 fifteen 15 barriers have been placed in the Portainé catchment, eleven of them11 in 
211 Portainé and seven 4 in Reguerals (Fig. 1a). Due to the large sediment loads involved 
212 duringthat are associated with extraordinary events, the barriers were quickly filled, 
213 even after a single event. Currently, torrential events still occur, leading to progressively 
214 more entrenched ravines and posing a risk to the effectiveness and stability of the 
215 barriers.

216 3. Methods

217 3.1.  Documentary data
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218 We searched for documentary data on recent torrential events and compiled all the 
219 available data on their effects and impacts on infrastructures. The main data sources 
220 were the technical reports of the Institut Geològic de Catalunya (IGC) and Ferrocarrils 
221 de la Generalitat de Catalunya (FGC) (FGC and ICGC, 2016, 2015, IGC, 2013a, 
222 2013b, 2011, 2010a, 2010b, 2008) (e.g., FGC and ICGC, 2015;, IGC, 2013), as well as 
223 other scientific works (Palau et al., 2017; Victoriano et al., in press2018). The relative 
224 magnitude of the events was established according to their repercussion on 
225 infrastructures (number of obstructed road crosses and filled barriers) and 
226 geomorphological processes (incision, sediment transport and accumulation). Regarding 
227 anthropic activitiesons, the emplacement dates and place locations of the sediment 
228 retention barriers (Fig. 1a) wereas established thanks to the information provided by Mr. 
229 Carles Fañanás (Department of Environment, Government of Catalonia) and recorded 
230 phenomena were compiled from different IGC reports. With all the information, aA 
231 complete database was prepared with all this information.

232 3.2.  LiDAR data acquisition and processing

233 Sequential data sets were collected in August 2009, August-September 2011 and 
234 August-September 2016, using a Cessna Caravan 208B aircraft equipped with a Leica 
235 ALS50-II topographic LiDAR sensor, owned by the Institut Cartogràfic i Geològic de 
236 Catalunya (ICGC). The LiDAR flight parameters and data specifications are shown in 
237 Table 1. The minimum pulse density per strip (nominal point density) was 0.5 points/m2 
238 and the vertical accuracy of the LiDAR system was had a root mean square error 
239 (RMSE) < 15 cm root mean square error (RMSE). The resulting point densities for the 
240 obtained 2009, 2011 and 2016 data sets surveys were 0.96, 2.14 and 2.77 points/m2, 
241 respectively. The accuracy of the data was calculated by comparing LiDAR and ground 
242 GPS elevations, and was estimated for the three data sets to be, (expressed as RMSE), < 
243 5 cm in for flat and non-vegetated areas, < 15 cm in for slightly steep and forested areas, 
244 and < 50 cm in for steep and densely forested areas. 

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

2009 2011 2016
Average flight altitude 2250 m 2440 m 2712 m
Scan angle 48° 40° 31.3 °
Scan frequency 21.5 Hz 25 Hz 24.4 Hz
Pulse rate 89200 Hz 84400 Hz 77100 Hz
Nominal point density 0.5 pt/m2 0.5 pt/m2 0.5 pt/m2

Total point density (for entire datasets) 0.96 pt/m2 2.14 pt/m2 2.77 pt/m2

Ground point density (for analysis area) 0.29 pt/m2 0.93 pt/m2 1.32 pt/m2

247

248 A data quality assurance and control process (QA/QC) was performed for each 
249 yeardata set. First, the point clouds wereas distributed in blocks measuring 2 km x 2 km 
250 blocks in order to check data completeness and point density. Second, points were 
251 georeferenced (x, y and z coordinates) and projected in UTM (Zone 31N) in the 
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252 ERTS89 reference system from the aircraft trajectory calculation, using GPS data of the 
253 flight and GNSS data from control points of the CatNet network. Elevations were 
254 georeferenced to the EGM08D595 geoide and were accurately adjusted, taking into 
255 account overlapping zones of different flight strips, but also comparing the LiDAR 
256 point cloud with the altitudes of the points located in flat control areas that have been 
257 previously measured in the field with GPS. This adjustment reduces the systematic 
258 elevation errors. Third, LiDAR topographic points were filtered and classified as 
259 ground, vegetation or noise, using automatic filtering routines based on the algorithms 
260 of the TerraScan software (Terrasolid, 2016). Moreover, a manual point editing was 
261 done performed by experts for an exhaustive verification of real terrain points, paying 
262 special attention to barriers, road-torrent intersections, valley bottoms and lateral 
263 landslide margins. Finally, a pre-analysis of the resulting data sets (e.g., 3D 
264 visualization and segmentation of the files) was performed using the CloudCompare 
265 (Girardeau-Montaut, 2015) and ArcGIS (ESRI, 2014) software. This allowed 
266 verifiyeding that the obtained point clouds provided a good coverage of the study area 
267 and an a priori adequate average point density for data comparability and DEM 
268 generation. 

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

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

287 3.3.  Uncertainty analysis and geomorphic change detection

288 Several sources of error sources (e.g., device errors, meteorological conditions, 
289 vegetation cover, point density, data filtering processes, and interpolation techniques) 
290 affect data and DEM quality and DEM accuracy (Scheidl et al., 2008). Data and DEM 
291 comparability needs to be assessed by quantifying uncertainties, which is a key 
292 pointimportant for an adequateaccurate geomorphic interpretation. 
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293 The approach adopted for this study is summarized in Figure 2In the Portainé 
294 catchment, aA previous visual analysis of point clouds was performed in order to 
295 assessto evaluate whether their distribution and density of the three point clouds were 
296 good enough to perform a conventional DoD analysis. Given the limitations related to 
297 densely vegetated steep areas that dense vegetation, such as areas that lack of points, we 
298 propose performed a cross -sectional method for a spatially variable uncertainty analysis 
299 in mountain torrents that better localizes and implements error thresholds error sources 
300 in order to threshold and quantify so that the actual geomorphic change is quantified 
301 only whenre it can be reliably assessed. The approach adopted for this study is 
302 summarized in Figure 2 and, for the error analysis, it has This approach had The error 
303 analysis had three main steps: individual DEM error quantification;, error propagation 
304 for multi-temporal data comparison;, and probabilistic thresholding of uncertainty at a 
305 user-defined confidence interval. 

306 Individual DEM error quantification

307 DEM uncertainty (δZDEM) is defined as the difference in elevation between the true 
308 elevation of a real terrain points and its their spatially-paired DEM cells (Wheaton et al., 
309 2010). The quantification of δZDEM requires a good knowledge of the specific data set 
310 and its error sources. Regarding mMountain catchments, they are commonly forested 
311 and show steep gradients that provoke lead to variabilitiesle in precision, accuracy and 
312 point densities at each data set. A specific DEM uncertainty analysis considering that 
313 considers thoese different errors uncertainties and their spatial variability is required in 
314 such contexts. In this study, we quantifiedy two error sources: (i) aerotriangulation 
315 error, (AE) and (ii) interpolation error (IE). 

316 The aerotriangulation error (AE) is the spatial deviation between topographic 
317 surveys, namely the errors in the X, Y and Z directions after the aerotriangulation 
318 adjustment (Hsieh et al., 2016). This error is the consequence of the constraints of both, 
319 LiDAR measurements reproducibility, and the georeferencing process,. whichThis 

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

airborne LiDAR data analysis.
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320 produces a bias that can be detected when comparing data sets acquired at different 
321 flight times. It The AE shows a spatially uniform distribution throughout an entire data 
322 set and wais estimated by comparing multi-temporal data at from stable areas where no 
323 changes are expected (i.e., roads), obtaining a mean single value for 2009, 2011 and 
324 2016 DEMs.

325 First, we carried outundertook a DEM-to-DEM comparison (2011-2009, 2016-2011 
326 and 2016-2009) along the road by subtracting new old DEMs to from old new ones in a 
327 cell-by-cell basis, and calculatinged the standard deviation of elevation differences 
328 (between data sets acquired in different flight times) ion a cell-by-cell basis. Thoese 
329 standard deviations for each pair of DEMs were a measure of precision, and their mean 
330 indicatinged the minimum level of detection (minLoD) for each DEM comparisons. The 
331 values were averaged to obtain the mean minLoD, as follows:

332 (1) 
minLoD =

1
𝑛∑𝑛

𝑖 = 1𝜎𝛥𝑍

333 where σΔZ being is the mean standard deviation of the elevation difference between 
334 new and old DEMs for each DEM-to-DEM comparison (2011-2009, 2016-2011 and 
335 2016-2009), and n being the number of comparisons (3 in our case study). 

336 Second, considering thatsince the minLoD obtained from EqQ. 1 indicatesd the 
337 combination of the individual aerotriangulation errorsAEs of each two of data sets 
338 (propagated error), it can be expressed with the following equation: 

339 (2) 
minLoD = (𝐴𝐸𝑛𝑒𝑤)2 + (𝐴𝐸𝑜𝑙𝑑)2

340 where AEnew and AEold  are the aerotriangulation errorsAEs of the newer and older 
341 DEMs, respectively.  in each compared pair. Assuming that the bias is constant and 
342 spatially uniform for the entire whole data sets, both values were considered as equal 
343 (AEnew = AEold = AE) and EqQ. 2 was transformed into: 

344 (3)𝐴𝐸 =
 

𝑚𝑖𝑛𝐿𝑜𝐷2

2

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

346 The interpolation error (IE) is a significant remarkable error source of error in 
347 mountain areas, where DEM surfaces are built from spatially variable point densities. 
348 Therefore, multi-temporal comparisons incorporate a different interpolation errorIE 
349 from each DEM, leading to geomorphic changes that are not real, but a result of the 
350 subtraction of unreal interpolated surfaces. This error is spatially variable within each 
351 data set, so different values need to be calculated within 2009, 2011 and 2016 DEMs. 
352 Concerning the studied torrents, the interpolation error varies along the channel 
353 according to the in situ point densitiesy varyies along the channels according to the in 
354 situ characteristics, and therefore, the IE is spatially variable within each DEM (2009, 
355 2011 and 2016). In order tTo assess this uncertainty, a 1D analysis of cross- sectional 
356 elevation differences was performed along the channels. We created cross sections 
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357 every meter and intersected them with the manually delineated polygon (analysis area), 
358 obtaining 8,125 sections (5,267 in the Portainé torrent and 2,858 in the Reguerals 
359 torrent) with 1- m spacing and variable width (Fig. 32). DEM cell statistics (e.g., mean 
360 elevation, standard deviation and the, number of points) were calculated along each 
361 section for each year (2009, 2011 and 2016). Assuming a trapezoid-shaped channel with 
362 a regular riverbed (smooth and nearly flat), we considered the interpolation errorIE 
363 value at an specific cross section to being equal to the its mean standard deviation of 
364 elevation calculated for each instance, as given by the following equation:

365 (4)𝐼𝐸 =
1
𝑛∑𝑛

𝑖 = 1(𝑍𝑐𝑒𝑙𝑙 ‒ 𝑍𝑚𝑒𝑎𝑛)2

366 where IE wais estimated as a different value for each cross section and year,; n being is 
367 the number of cells at each cross section, and Zcell and Zmean being are the elevation of 
368 each cell and the average elevation of the cells, respectively. 

369 Both errors obtained from EqQ. 3 (aerotriangulation error; AE) and EqQ. 4 
370 (interpolation error; IE) were combined to obtain DEM uncertainty (δZDEM) at each 
371 cross section as follows:

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 abrupt slope changes. The table in the lower part of the figure shows the characteristics and mean 

elevations from multi-temporal DEM at of two example sections from multi-temporal DEMs (white 

lines).
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372 (5)𝛿𝑍𝐷𝐸𝑀 = (AE)2 + (𝐼𝐸)2

373

374 Propagated eError propagation

375 The multi-temporal comparison of two DEMs to detect geomorphic changes needs 
376 to account for the combination or propagation of the elevation errors of each surface. 
377 This consists of deriving the quantity of the twoboth DEM errors following the simple 
378 error propagation theory that treats inputs as independent (Taylor, 1997). As proposed 
379 by Brasington et al. (2003), the propagated error (δμ) was determined as follows:

380 (6)𝛿𝜇 = (𝛿𝑍𝐷𝐸𝑀𝑛𝑒𝑤)2 + (𝛿𝑍𝐷𝐸𝑀𝑜𝑙𝑑)2

381 where δZDEMnew and δZDEMold being are the individual errors in the more recent (DEM2011 
382 for 2011-2009 and DEM2016 for 2016-2011) and older (DEM2009 for 2011-2009 and 
383 DEM2011 for 2016-2011) surfaces, respectively. In our case, the δμ values were 
384 calculated for each cross section and for each considered pair of DEMs considered. This 
385 allowed enabled the subsequent accurate assessment of local elevation changes. 

386 Probabilistic thresholding

387 The significance of uncertainties (δμ) in predicted elevation changes (ΔZ) can be 
388 assessed in two main ways:; using a simple minLoD, or by probabilistic thresholding at a 
389 user-defined confidence interval (Wheaton et al., 2010). The aim of this step is to 
390 discard noise/error from signals, and thereforethus, only consider those that we are 
391 confident about as being real geomorphic changes (ΔZreal) those that we are confident 
392 about, by excluding the changes occurring within determined error ranges. If spatial 
393 variabilities are accountedconsidered, as in the present study, probabilistic thresholding 
394 is the most accurate method (Brasington et al., 2003; Lane et al., 2003). The probability 
395 of changes to being real are is calculated using the Student’s t-distribution, which 
396 consists in of calculating the t-score (t) of each cross section as follows: 

397 (7)𝑡 =
|𝛥𝑍𝑍𝐷𝐸𝑀𝑛𝑒𝑤 ‒ 𝑍𝐷𝐸𝑀𝑜𝑙𝑑|

𝛿𝜇

398 which This equation assesses the significance of the changes, expressed as the absolute 
399 elevation difference between new and old DEMs (|ΔZ|=|ZDEM new - ZDEM old|), by 
400 comparing it to the propagated error (δμ). 

401 T-distribution allowed to obtainenables the determination of the probability (p) of 
402 ΔZ to being real ion a section-by-section basis. Considering Given that we assumed a 
403 flatthe riverbed to be flat along the cross sections, but elevation variations in elevations 
404 vary may naturally occur along cross sections, the probabilistic thresholding was 
405 applied at a specific confidence interval of 68% (p < 0.32) to obtain ΔZreal.

406 Following all the mentioned approaches, sSections were excluded with if their 
407 probability of the changes to being real higher was greater than 0.32 were excluded. and 
408 rReliable volumetric elevation changes for the 2009- to 2011 and 2011- to 2016 periods 
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409 were obtained by multiplying ΔZreal (from the 2011-2009 and 2016-2011 subtractions) 
410 by with the width of each cross section (distance between the cross sections is 1 m). 
411 This method led to an error-reducedthe quantification of multi-temporal assessment of 
412 the geomorphic activity with fewer errors that allowed establishing sediment budgets 
413 and geomorphic changes, especially in the reaches where those associated to with the 
414 emplacement of the sediment retention barriers are emplaced. 

415 4. Results

416 4.1.  Chronology of torrential events and flexible barriers

417 8Eight torrential events of different magnitude, and differing in behaviour and 
418 sediment load occurred in the 2009-2016 LiDAR temporal window. Five of them 
419 obstructed the access road and six of them damaged the sediment retention barriers, 
420 which had to be repaired in some cases. Table 2 compiles presents the information of 
421 the torrential events recorded in the Portainé catchment and their effects on the barriers. 
422 We report that tThe most intense event occurred in July 2010 and the less least intense 
423 one in May 2016.  

424 Table 2. Compilation List of the events, including event date, magnitude and effects (torrent, obstructed 
425 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
Reguerals

2 7 filled
2 damaged

2010/08/12 Major Portainé
Reguerals

2 0 filled
5 damaged

2011/08/05 Minor Portainé
Reguerals

0 2 filled
1 damaged

2013/07/23 Major Portainé
Reguerals

3 3 filled
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 -

426

427 The fifteen 15 flexible ring-net barriers withof similar characteristics were 
428 emplaced along the middle reach of the channels in order to retain sediment and 
429 produce a stepped the profile to reduce riverbed incision (Fig. 1). These structures are 4-
430 6 m high and 12-24 m wide, and their retention capacity varyingies with the specific 
431 local slope and channel width. As shown in tTable 3, the barriers differ oin size and 
432 were constructed in at three different datestimes;: nine between the end of 2009 and the 
433 beginning of 2010 (stage 1);, four in 2012 (stage 2) and two in 2014 (stage 3). They all 
434 were all filled during different torrential events, except for the ones from emplaced in 
435 2014, still that remain empty, and another one that was artificially filled after its 
436 installation. 
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437 Table 3. Sediment retention barriers on the Portainé and the Reguerals torrents (information provided by 
438 Mr. C. Fañanás, pers. com.). 

Barrier code Date Torrent Elevation 
(m a.s.l.)

Height 
(m)

Width 
(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 -

439

440 4.2.  Geomorphic Cchanges

441 3D visualization of airborne LiDAR points allowed enabled us to observe clear 
442 geomorphic changes related to anthropic structures. Deposition and erosion wereas 
443 observed upstream and downstream from of the barriers, and erosion 
444 downstreamrespectively (Fig. 43). In some of the barriers from installed in stage 1, a 
445 change in the top highest position of the barrier was identified from thewhen comparing 
446 2011 and 2016 LiDAR data (Fig. 34a), produced by resulting from the ring -net flexion 
447 due tocaused by the retained load. The horizontal displacement of the net can could be 
448 estimated in thosefor the barriers showing enoughwith sufficient LiDAR points for an 
449 accurate measurement. In our study, this phenomenon was detectable and measuredable 
450 in 5five barriers (see the results at the end of this section), accounting for an average 
451 horizontal displacement of 0.7 m (1.1 m in the example shown in Fig. 34a). In cases 
452 where the sediment retentionFor the barriers was installed in stage 2, riverbed incision 
453 iwas detected in the 2011-2009 LiDAR comparisonfrom 2009 to 2011 (pre-barrier), 
454 indicating a natural erosive dynamics (Fig. 34b). 
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455 As a preliminary approach, the spatial distribution of the geomorphic changes for 
456 raw (unthresholded) 2011-2009 (Fig. 54a) and 2016-2011 (Fig. 54b) comparisons 
457 allows us to identifiedy the erosive or depositional nature of the stream stretches, the 
458 magnitude of the changes and their relationship with the anthropic structures. Erosion 
459 iwas the most generalized common phenomenon along valley bottoms. The material 
460 eroded alongside the torrents iwas mostly transported during high-discharge flows, 
461 sometimes leading to the development of debris flows (and the opposite when 
462 deposited). However, there awere also other areas where erosion iwas locally enhanced, 
463 such as downstream from of the barriers or road intersections. Depositional geomorphic 
464 processes occurred at places where the slope decreaseds or as a consequence ofwere 
465 affected by anthropic structures located. The Mmain areas of accumulation areas awere 
466 the debris cone formed in the most downstream reach (corresponding to the Caners 
467 torrent) and areas upstream from of the sediment retention barriers and road 
468 intersections. 

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 of the 

net. (b) Barrier 53, constructed in 2012 and filled in the July 2013 event. 
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469 Geomorphic changes were then thresholded by means of the spatially variable 
470 uncertainty analysis. Table 4 shows the uncertainty analysis and the volumetric 
471 geomorphic changes considered real that were obtained for two example cross sections 
472 A minLoD of 0.1 m was calculated, leading to an AE of 0.07 m aerotriangulation error 
473 for the entire data sets. The interpolation errorIE, calculated from the standard deviation 

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 or and lower cases, respectively. (a) Changes between 

2009 and 2011. (b) Changes between 2011 and 2016.
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474 of the mean elevations of each cross section, reached 0.5 m in some areas. δμ values 
475 showed a large spatial variability, ranging betweenfrom 0.1 m andto 5.4 m;, 
476 buthowever, the median iswas 0.9 m and 0.66 m for 2011-2009 and 2016-2011, 
477 respectively (see examples in Table 4). The error combination (δZDEM) and subsequent 
478 propagation (δμ) allowed thewere used to calculateion of the pProbabilities of 
479 geomorphic changes to being real (p) were. Many of them showed p < 0.32 in many 
480 sections (68% confidence interval) and were considered real changes (ΔZreal), whereas 
481 geomorphic changes showing with p > 0.32 were discarded. Table 4 shows the 
482 uncertainty analysis and the real-considered volumetric geomorphic changes considered 
483 real that were obtained for two example cross sections, as an example. This thresholding 
484 analysis considerably reduced the number of cross sections to bethat were considered 
485 and influenced the final results on geomorphic changes results. The thresholding was 
486 performed in each section Indeed, for 2011-2009 and 2016-2011, and 57% and 74% of 
487 the data were discarded respectively for 2011-2009 and 2016-2011 sediment budget 
488 calculations, respectively. However, Nonetheless, thosee sections recording with 
489 changes assumed to be real showed a high reliability, so the and were therefore used for 
490 geomorphic quantification was based on them. Definitely, tThe uncertainty analysis 
491 resulted in a smaller quantity amount of, but more reliable data (see Section 5.1). 
492 Indeed, mMost active zones, such as the areas surrounding the flexible barriers, were 
493 never not discarded due to their high magnitude, proving the effectiveness of the 
494 methodology at in these areas. 

495 Table 4. Results of the spatially variable uncertainty analysis for two example sections (see their location 
496 in Fig.ure 32). The three methodological steps are colored in red, yellow and green, showing the main 
497 variables calculated. The vVolumes of the geomorphic change were only obtained calculated for 
498 thresholded real elevation changes, whereas discarded ones are excluded in volumetric calculations. 

Section DEM error Propagated error Probabilistic thresholding

δZDEM (m) δμ (m) t p Real ΔZ (m)

Volume (m3)

Nº Width (m)

2009 2011 2016 11-09 16-11 11-09 16-11 11-09 16-11 11-09 16-11 11-09 16-11

4794 10.15 0.78 1.04 0.48 1.3 1.14 0.55 0.36 0.29 0.36 -0.72 - -7.32 -

4803 9.45 0.58 0.29 0.24 0.65 0.38 0.41 1.03 0.34 0.15 - 0.39 - 3.67

499

500 For the whole analysis area, the mean magnitude of change, obtained from cross 
501 section averaged vertical changes in the cross sections, iwas about 1 m (0.90 m for 
502 erosion and 1.02 m for deposition), but the number ofwith more erosive sections 
503 surpasses theoccurring than depositional ones.  Sediment budgets were calculated for 
504 each period of time between the LiDAR flights. The 2011-2009 comparison indicated a 
505 total volume of erosion and deposition of 22,042 m3 and 19,204 m3, respectively, 
506 indicating a net degradational sediment budget of -2,838 m3 in two years. The 
507 qQuantification of the 2016-2011 changes also gave a negative sediment budget, but the 
508 magnitude was much lower. Indeed, 8,308 m3 of eroded material and 8,161 m3 of 
509 deposition led toyielded a total volumetric net change of -147 m3 in five years. Theose 
510 results represent suggest an tendency for entrenchment tendency (erosion > deposition) 
511 of in the studied mountain torrents, with a significant sediment output from the 
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512 catchment towards the Romadriu River. However, the period between 2009 and 2011 
513 was much more active than that after 2011, as higher volumes were mobilized (both 
514 eroded and deposited). 

515 Budget segregation is a very useful process toway of characterizinge the spatial 
516 distribution and magnitude of the geomorphic processes, and therefore, leading to a 
517 better understanding of the fluvio-torrential dynamics of in the study area. We 
518 recalculated the 2011-2009 and 2016-2011 sediment budgets by dividing the channels 
519 into reaches according to different morphological (torrents), geomorphological 
520 (catchment sectors) or anthropic (e.g., reaches between road intersections) factors. The 
521 Rresults are shown in Table 5. The Portainé torrent iwas more active than the Reguerals 
522 torrent, as thewith  magnitude and extension of geomorphic changes of greater 
523 magnitude and extension are larger, especially for erosion. This explains the narrower 
524 and more entrenched morphology of the Portainé torrent, which was also clearly 
525 identified in the field. The catchment can be divided into three different sectors with 
526 different slopes: the upper reach (location of the Port-Ainé ski station);, the middle 
527 reach (development ofcontains entrenched channels and the emplacement of barriers) 
528 and the lower reach (existence ofcontains a debris cone in the most downstream part). 
529 The upper-middle and middle-lower limits boundaries geographically correspond to the 
530 division of the N-S sectors and to the road that crosses the stream at the Montenartró 
531 bBridge, respectively (Fig. 1a). From 2009 to 2011, the erosion mostly occurred in the 
532 middle reach, andwith the material deposited in the lower reach. NonethelessHowever, 
533 the 2011- to 2016 period recorded significant accumulations in the middle reach, 
534 whereas with erosion dominatinged in the lower part. This can be partly explained by 
535 the erosive nature of torrential events.; wWhile high- magnitude events (including 
536 debris flows) occurred between 2009 and 2011, producing significant erosion along the 
537 channels, the number of events recorded from 2011 to 2016 wasere much lower, leading 
538 to proportionately more deposition. The Rreaches between the road intersections 
539 showed a more complex erosion-deposition pattern with temporally varying variable 
540 tendencies, which is the resulted ofrom the high large influence of the number of 
541 existing barriers occurring in such short stretches. 

542 Table 5. Segregation of the sediment budgets obtained from the 2011-2009 and 2016-2011 DEM 
543 subtractioncomparisons. For each reach, we calculated the net volumetric change and indicated the its 
544 erosional/degradational (orange background) or depositional/aggradational (green background) tendency. 

Criteria Reach description Time period Erosion 
(m3)

Deposition 
(m3)

Change 
(m3)

Dynamics

2011-2009 -11,629 6,936 -4,693 DegradationPortainé (Po)

2016-2011 -4,477 3,497 -980 Degradation

2011-2009 -4,708 2,167 -2,541 DegradationReguerals (Re)

2016-2011 -1,618 2,156 538 Aggradation

2011-2009 -5,705 10,101 4,396 Aggradation

Torrent
(abbr.)

Caners (Ca)

2016-2011 -2,213 2,508 295 Aggradation

2011-2009 -2,441 822 -1,619 DegradationCatchment
sector

Upper (low)

2016-2011 -1,139 568 -572 Degradation
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2011-2009 -19,128 13,023 -6,105 DegradationMiddle (high)

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

2011-2009 -473 5359 4,886 Aggradation

(gradient)

Lower (medium)

2016-2011 -1,057 120 -937 Degradation

2011-2009 -1,764 775 -989 DegradationPo (2360-1965 m)

2016-2011 -1,096 541 -554 Degradation

2011-2009 -1,684 2,015 331 AggradationPo (1965-1700 m)

2016-2011 -642 438 -204 Degradation

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

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

2011-2009 -399 222 -178 DegradationRe (2225-1665 m)

2016-2011 -180 145 -34 Degradation

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

2016-2011 -767 1,107 339 Aggradation

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

2016-2011 -3,147 4,078 931 Aggradation

2011-2009 -473 5,359 4886 Aggradation

Road 
intersection
(max-min 
altitude)

Ca (1035-950 m)

2016-2011 -1,057 120 -937 Degradation

2011-2009 -22,042 19,204 -2,838 DegradationNET SEDIMENT BUDGET

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

545

546 The most significant deposition occurred at the Ssediment retention barriers, are the 
547 most significant deposition areas andwhich played an underlying role in the geomorphic 
548 changes recorded along the torrents by modifying their natural evolution. Accumulation 
549 upstream from of these structures was quantified from by probabilistic thresholding. 
550 The real retained material per barrier rangeds from 146 m3 to up to 1,311 m3 and the 
551 total retention of the fifteen 15 barriers iwas 8,278 m3. Table 6 includes presents the 
552 specific volumes accumulated at each barrier and the horizontal displacement of the net 
553 where it could be measured. The geomorphic changes of the barriers are discussed in 
554 section 5.3.

555 Table 6. Relationship between dimensions, the calculated volume of filled barriers and the magnitude of 
556 the net flexion. The bBarriers are listed in their order along the in a downstream direction and those 
557 retaining a volume of material >1,000 m3 are marked with a grey background.

Barrier 
code

Height 
(m)

Width 
(m)

Torrent Elevation 
(m a.s.l.)

Volume 
(m3)

Horizontal net 
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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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 ?

558

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

562 5. Discussion

563 5.1.  Strengths and limitations of airborne LiDAR data in mountain areas

564 The analysis and comparison of airborne LiDAR data shows underlying 
565 applicationscan be applied into the study of hydrogeomorphologically active mountains 
566 contexts. One of the main advantages is the detection of temporal morphological 
567 changes that are uindistinguishable in aerial photographs, due to its huge potential for 
568 precisely and accurately assessing landscape changes, as by easily identifying erosion 
569 and deposition zones can be easily identified. Moreover, airborne LiDAR allows 
570 obtainingenables the procurement of extensive data sets that covering large sectors of 
571 the terrain in a short time, which is cannot be achieved with ground-based high-
572 resolution topographic techniques such as terrestrial laser scanning or theodolite 
573 measurements. The acquisition of LiDAR data is also useful in remote areas where it is 
574 difficult to conduct field surveys can hardly be carried out, such as heavily entrenched 
575 stretches of steep mountain rivers. 

576 Airborne LiDARThese kind of data also has also some limitations that need to be 
577 considered when assessing the reliability of the data, mainly concerning its accuracy 
578 and resolution (Slatton et al., 2007). A 15- cm measurement error in point altitude 
579 (vertical accuracy) is typically reported by LiDAR manufacturers. The altimetric error is 
580 higher in mountain areas characterized bywith dense vegetation and steep variable 
581 gradients. For instance, a vertical accuracyies of <30 cm (Tseng et al., 2013) and 0.25 
582 cm (Biron et al., 2013) hasve been quoted reported for flat and forested areas 
583 respectively(Biron et al., 2013). For the data used in this study, an RMSE < 15 cm 
584 RMSE iwas reportedobtained, which can decreased to 5 cm in flat areas, and was is < 
585 50 cm in steep forested areas. These errors are within the accepted range of values. 
586 Point density is another vital factor for evaluating LiDAR data (Rupnik et al., 2015) and 
587 can be problematic in mountain areas, as dense vegetation hinders the laser beam from 
588 reaching the terrain, giving raise to lower ground point densities and loweress-
589 resolution DEMs. Cavalli and Marchi (2008) work withreported a ground data density 
590 of 2.5 points/m2 that decreaseds to 0.25 points/m2 under a dense forest canopy. This 
591 studyWe tookakes into account this handicap limitation by carrying out a specific 
592 manually filtering of the 2009, 2011 and 2016 point clouds, exclusively paying attention 
593 to the analysis area. Thisat editing process considerably minimized the classification 
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594 errors and allowed obtainingproduced a higher average ground point density for the 
595 analysis area (Table 1).

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

607 As mountain streams with torrential activity tend to record geomorphic processes 
608 with a significant magnitude of change (or signal), in these contexts typically the 
609 elevation change iwas higher than the error (ΔZ>δμ) and thus, so 2D analyses of DoDs 
610 could be performed. Whileereas conventional DoD analysies are adequate enoughcan be 
611 reliably conducted for flat andareas with poorlylittle vegetationed areas,Nevertheless, 
612 when dense vegetation covers the steep slopes, it causes it can lead to large interpolation 
613 errors can remainingthat are unidentified for steep slopes with dense vegetation in DoD 
614 analyses, leading togenerating errors and unreal topographic changessediment budget 
615 calculations in problematic areas. We overcame Tthis problem was solved in this study 
616 by means of theperforming a detailed section-by-section 1D analysis for uncertainty 
617 estimation along the channels that allowed to excluded data within a determined error 
618 range (δμ) and probability (confidence interval). Even its higher time and cost compared 
619 toAlthough this approach took longer and was more expensive than conventional DoD 
620 analyses, Tthe presented approachit demonstrateds the usefulness utility of the 
621 combination ofcombining aerotriangulation AEs and interpolation errorsIEs for reliable 
622 DoD thresholding, morphological budgeting and geomorphic interpretation along 
623 mountain steep channels. The first limitation of the designed approach method iwas the 
624 assumption of regularthat the cross sections are regular, which, as they are likely to be 
625 irregular in a dynamic erosive system. We overcame suchaddressed this drawback by 
626 restricting our analysis area to the smooth riverbed and applying a 68% confidence 
627 interval, instead of the commonly used 95% value. Such aThis confidence interval also  
628 This approach also discards the data identified to be insufficiently reliable for 
629 comparison when by the uncertainty analysis detects that they are not reliable enough to 
630 be compared among them, leading to a probable underestimation of the 
631 degradational/aggradational effects. Hence, we makethe final calculations useding 
632 lessfewer, but more reliable data instead of considering a higher amount of data that 
633 involvesincluded more errors. More data is were discarded when thresholding the 2011-
634 2009 comparison than for thecompared to the 2016-2011 one (see section 4.2), which is 
635 due toas the uncertainty elevation being was mostly greater for the first period (most 
636 probably due to the lower resolution of the 2009 data set). Factors controlling affecting 
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637 the percentage of sections that are dismissed excluded from analysis are were mainly 
638 point density and the magnitude of the signal. High- magnitude geomorphic changes are 
639 were never discarded, certainly detecting the most significant geomorphic effects, such 
640 as those related toassociated with the barriers. 

641 5.2.  Interpretation of geomorphic changes and catchment dynamics

642 The Ggeomorphic changes detected, quantified and segregated from multi-temporal 
643 LiDAR data provided valuable information for the study of theabout recent torrential 
644 processes of in the Portainé catchment. The main limitation of morphological budgeting 
645 in fluvial environments is the compensation of long-term scouring (erosion) and filling 
646 (deposition) thorough by extraordinary events. In our study case, the mobilized 
647 sediment volume was higher in the two-year period from 2009 to 2011 than in the 
648 subsequent 5five –years period from 2011 untilto 2016 (Table 5). Therefore, the 
649 analyzsed torrents were considerably more active between 2009 and 2011 as recorded 
650 they produced larger geomorphic changes, and with the effects of the fluvio-torrential 
651 activity still continuing, but decreasinged later on, even if still continued. The dynamics 
652 observed for the two time periods of time can be explained both by both: (a) the 
653 different magnitudes of the torrential events, and consequently variations in the eroded 
654 and deposited volumes of material, and (b) the consequences effects of the sediment 
655 retention barriers changing the flow dynamics, resulting in mainly upstream deposition 
656 and downstream and lateral erosion, changing the flow dynamics. If we considerDuring 
657 the LiDAR temporal window, eight high- discharge flows are reflectedoccurred (Table 
658 2) and also the emplacement and effects of all the barriers were emplaced (Table 3). 
659 Regarding the 2011-2009 subtractioncomparison, three events occurred (two in 2010 
660 and one in 2011), that filleding nine barriers. The 2016-2011 comparison shows the 
661 effects of five events (one in 2013, two in 2014, one in 2015 and one in 2016) and four 
662 more sediment retention barriers.

663 Despite Although small rainstorms may move some sediment along the channels, its 
664 volume is negligible., and tThe recorded geomorphic changes are mainly the result 
665 offrom extraordinary torrential events, especially high- magnitude debris flows and 
666 floods. This is evidenced from the grain size observations oin the field, withwhere 
667 boulders a predominatence of boulders. When quantifying the geomorphic processes 
668 associated with extraordinary events, erosion is typically underestimated when the areas 
669 eroded during the peak discharge are covered by with deposited material (Fuller et al., 
670 2003)., soThus, some erosion is undetectable in multi-temporal DEM comparisons. The 
671 torrential flows that occurred from 2009 to 2016 showed very different magnitudes and 
672 sediment loads, from well-developed debris flows (e.g., July 2010; Luis-Fonseca et al., 
673 2011) to debris floods (e.g., May 2016; eyewitnesse accounts). The 2011-2009 
674 geomorphic changes included those affected by the largest event, but alsoas well as 
675 another major and minor one. The 2016-2011 comparison record included the effects of 
676 one major, three minor and the less significantsmallest event. The higher magnitude 
677 events with a higher magnitude are reflected in the clearly degradational 2011-2009 net 
678 budget and in the aggradation of the cone, which can be related toare associated with the 
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679 two major events occurred inof 2010. From 2011 to 2016, geomorphic processes in this 
680 area awere mainly erosive due to the lack of high-magnitude torrential flows, as well as 
681 to the retention of material behind the nets and the effect of the “hungry waters” ahead. 
682 The effect of the barriers, steppeding the slope and decreasing flow velocity, may might 
683 have also have reduced the potential effects of the events along the channels, especially 
684 for minor floods.

685 The dynamics of the torrents awere mainly degradational, fitting consistent with the 
686 apparent erosive tendency of the increasingly entrenched channels. Most of the natural 
687 (not human-altered) reaches awere erosional, whereas deposition concentrates 
688 onoccurred in specific areas, mainly in at the sediment retention barriers and the debris 
689 cone (Fig. 54). Indeed, 33% and 25% of the total volumes of deposition from 2011-
690 2009 and 2016-2011, respectively, corresponded to the material retained upstream from 
691 of the barriers, whereas the debris cone accounteds for the 26% of the deposited volume 
692 between 2009 and 2011. Moreover, total erosion volumes may might have been 
693 underestimated because of the exclusion of erosive cross sections where the geomorphic 
694 change was lower than the error (ΔZ < δμ). Indeed, 53% and 51% of the discarded 
695 sections were erosional for the 2011-2009 and 2016-2011 periodscomparisons, 
696 respectively. All these results suggest a generalized incision tendency of the torrents, 
697 with local accumulations. As summer convective storms still occur and produce 
698 torrential events, such dynamics is are expected to remain on timecontinue.

699 5.3.  Assessment of the flexible sediment retention barriers

700 Flexible barriers are the preferred choice for hydrological correction in mountain 
701 areas. Their main advantages over conventional check dams are their lower economic 
702 cost and environmental impact, especially as their installation is quite quick and easy, 
703 using a helicopter (Mr. C. Fañanás, pers. com.). Furthermore, they only retain high-
704 magnitude debris flows, letting low-magnitude flows go through below the net. 
705 However, The sediment retention barriers have a direct impact that highly 
706 influencestrongly affect channel evolution. Once filled, tThey modify the longitudinal 
707 profile of the torrents when they are filled, as the slope changes both upstream and 
708 downstream from of the net (Fig. 43). DefinitivelyThus, the barriers alter the flow and 
709 produce a complex erosion-deposition dynamics that can be assessed in detail, as shown 
710 in this study. 

711 Flexible barriers are filled during extraordinary events, leading to significant 
712 deposition volumes. Theyir design characteristics reporthave been reported to present an 
713 individual retention capacity of 1,400-2,000 m3 for the study case (Fañanas-Aguilera et 
714 al., 2009). However, we quantified considerably smaller deposition volumes behind the 
715 barriers (146-1,311 m3), suggesting that the real retained volume may be lower than 
716 expected. Indeed, the retained volume may depend onmight be affected by the local 
717 morphology of the torrent (gradient and width) and the particular size of the barrier 
718 (height and width). Given the dynamic nature of the barriers, acting loads are presumed 
719 to deform the ring- net when material is retained. The flexion of the barriers was 
720 detected and measured in some barriers, giving valuable information on their behaviour. 
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721 Table 6 compiles provides the dimensions of the barriers, the estimated retained 
722 volumes and the magnitude of net flexion. 

723 Once filled, they barriers induce erosive effects downstream because the water flow 
724 falls as a waterfall, progressively eroding the riverbed. In some adjacent slopes, 
725 localized incision has occurred due to the lateral deviation of the flow when passing 
726 over the deposit (Fig. 65a). Such lateral incisions may produce themight partially or 
727 completely emptying of the barriers. but alsoHowever, when erosion exposes the 
728 anchors, endangers the stability of barriers become less stable and so thatthus, require 
729 repairing and further maintenance is required (Fig. 65b).  We identified and quantified 
730 erosion downstream of some barriers and obtained eroded volumes of 46-703 m3. These 
731 data are of paramount interest for prioritizing the management and maintenance of the 
732 barriers. 

733 6. Conclusions

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

738 The method considers takes into account spatial variabilities of in data and errors 
739 along the channels through by applying a cross- sectional elevation analysis in order to 
740 better discretize geomorphic changes. We point outpropose this approach as an 
741 alternative in for studying torrents anyin densely vegetated and steep mountains 
742 torrents, where which produce significant interpolation errors for standard DoD 
743 analysesmethods incorporate significant interpolation errors. 

744 The interest of this study relies on its usefulness to monitorprovides a high-
745 resolution assessment of engineering structures in remote areas.  The main applications 

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 picture 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. 
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746 for monitoring flexible sediment retention barriers include the: (i) estimation of barrier 
747 behaviour, effects and consequences; (ii) remote revision and inspection for an 
748 appropriate maintenance; (iii) detection of problematic spots and highly erosive reaches; 
749 and (iv) selection of priority areas for the installation of new barriers. 

750 Last but not least, the used data was not acquired for hydrogeomorphic nor 
751 engineering purposes, its usefulness and application has been proved though. The 
752 LiDAR data analyzed in this study was useful for hydrogeomorphic research, even if it 
753 was not originally acquired for that purpose.The design of multi-temporal LiDAR 
754 campaigns cChoosing best optimal flight parameters for data collection along channels 
755 acquisition in abrupt landscapes would provide results that are even more accurate 
756 DEMs. Given the its increasing acquisition and availability, of airborne LiDAR data, 
757 definitively these data are emerginges as very usefula potential tool for monitoring areas 
758 that are hard to inspect in the field. In this sense, the presented approach arises as a 
759 potential tool for high-resolution assessment can be applied to assessing of structural 
760 correctiveon measures in mountain catchments and has an underlying 
761 implicationprovide information for decision-making about future decisions on 
762 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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12 Abstract

13 Multi-temporal digital elevation models (DEMs) obtained from airborne LiDAR surveys 
14 are widely used to detect geomorphic changes in time and quantify sediment budgets. 
15 However, they have been rarely applied to study the geomorphic impact of engineering 
16 structures in mountain settings. In this study, we assessed the influence and behavior of 
17 flexible sediment retention barriers in the Portainé catchment (Spanish Pyrenees), using 
18 three LiDAR data sets (2009, 2011 and 2016) that covered a 7-year period. Densely 
19 forested mountainous areas present some limitations for reliable DEM analysis due to 
20 spatial variabilities in data precision, accuracy and point density. A new methodological 
21 approach for robust uncertainty analysis along channels, based on changes in cross-
22 sectional elevations, was used to discriminate noise from real geomorphic changes. The 
23 obtained results indicated that erosion occurs along most reaches covering a large area, 
24 whereas deposition is localized in specific areas such as those upstream of sediment 
25 retention barriers and in the debris cone. Despite the presence of 15 flexible sediment 
26 retention barriers, the channels presented net degradation during both 2009-2011 and 
27 2011-2016, with 2,838 and 147 m3 of material exported from the basin, respectively. For 
28 the same periods, the barriers retained 33% and 25% of the total deposition (up to 1,300 
29 m3 per barrier), respectively, but also induced lateral and downstream incision, the latter 
30 reaching 703 m3 for a single barrier. We detected a horizontal displacement of the net of 
31 up to 1.2 m in filled barriers, resulting from net flexion. The interference of the natural 
32 river evolution by defense measures has resulted in a complex erosion-deposition pattern. 
33 The presented methods show high potential for the hydrogeomorphic study of mountain 
34 catchments, especially for a high-resolution assessment of flexible barriers or other 
35 engineering structures in remote areas. 

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

37 1. Introduction

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

46 Such phenomena are highly unpredictable, often resulting from short and intense 
47 localized precipitation events. The rapid accumulation of drainage through steep 
48 mountain basins can lead to high-velocity flows that entrain large volumes of sediment 
49 from the bed and banks. These can quickly evolve into floods with a high concentration 
50 of sediments that continue to bulk up downstream, with potentially catastrophic 
51 consequences. Such flows pose a severe risk to infrastructure, riparian assets and life, 
52 particularly where the floods discharge onto the valley floor through populated fans and 
53 floodplains. Lithology, gradient and the pattern of drainage accumulation combine to 
54 affect the distribution of stream power and sediment transport in mountain catchments. 
55 This interaction determines whether the flow becomes a clearwater, hyperconcentrated  
56 or a debris one in a single event, depending on the sediment load (Pierson and Costa, 
57 1987). This in turn influences the distribution of runout across the receiving fan piedmont 
58 or floodplain (Scheidl and Rickenmann, 2011). We will use the term “torrential” 
59 throughout this paper to include all the mentioned flow types and events.

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

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

93 It is essential to consider data uncertainty to avoid the misinterpretation of real 
94 geomorphic changes by distinguishing them from background noise generated by 
95 different sources of error. Over the last few decades, much attention has been paid to the 
96 assessment of DoD uncertainties (Brasington et al., 2003; Cavalli et al., 2017; Lane et al., 
97 2003; Wheaton et al., 2010). It has been reported that a minimum level of detection 
98 (minLoD) should be estimated for the detection of small elevation changes that are 
99 probably associated with errors (Brasington et al., 2000; Fuller et al., 2003). 

100 Regarding mountain environments, the reliable application of airborne LiDAR data 
101 is still hampered by many difficulties. Comparability between data sets is  a hard task in 
102 morphologically complex terrains. However, point cloud georeferencing and the 
103 adjustment/alignment process become arduous in mountain regions (Lallias-Tacon et al., 
104 2014). Moreover, elevation accuracy and point density decrease in steep densely forested 
105 areas (Cavalli et al., 2008), leading to data sets with temporally variable characteristics 
106 among them and spatially variable uncertainties within each. With these limitations, 
107 DoD-based analyses cannot be performed properly due to many areas lacking source data, 
108 resulting in merely interpolated surfaces that are different in each DEM. Thus, there is a 
109 need for a methodology for LiDAR uncertainty analysis based on spatial variabilities 
110 along mountain channels and hillslopes. 

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

118 2. Study area and torrential activity

119 This study was carried out in the Portainé (5.7 km long; average gradient, 24.7%) and 
120 Reguerals (3 km long; average gradient, 31.3%) mountain torrents of the Pyrenees, the 
121 latter being a tributary of the former and referred to as Caners downstream of the 
122 confluence (Fig. 1a). The two torrents constitute the Portainé catchment (5.72 km2), 
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123 which is located in the Pallars Sobirà County (Catalonia, Spain), and they flow into the 
124 Romadriu River, which is part of the Ebro River draining into the Mediterranean Sea. 
125 Elevation ranges from 2,439 m a.s.l. (the Torreta de l’Orri peak) to 950 m a.s.l. (the 
126 Vallespir hydropower dam), and the torrents merge at 1,285 m a.s.l. A ski resort is located 
127 at the headwaters, with its access road along the hillslopes crossing the channels several 
128 times. The basin can be divided into two sectors that differ in morphology and 
129 hydrogeomorphic processes. The southern one corresponds to the headwaters containing 
130 less vegetation and the ski resort. This area is characterized by gentler slopes (10-25º) and 
131 a less entrenched drainage network, where torrential processes are not especially relevant. 
132 The northern sector is densely forested and shows intense torrential activity along the 
133 steep (>25º) and strongly entrenched and confined torrents. These channels have been 
134 affected by human activity via the implementation of a multi-barrier system that strongly 
135 influences sediment transfer processes. In these reaches, severe flows have occurred in 
136 the last decade and a debris cone has formed in the most downstream part. 

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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137 2.1.  Geological setting and climate

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

147 The climate of the study area is Alpine Mediterranean, with a mean annual rainfall of 
148 800 mm and a mean annual temperature of 5-7°C (Meteocat, 2008). Maximum 
149 precipitation in terms of intensity and frequency occurs in the spring and summer, mainly 
150 as convective storms. It should be noted that orography controls the generation of 
151 convective cells at the top of the drainage basins (Trapero et al., 2013), affecting the local 
152 meteorological conditions.  

153 2.2.  Hydrogeomorphic hazards and flexible barriers

154 Fluvio-torrential processes are very intense in the Portainé and Reguerals torrents. 
155 Torrential flows, which include some well-known debris flows, produce considerable 
156 economic damages to infrastructures and facilities in the catchment, especially due to the 
157 obstruction of the access road to the ski resort. Since 2009, €5,800,000 have been invested 
158 in road works and €510,000 in mitigation measures (Pinyol et al., 2017). 
159 Dendrogeomorphological studies have proved the occurrence of at least ten events from 
160 1969/1970 to 2009/2010 (recurrence interval of 4.5 years), based on the dating of damage 
161 indicators on riverbank trees in different geomorphic positions (Génova et al., accepted; 
162 Victoriano et al., 2018). Torrential activity has intensified since 2006, with extraordinary 
163 flows occurring almost yearly. This increase in the occurrence of torrential events has 
164 been linked to anthropic activities in the ski resort area, mainly to the loss of vegetation 
165 cover decreasing infiltration capacity, and to the construction of artificial drainage 
166 channels for gathering the runoff, all of these together producing higher peak discharges 
167 (Furdada et al., 2017).  The largest recorded debris flow occurred in September 2008 
168 (prior to the available LiDAR data) and its volume was estimated to be 26,000 m3 (Portilla 
169 et al., 2010), with an average erosion rate of 2.12 m3/m (Abancó and Hürlimann, 2014). 

170 To reduce the impact of the torrential events, mid-term hydrological corrective 
171 measures have been implemented (Luis-Fonseca et al., 2011), consisting of placing VX-
172 160 flexible ring-net barriers along the channels (Fig. 1b). These aim to retain part of the 
173 transported material and induce a stepped river profile to reduce flow energy and, 
174 therefore, prevent erosion. Since 2009, 15 barriers have been placed in the Portainé 
175 catchment, 11 in Portainé and 4 in Reguerals (Fig. 1a). Due to the large sediment loads 
176 that are associated with extraordinary events, the barriers were quickly filled, even after 
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177 a single event. Currently, torrential events still occur, leading to progressively more 
178 entrenched ravines and posing a risk to the effectiveness and stability of the barriers.

179 3. Methods

180 3.1.  Documentary data

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

192 3.2.  LiDAR data acquisition and processing

193 Sequential data sets were collected in August 2009, August-September 2011 and 
194 August-September 2016, using a Cessna Caravan 208B aircraft equipped with a Leica 
195 ALS50-II topographic LiDAR sensor, owned by the Institut Cartogràfic i Geològic de 
196 Catalunya (ICGC). The LiDAR flight parameters and data specifications are shown in 
197 Table 1. The minimum pulse density per strip (nominal point density) was 0.5 points/m2 
198 and the vertical accuracy of the LiDAR system had a root mean square error (RMSE) < 
199 15 cm. The resulting point densities for the 2009, 2011 and 2016 data sets were 0.96, 2.14 
200 and 2.77 points/m2, respectively. The accuracy of the data was calculated by comparing 
201 LiDAR and ground GPS elevations, and was estimated to be (expressed as RMSE) < 5 
202 cm for flat non-vegetated areas, < 15 cm for slightly steep and forested areas, and < 50 
203 cm for steep densely forested areas. 

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

2009 2011 2016
Average flight altitude 2250 m 2440 m 2712 m
Scan angle 48° 40° 31.3 °
Scan frequency 21.5 Hz 25 Hz 24.4 Hz
Pulse rate 89200 Hz 84400 Hz 77100 Hz
Nominal point density 0.5 pt/m2 0.5 pt/m2 0.5 pt/m2

Total point density (for entire datasets) 0.96 pt/m2 2.14 pt/m2 2.77 pt/m2

Ground point density (for analysis area) 0.29 pt/m2 0.93 pt/m2 1.32 pt/m2

206

207 A data quality assurance and control process (QA/QC) was performed for each data 
208 set. First, point clouds were distributed in blocks measuring 2 km x 2 km to check data 
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209 completeness and point density. Second, points were georeferenced (x, y and z 
210 coordinates) and projected in UTM (Zone 31N) in the ERTS89 reference system from the 
211 aircraft trajectory calculation, using GPS data of the flight and GNSS data from control 
212 points of the CatNet network. Elevations were georeferenced to the EGM08D595 geoid 
213 and accurately adjusted, taking into account overlapping zones of different flight strips, 
214 but also comparing the LiDAR point cloud with the altitudes of the points located in flat 
215 control areas that have been previously measured in the field with GPS. This adjustment 
216 reduces systematic elevation errors. Third, LiDAR topographic points were classified as 
217 ground, vegetation or noise, using automatic filtering based on the algorithms of the 
218 TerraScan software (Terrasolid, 2016). Moreover, manual point editing was performed 
219 by experts for an exhaustive verification of real terrain points, paying special attention to 
220 barriers, road-torrent intersections, valley bottoms and lateral landslide margins. Finally, 
221 a pre-analysis of the resulting data sets (e.g., 3D visualization and segmentation of the 
222 files) was performed using the CloudCompare (Girardeau-Montaut, 2015) and ArcGIS 
223 (ESRI, 2014) software. This verified that the obtained point clouds provided good 
224 coverage of the study area and an a priori adequate average point density for data 
225 comparability and DEM generation. 

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

235 Considering the objectives of the study, a polygon was manually delineated as an 
236 analysis area, coinciding with the part of the valley bottom where fluvio-torrential 
237 processes act to change the morphology of the channel, that is, the riverbed. Their limits 
238 correspond to the lateral slope change and therefore, only includes the smooth riverbed 
239 (< 30º), excluding lateral banks. The three DEMs were clipped using this polygon to 
240 obtain isolated DEMs of the analysis area. 

241 3.3.  Uncertainty analysis and geomorphic change detection

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

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

255 Individual DEM error quantification

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

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

271 First, we undertook a DEM-to-DEM comparison (2011-2009, 2016-2011 and 2016-
272 2009) along the road by subtracting old DEMs from new ones and calculating the standard 
273 deviation of elevation differences (between data sets acquired in different flight times) on 
274 a cell-by-cell basis. These deviations for each pair of DEMs were a measure of precision, 
275 their mean indicating the minimum level of detection (minLoD) for each DEM 
276 comparison. The values were averaged to obtain the mean minLoD, as follows:

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

LiDAR data analysis.
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277 (1) 
minLoD =

1
𝑛∑𝑛

𝑖 = 1𝜎𝛥𝑍

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

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

284 (2) 
minLoD = (𝐴𝐸𝑛𝑒𝑤)2 + (𝐴𝐸𝑜𝑙𝑑)2

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

288 (3)𝐴𝐸 =
 

𝑚𝑖𝑛𝐿𝑜𝐷2

2

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

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

305 (4)𝐼𝐸 =
1
𝑛∑𝑛

𝑖 = 1(𝑍𝑐𝑒𝑙𝑙 ‒ 𝑍𝑚𝑒𝑎𝑛)2

306 where IE is estimated as a different value for each cross section and year, n is the number 
307 of cells at each cross section, and Zcell and Zmean are the elevation of each cell and the 
308 average elevation of the cells, respectively. 

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

311 (5)𝛿𝑍𝐷𝐸𝑀 = (AE)2 + (𝐼𝐸)2
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312 Error propagation

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

318 (6)𝛿𝜇 = (𝛿𝑍𝐷𝐸𝑀𝑛𝑒𝑤)2 + (𝛿𝑍𝐷𝐸𝑀𝑜𝑙𝑑)2

319 where δZDEMnew and δZDEMold are the individual errors in the more recent (DEM2011 for 
320 2011-2009 and DEM2016 for 2016-2011) and older (DEM2009 for 2011-2009 and DEM2011 
321 for 2016-2011) surfaces, respectively. In our case, the δμ values were calculated for each 
322 cross section and each pair of DEMs considered. This enabled the subsequent accurate 
323 assessment of local elevation changes. 

324 Probabilistic thresholding

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

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

334 (7)𝑡 =
|ΔZ|
𝛿𝜇

335 This equation assesses the significance of the changes, expressed as the absolute elevation 
336 difference between new and old DEMs (|ΔZ|=|ZDEM new - ZDEM old|), by comparing it to 
337 the propagated error (δμ). 

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

342 Sections were excluded if their probability of the changes being real was greater than 
343 0.32. Reliable volumetric elevation changes for the 2009-2011 and 2011-2016 periods 
344 were obtained by multiplying ΔZreal (from the 2011-2009 and 2016-2011 subtractions) 
345 with the width of each cross section (distance between the cross sections is 1 m). This 
346 method led to the quantification of geomorphic activity with fewer errors, especially in 
347 the reaches where sediment retention barriers are emplaced. 

348 4. Results

349 4.1.  Chronology of torrential events and flexible barriers

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

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

Event Effects and damages
Date Magnitude Torrent Road crosses Barriers

2010/07/22 Most significant Portainé
Reguerals

2 7 filled
2 damaged

2010/08/12 Major Portainé
Reguerals

2 0 filled
5 damaged

2011/08/05 Minor Portainé
Reguerals

0 2 filled
1 damaged

2013/07/23 Major Portainé
Reguerals

3 3 filled
3 damaged

2014/08/20 Minor ? 0 -
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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 -

358

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

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

Barrier 
code Date Torrent Elevation 

(m a.s.l.)
Height 
(m)

Width 
(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 -

370

371 4.2.  Geomorphic changes

372 3D visualization of airborne LiDAR points enabled us to observe clear geomorphic 
373 changes related to anthropic structures. Deposition and erosion were observed upstream 
374 and downstream of the barriers, respectively (Fig. 4). In some of the barriers installed in 
375 stage 1, a change in the highest position of the barrier was identified when comparing 
376 2011 and 2016 LiDAR data (Fig. 4a), produced by the ring net flexion caused by the 
377 retained load. The horizontal displacement of the net could be estimated for the barriers 
378 with sufficient LiDAR points for accurate measurement. In our study, this was measured 
379 in five barriers (see the results at the end of this section), accounting for an average 
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380 horizontal displacement of 0.7 m (1.1 m in the example shown in Fig. 4a). For the barriers 
381 installed in stage 2, riverbed incision was detected from 2009 to 2011 (pre-barrier), 
382 indicating natural erosive dynamics (Fig. 4b). 

383 As a preliminary approach, the spatial distribution of the geomorphic changes for raw 
384 (unthresholded) 2011-2009 (Fig. 5a) and 2016-2011 (Fig. 5b) comparisons identified the 
385 erosive or depositional nature of the stream stretches, the magnitude of the changes and 
386 their relationship with anthropic structures. Erosion was the most common phenomenon 
387 along valley bottoms. The material eroded alongside the torrents was mostly transported 
388 during high-discharge flows, sometimes leading to the development of debris flows (and 
389 the opposite when deposited). However, there were also other areas where erosion was 
390 locally enhanced, such as downstream of the barriers or road intersections. Depositional 
391 geomorphic processes occurred at places where the slope decreased or anthropic 
392 structures located. The main areas of accumulation were the debris cone formed in the 
393 most downstream reach (corresponding to the Caners torrent) and areas upstream of the 
394 sediment retention barriers and road intersections. 

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. 
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395 Geomorphic changes were thresholded by the spatially variable uncertainty analysis. 
396 Table 4 shows the uncertainty analysis and the volumetric geomorphic changes 
397 considered real that were obtained for two example cross sections A minLoD of 0.1 m was 
398 calculated, leading to an AE of 0.07 m for the entire data sets. The IE, calculated from 
399 the standard deviation of the mean elevations of each cross section, reached 0.5 m in some 

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.
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400 areas. δμ values showed large spatial variability, ranging from 0.1 to 5.4 m; however, the 
401 median was 0.9 m and 0.66 m for 2011-2009 and 2016-2011, respectively (see examples 
402 in Table 4). Probabilities of geomorphic changes being real (p) were < 0.32 in many 
403 sections (68% confidence interval) and were considered real changes (ΔZreal), whereas 
404 geomorphic changes with p > 0.32 were discarded.. This thresholding analysis 
405 considerably reduced the number of cross sections that were considered and influenced 
406 the final results on geomorphic changes. Indeed, 57% and 74% of the data were discarded 
407 for 2011-2009 and 2016-2011 sediment budget calculations, respectively.  Nonetheless, 
408 those sections with changes assumed to be real showed high reliability and were therefore 
409 used for geomorphic quantification. The uncertainty analysis resulted in a smaller amount 
410 of, but more reliable data (see Section 5.1). Most active zones, such as the areas 
411 surrounding the flexible barriers, were not discarded due to their high magnitude, proving 
412 the effectiveness of the methodology in these areas. 

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

Section DEM error Propagated error Probabilistic thresholding

δZDEM (m) δμ (m) t p Real ΔZ (m)

Volume (m3)

Nº Width (m)

2009 2011 2016 11-09 16-11 11-09 16-11 11-09 16-11 11-09 16-11 11-09 16-11

4794 10.15 0.78 1.04 0.48 1.3 1.14 0.55 0.36 0.29 0.36 -0.72 - -7.32 -

4803 9.45 0.58 0.29 0.24 0.65 0.38 0.41 1.03 0.34 0.15 - 0.39 - 3.67

416

417 For the whole analysis area, the mean magnitude of change, obtained from average 
418 vertical changes in the cross sections, was about 1 m (0.90 m for erosion and 1.02 m for 
419 deposition), with more erosive sections occurring than depositional ones. Sediment 
420 budgets were calculated for each period of time between the LiDAR flights. The 2011-
421 2009 comparison indicated a total volume of erosion and deposition of 22,042 m3 and 
422 19,204 m3, respectively, indicating a net degradation of -2,838 m3 in two years. 
423 Quantification of the 2016-2011 changes also gave a negative sediment budget, but the 
424 magnitude was much lower. Indeed, 8,308 m3 of eroded material and 8,161 m3 of 
425 deposition yielded a total volumetric net change of -147 m3 in five years. These results 
426 suggest a tendency for entrenchment (erosion > deposition) in the studied mountain 
427 torrents, with significant sediment output from the catchment towards the Romadriu 
428 River. However, the period between 2009 and 2011 was much more active than that after 
429 2011, as higher volumes were mobilized (both eroded and deposited). 

430 Budget segregation is a very useful way of characterizing the spatial distribution and 
431 magnitude of geomorphic processes, therefore leading to a better understanding of the 
432 fluvio-torrential dynamics in the study area. We recalculated the 2011-2009 and 2016-
433 2011 sediment budgets by dividing the channels into reaches according to different 
434 morphological (torrents), geomorphological (catchment sectors) or anthropic (reaches 
435 between road intersections) factors. The results are shown in Table 5. The Portainé torrent 
436 was more active than the Reguerals torrent, with geomorphic changes of greater 
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437 magnitude and extension, especially for erosion. This explains the narrower and more 
438 entrenched morphology of the Portainé torrent, which was also clearly identified in the 
439 field. The catchment can be divided into three different sectors with different slopes: the 
440 upper reach (location of the Port-Ainé ski station); the middle reach (contains entrenched 
441 channels and the barriers) and the lower reach (contains a debris cone in the most 
442 downstream part). The upper-middle and middle-lower boundaries geographically 
443 correspond to the division of the N-S sectors and the road that crosses the stream at the 
444 Montenartró Bridge, respectively (Fig. 1a). From 2009 to 2011, erosion mostly occurred 
445 in the middle reach, with the material deposited in the lower reach. However, the 2011-
446 2016 period recorded significant accumulations in the middle reach, with erosion 
447 dominating in the lower part. This can be partly explained by the erosive nature of 
448 torrential events. While high-magnitude events (including debris flows) occurred between 
449 2009 and 2011, producing significant erosion along the channels, the number of events 
450 recorded from 2011 to 2016 was much lower, leading to proportionately more deposition. 
451 The reaches between the road intersections showed a more complex erosion-deposition 
452 pattern with temporally variable tendencies, which resulted from the large influence of 
453 the barriers occurring in such short stretches. 

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

Criteria Reach description Time period Erosion 
(m3)

Deposition 
(m3)

Change 
(m3)

Dynamics

2011-2009 -11,629 6,936 -4,693 DegradationPortainé (Po)

2016-2011 -4,477 3,497 -980 Degradation

2011-2009 -4,708 2,167 -2,541 DegradationReguerals (Re)

2016-2011 -1,618 2,156 538 Aggradation

2011-2009 -5,705 10,101 4,396 Aggradation

Torrent
(abbr.)

Caners (Ca)

2016-2011 -2,213 2,508 295 Aggradation

2011-2009 -2,441 822 -1,619 DegradationUpper (low)

2016-2011 -1,139 568 -572 Degradation

2011-2009 -19,128 13,023 -6,105 DegradationMiddle (high)

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

2011-2009 -473 5359 4,886 Aggradation

Catchment
sector
(gradient)

Lower (medium)

2016-2011 -1,057 120 -937 Degradation

2011-2009 -1,764 775 -989 DegradationPo (2360-1965 m)

2016-2011 -1,096 541 -554 Degradation

2011-2009 -1,684 2,015 331 AggradationPo (1965-1700 m)

2016-2011 -642 438 -204 Degradation

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

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

2011-2009 -399 222 -178 DegradationRe (2225-1665 m)

2016-2011 -180 145 -34 Degradation

2011-2009 -1506 1,450 -55 Degradation

Road 
intersection
(max-min 
altitude)

Re (1665-1465 m)

2016-2011 -767 1,107 339 Aggradation
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2011-2009 -12,025 7,344 -4,681 DegradationCa (1465-1035 m)

2016-2011 -3,147 4,078 931 Aggradation

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

2016-2011 -1,057 120 -937 Degradation

2011-2009 -22,042 19,204 -2,838 DegradationNET SEDIMENT BUDGET

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

457

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

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

Barrier 
code

Height 
(m)

Width 
(m)

Torrent Elevation 
(m a.s.l.)

Volume 
(m3)

Horizontal net 
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 ?

468

469 Another main deposition area in the 2011-2009 comparison was the debris cone, 
470 where 4,904 m3 of material accumulated. From 2011 to 2016, erosion prevailed in the 
471 cone, leading to a net degradation of -896 m3. 

472 5. Discussion

473 5.1.  Strengths and limitations of airborne LiDAR data in mountain areas

474 The analysis of airborne LiDAR data can be applied to the study of 
475 hydrogeomorphologically active mountains. One of the main advantages is the detection 
476 of temporal morphological changes that are indistinguishable in aerial photographs, due 
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477 to its huge potential for precisely and accurately assessing landscape changes by easily 
478 identifying erosion and deposition zones. Moreover, airborne LiDAR enables the 
479 procurement of extensive data sets that cover large sectors of the terrain in a short time, 
480 which cannot be achieved with ground-based high-resolution topographic techniques 
481 such as terrestrial laser scanning or theodolite measurements. The acquisition of LiDAR 
482 data is also useful in remote areas where it is difficult to conduct field surveys, such as 
483 heavily entrenched stretches of steep mountain rivers. 

484 These kind of data also has some limitations that need to be considered when 
485 assessing the reliability of the data, mainly concerning its accuracy and resolution (Slatton 
486 et al., 2007). A 15-cm measurement error in point altitude (vertical accuracy) is typically 
487 reported by LiDAR manufacturers. The altimetric error is higher in mountain areas with 
488 dense vegetation and steep variable gradients. For instance, a vertical accuracy of  0.25 
489 cm  has been reported for forested areas (Biron et al., 2013). For the data used in this 
490 study, an RMSE < 15 cm was obtained, which decreased to 5 cm in flat areas and was < 
491 50 cm in steep forested areas. These errors are within the accepted range of values. Point 
492 density is another vital factor for evaluating LiDAR data (Rupnik et al., 2015) and can be 
493 problematic in mountain areas, as dense vegetation hinders the laser beam from reaching 
494 the terrain, giving rise to lower -resolution DEMs. Cavalli and Marchi (2008) reported a 
495 ground data density of 2.5 points/m2 that decreased to 0.25 points/m2 under a dense forest 
496 canopy. We took into account this limitation by manually filtering the 2009, 2011 and 
497 2016 point clouds, exclusively paying attention to the analysis area. This considerably 
498 minimized the classification errors and produced a higher average ground point density 
499 for the analysis area (Table 1).

500 Regarding the 2009 data, the obtained mean ground point density (Table 1) was lower 
501 than the DEM resolution. Using the equation proposed by Landridge et al. (2014), 
502 S=√(A/n), the obtained optimal grid resolution (S) for the 2009 data set was 1.86 m and 
503 up to 0.86 m for the 2016 data set. As multi-temporal DEMs need to have the same 
504 resolution in order to be subtracted, a mean value should be used for DEM generation. A 
505 2-m grid resolution would not take advantage of a significant number of points (in the 
506 case of the 2011 and 2016 data sets). Therefore, we generated 1x1-m DEMs for the three 
507 data sets. Since some areas from the 2009 model may include highly interpolated unreal 
508 surfaces, we analyzed uncertainty in detail, based on the quantification of IEs. This 
509 revealed that cross sections with a very low resolution showed a high number of errors 
510 and were therefore excluded from morphological budget calculations.

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

535 5.2.  Interpretation of geomorphic changes and catchment dynamics

536 The geomorphic changes detected, quantified and segregated from multi-temporal 
537 LiDAR data provided valuable information about recent torrential processes in the 
538 Portainé catchment. The main limitation of morphological budgeting in fluvial 
539 environments is the compensation of long-term scouring (erosion) and filling (deposition) 
540 by extraordinary events. In our study, the mobilized sediment volume was higher in the 
541 two-year period from 2009 to 2011 than in the five–year period from 2011 to 2016 (Table 
542 5). Therefore, the analyzed torrents were considerably more active between 2009 and 
543 2011 as they produced larger geomorphic changes, with the effects of the fluvio-torrential 
544 activity still continuing, but decreasing later on. The dynamics observed for the two time 
545 periods can be explained by both: (a) the different magnitudes of the torrential events and 
546 consequently variations in the eroded and deposited volumes of material, and (b) the 
547 effects of the sediment retention barriers changing the flow dynamics, resulting in mainly 
548 upstream deposition and downstream and lateral erosion. During the LiDAR temporal 
549 window, eight high-discharge flows occurred (Table 2) and all the barriers were emplaced 
550 (Table 3). Regarding the 2011-2009 comparison, three events occurred (two in 2010 and 
551 one in 2011) that filled nine barriers. The 2016-2011 comparison shows the effects of five 
552 events (one in 2013, two in 2014, one in 2015 and one in 2016) and four more sediment 
553 retention barriers.

554 Although small rainstorms may move some sediment along the channels, its volume 
555 is negligible. The recorded geomorphic changes mainly result from extraordinary 
556 torrential events, especially high-magnitude debris flows and floods. This is evidenced 
557 from the grain size observations in the field, where boulders predominate. When 
558 quantifying the geomorphic processes associated with extraordinary events, erosion is 
559 typically underestimated when the areas eroded during the peak discharge are covered 
560 with deposited material (Fuller et al., 2003). Thus, some erosion is undetectable in multi-
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561 temporal DEM comparisons. The torrential flows that occurred from 2009 to 2016 
562 showed very different magnitudes and sediment loads, from well-developed debris flows 
563 (e.g., July 2010; Luis-Fonseca et al., 2011) to debris floods (e.g., May 2016; eyewitness 
564 accounts). The 2011-2009 geomorphic changes included those affected by the largest 
565 event, as well as another major and minor one. The 2016-2011 comparison included the 
566 effects of one major, three minor and the smallest event. The events with a higher 
567 magnitude are reflected in the clearly degradational 2011-2009 net budget and the 
568 aggradation of the cone, which are associated with the two major events of 2010. From 
569 2011 to 2016, geomorphic processes in this area were mainly erosive due to the lack of 
570 high-magnitude torrential flows, the retention of material behind the nets and the effect 
571 of the “hungry waters” ahead. The barriers, stepped slope and decreasing flow velocity 
572 might have also reduced the potential effects of the events along the channels, especially 
573 for minor floods.

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

587 5.3.  Assessment of the flexible sediment retention barriers

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

598 Flexible barriers are filled during extraordinary events, leading to significant 
599 deposition volumes. They have been reported to present an individual retention capacity 
600 of 1,400-2,000 m3 (Fañanas-Aguilera et al., 2009). However, we quantified considerably 
601 smaller deposition volumes behind the barriers (146-1,311 m3), suggesting that the real 
602 retained volume may be lower than expected. Indeed, the retained volume might be 
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603 affected by the local morphology of the torrent (gradient and width) and the size of the 
604 barrier (height and width). Given the dynamic nature of the barriers, acting loads are 
605 presumed to deform the ring net when material is retained. The flexion of the barriers was 
606 detected and measured in some barriers, giving valuable information on their behavior. 
607 Table 6 provides the dimensions of the barriers, the estimated retained volumes and the 
608 magnitude of net flexion. 

609 Once filled, the barriers induce erosive effects downstream because the flow falls as 
610 a waterfall, progressively eroding the riverbed. In some adjacent slopes, localized incision 
611 has occurred due to the lateral deviation of the flow when passing over the deposit (Fig. 
612 6a). Such lateral incisions might partially or completely empty the barriers. However, 
613 when erosion exposes the anchors, the barriers become less stable and thus, require repair 
614 and further maintenance (Fig. 6b). We identified and quantified erosion downstream and 
615 obtained eroded volumes of 46-703 m3. These data are of paramount interest for 
616 prioritizing the management and maintenance of the barriers. 

617 6. Conclusions

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

626 The main applications for monitoring flexible sediment retention barriers include the: 
627 (i) estimation of barrier behavior, effects and consequences; (ii) remote revision and 
628 inspection for appropriate maintenance; (iii) detection of problematic spots and highly 
629 erosive reaches; and (iv) selection of priority areas for the installation of new barriers. 

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. 
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630 The LiDAR data analyzed in this study was useful for hydrogeomorphic research, 
631 even if it was not originally acquired for that purpose. Choosing optimal flight parameters 
632 for data acquisition in abrupt landscapes would provide even more accurate DEMs. Given 
633 its increasing availability, airborne LiDAR data are emerging as a potential tool for 
634 monitoring areas that are hard to inspect in the field. In this sense, the presented approach  
635 can be applied to assess structural corrective measures in mountain catchments and 
636 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° 31.3 °
Scan frequency 21.5 Hz 25 Hz 24.4 Hz
Pulse rate 89200 Hz 84400 Hz 77100 Hz
Nominal point density 0.5 pt/m2 0.5 pt/m2 0.5 pt/m2

Total point density (for entire datasets) 0.96 pt/m2 2.14 pt/m2 2.77 pt/m2

Ground point density (for analysis area) 0.29 pt/m2 0.93 pt/m2 1.32 pt/m2



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
Reguerals

2 7 filled
2 damaged

2010/08/12 Major Portainé
Reguerals

2 0 filled
5 damaged

2011/08/05 Minor Portainé
Reguerals

0 2 filled
1 damaged

2013/07/23 Major Portainé
Reguerals

3 3 filled
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. Fañanás, pers. com.). 

Barrier 
code Date Torrent Elevation 

(m a.s.l.)
Height 
(m)

Width 
(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 -



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

δZDEM (m) δμ (m) t p Real ΔZ (m)

Volume (m3)

Nº Width (m)

2009 2011 2016 11-09 16-11 11-09 16-11 11-09 16-11 11-09 16-11 11-09 16-11

4794 10.15 0.78 1.04 0.48 1.3 1.14 0.55 0.36 0.29 0.36 -0.72 - -7.32 -

4803 9.45 0.58 0.29 0.24 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 
(m3)

Deposition 
(m3)

Change 
(m3)

Dynamics

2011-2009 -11,629 6,936 -4,693 DegradationPortainé (Po)

2016-2011 -4,477 3,497 -980 Degradation

2011-2009 -4,708 2,167 -2,541 DegradationReguerals (Re)

2016-2011 -1,618 2,156 538 Aggradation

2011-2009 -5,705 10,101 4,396 Aggradation

Torrent
(abbr.)

Caners (Ca)

2016-2011 -2,213 2,508 295 Aggradation

2011-2009 -2,441 822 -1,619 DegradationUpper (low)

2016-2011 -1,139 568 -572 Degradation

2011-2009 -19,128 13,023 -6,105 DegradationMiddle (high)

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

2011-2009 -473 5359 4,886 Aggradation

Catchment
sector
(gradient)

Lower (medium)

2016-2011 -1,057 120 -937 Degradation

2011-2009 -1,764 775 -989 DegradationPo (2360-1965 m)

2016-2011 -1,096 541 -554 Degradation

2011-2009 -1,684 2,015 331 AggradationPo (1965-1700 m)

2016-2011 -642 438 -204 Degradation

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

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

2011-2009 -399 222 -178 DegradationRe (2225-1665 m)

2016-2011 -180 145 -34 Degradation

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

2016-2011 -767 1,107 339 Aggradation

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

2016-2011 -3,147 4,078 931 Aggradation

2011-2009 -473 5,359 4886 Aggradation

Road 
intersection
(max-min 
altitude)

Ca (1035-950 m)

2016-2011 -1,057 120 -937 Degradation

2011-2009 -22,042 19,204 -2,838 DegradationNET SEDIMENT BUDGET

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 
code

Height 
(m)

Width 
(m)

Torrent Elevation 
(m a.s.l.)

Volume 
(m3)

Horizontal net 
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 ?


